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Disclaimer

While every effort has been made to check the integrity and quality of the contents, no
liability is accepted by either the publisher or the authors for any damages incurred as
the result of the application of information contained in this book. Where values for
parameters have been stated, these should be treated as indicative only. Readers should
independently verify the properties of materials they are dealing with as they may differ
substantially from those referred to in this book.

This publication presents material of a broad scope and applicability. Despite strin-
gent efforts by all concerned in the publishing process, some typographical or editorial
errors may occur. Readers are encouraged to bring these to our attention where they
represent errors of substance. The publisher and authors disclaim any liability, in whole
or in part, arising from information contained in this publication. Readers are urged to
consult with an appropriate licensed professional prior to taking any action or making
any interpretation that is within the realm of a licensed professional practice.
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Preface to the second edition

Since the first edition of this book was published in 2010, there have been many devel-
opments both in the quantity of tunnelling projects occurring internationally and also
in the number of projects pushing the boundary of tunnelling capability in terms of
size, length and ground conditions. With all the recent developments and advances in
tunnelling, we could have written a book twice as long and still not covered everything.
However, it is not the purpose of this book to cover everything to do with this topic, but
to give you a flavour of the exciting world of tunnelling and to equip you with the neces-
sary knowledge to understand the key elements of the tunnel construction process. We
therefore feel that most of the first edition of our book is still relevant. However, we
have made a number of changes aimed at enhancing the original information.

This second edition therefore has more references to project examples within the text
and a new case study related to Crossrail’s project in London, UK. This edition also
provides extensive additional guidance on where to find more in-depth information
via accessible articles, reports and papers. The idea behind this book has always been
to spark the readers’ interest in tunnelling, particularly students, which they can take
forward into their future careers. We therefore hope you enjoy reading this second edi-
tion of our book.

There has never been a better time to enter into a career in tunnelling as it is safer,
and more technologically advanced than ever before.

XXi






Preface to the first edition

This book seeks to provide an introduction to tunnel construction for people who have
little experience of the subject. Tunnelling is an exciting subject and is unlike any other
form of construction, as the ground surrounding the tunnel is an integral part of the
final structure and plays a pivotal role in its stability. The ‘art’ of tunnelling cannot be
learnt purely from books and a lot of essential decisions are based on engineering judge-
ment, experience and even emotion. There is often no single answer to any question:
often, the response has to be ‘it depends’.

So how can this book help the reader to understand tunnelling? The aim of this book
is to provide the reader with background information so that he or she can either make
an informed decision and/or consult more specialist references on a specific topic. It will
hopefully give the reader the tools needed to critically assess tunnel construction tech-
niques and to realise that not all can be learnt from textbooks. In addition, this book
hopes to demonstrate the breadth of the subject and that to become a tunnelling expert,
many years of experience are required. At the same time, this book hopes to show the
reader the excitement associated with tunnelling and the fact that many unknowns
exist which require engineering judgement.

xxiii
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Chapter |

Introduction

.1 Philosophy of tunnelling

Tunnels are unlike any other civil engineering structures. In buildings or bridges, the
building materials have defined properties and they can be tested to ensure they meet
these, whereas this is not the case in tunnelling. Table 1.1 illustrates some of the issues
associated with tunnel design when compared to above ground construction projects.

Although a tunnel structure often needs support systems made up of concrete and
steel, it is the ground that is the major part of the structure, and this can have both
a supporting and a loading role. The key to successful tunnel construction is there-
fore to understand this material, in particular its strength and stability characteristics.
No matter how much of the ground we test in preliminary site investigations and how
many borehole cores we take for testing in the laboratory, we can only ever test a small
fraction of the total ground to be affected by the tunnel construction. Therefore, it is up
to the engineer to determine the relevant ground conditions and its associated proper-
ties. However, since only a small fraction of the material can be tested and with limited
knowledge of, for example, the effects of layering, fissures and discontinuities, much
of this assessment is based on judgement and experience. One might even suggest that
emotions are involved. So how can this then be used as the basis for tunnel design? It is
up to engineering judgement to interpret the site investigation report and suggest suit-
able design and construction techniques.

Often, the assumption is that the ground acts as a continuum and allows three-
dimensional (3D) stress redistribution around the tunnel void, thus taking some of the
load, so that the full overburden does not act as the load on the tunnel. However, how
can anyone determine the percentage of this load-bearing capacity? Again, this comes
down to engineering judgement. If a tunnel is lined using sprayed concrete, how can
the residual stress-intensity-index be determined for the lining? If the displacement of
discrete points is measured, how do we know that the maximum displacement has not
been exceeded and the tunnel is not in danger of collapse? When is a crack in the tunnel
lining significant and a sign of worse to come? Often, it simply comes down to engineer-
ing judgement and experience. Many of these questions do not have a single answer, but
depend on the individual case. No new tunnel construction is the same as a previous
one. During the construction of a tunnel, it is important to listen to the miners who
have worked in many tunnels and use their experience to respond to different behaviour
of the ground when excavating the tunnel. The key is to understand that tunnelling is
not a discrete science with definite answers. There are many unknowns and the answer
to most of the above questions is ‘it depends’.

Experience and engineering judgement help to make a considered and informed deci-
sion, but continuous measurements during construction are essential to compare actual
behaviour with those predicted. This book does not propose to give the reader all the
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Table I.I Comparison between tunnels and above ground construction projects

Above ground construction Tunnel construction

Construction material The defined properties of the The ground, with all its uncertainty,
construction materials are and the general inability to influence
guaranteed by the quality control its properties (notwithstanding
procedures during the production ground improvement techniques) is
process, including control testing the construction material

Loads The loads for which the structural Only by making assumptions is it
analysis is carried out are mostly possible to estimate the loads, which
known means that the magnitude of the load

is based on assumption and is thus
basically unknown

Safety Since the properties of the Owing to the number of uncertainties
construction materials and the related to the loads and material
loads are known, the safety factor properties, it is not possible to
relative to failure can be calculate a quantitative factor
determined regarding the safety of the tunnel

construction

Source: Institute for Geotechnical Engineering, Department for Tunnelling and Underground Construction,
Hanover University, Germany.

answers related to any tunnel construction. Rather, its aim is to provide the reader with
background information so that he or she can either make an informed decision and/or
consult more specialist references on a specific topic. It will hopefully give the reader the
tools needed to critically assess tunnel constructions and to realise that not all can be
learnt from textbooks but that, to become a tunnelling expert, many years of experience
are required. At the same time, this book hopes to demonstrate to the reader the excite-
ment associated with tunnelling and to make it clear that there are many unknowns that
require engineering judgement. Solving these issues is the challenge the civil engineer
faces. If the reader takes away one message from this book, it should be that the answer
to a lot of questions regarding tunnelling design and construction is ‘it depends’ and
sometimes using emotions is essential to overcome the challenges posed by tunnelling.

1.2 Scope of this book

Tunnelling is an extensive topic and so the objective of this book is to provide a general
knowledge base and guidance for further reading. It not only concentrates on different
tunnel construction techniques but also brings in associated relevant topics such as site
investigation, which have a large impact on the final tunnel design and its subsequent
construction. It is important to note that tunnels in the context of this book include all
types of tunnels, not just the larger-scale metro, road and rail tunnels, but also utility
tunnels for water, sewerage and cables.

This textbook aims to provide a comprehensive introduction to tunnel construction.
It is aimed at undergraduate and postgraduate students with little or no previous expe-
rience and knowledge of tunnel construction, as well as recently graduated engineers
who find themselves working in this exciting field of civil engineering.

1.3 Historical context

There has been considerable development in tunnel construction techniques in the past
200 years, especially since Marc Brunel’s famous first use of a tunnelling shield when
constructing the first tunnel under the River Thames in London in 1825. Nevertheless,
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if Marc or his son Isambard Kingdom Brunel were to look at today’s tunnelling meth-
ods, they would see certain similarities with the techniques used in their day, particu-
larly drill and blast and even tunnel boring machines (TBMs). The primary purpose of
a TBM is to provide stability to the face and the surrounding ground, thus improving
health and safety for the tunnellers, just as Brunel’s own Thames Tunnel shield did.
Although they would also notice great advances in technology, it would probably be the
extent to which tunnelling has been used around the world and the sheer scale of many
of these tunnels in terms of diameter, length and difficult construction conditions that
would amaze them the most.

There are a number of detailed histories of the engineering art that is tunnelling, and
this history is not reproduced here. The reader is directed to Sandstrom (1963), Beaver
(1973), Megaw and Bartlett (1981), West (1988) and Muir Wood (2000) for further
information. However, some tunnel constructions that marked key developments for
‘modern’ (from 1666) tunnelling are as follows:

e The first recorded use of gunpowder as a construction tool was for a pioneer-
ing tunnel of the canal age. This was constructed on the Canal du Midi, a canal
built across France in the years 1666-1681 connecting the Atlantic Ocean to the
Mediterranean Sea. The main tunnel on this route was 157 m long with a rectangu-
lar cross section of 6.5 m x 8 m, and was built during the years 1679-1681.

e Civil engineering as a profession was largely created in the United Kingdom by the
development of the canal system, which itself was part of the industrial revolution
of the eighteenth century. Two significant tunnels of this era included the 2090 m
Harecastle Tunnel, constructed using gunpowder as part of the Grand Trunk canal
during the 1770s, and the 5000 m long tunnel at Standedge, constructed through
millstone grit. This latter took 17 years to complete and opened in 1811.

e The first tunnel underneath a navigable waterway was a tunnel under the River
Thames in London, between Rotherhithe and Wapping. This involved using a tun-
nelling shield known as ‘Brunel’s shield’, designed by Marc Brunel. Construction of
this brick-lined tunnel started in 1825 and it finally opened in 1842. The key func-
tion of this shield was to support the face and provide safety for the miners. The
shield was made from cast iron (81.3 tonnes/80 tons), was 11.6 m (38 ft) wide and
6.8 m (22 ft 6 inch) tall and was made up of 12 parallel frames, each 0.9 m (3 ft)
wide (Figure 1.1). In addition, there was a movable working platform on which the
miners threw the spoil, and which was also used by the masons erecting the brick
lining (Sandstrom 1963).

e Considerable amounts of tunnelling took place in the United Kingdom as a result
of the coming of the railways, which started with the Liverpool to Manchester
Railway opening in 1830. Water was a major problem for many of the tunnel proj-
ects. Between 1830 and 1890, over 50 railway tunnels exceeding 1 mile (1.61 km)
in length were completed. I.K. Brunel was appointed Engineer of the Great Western
Railway in 1833, at the age of 26, and planned the route from Bristol to London. A
major tunnel on this route was the Box Tunnel with a length of 2937 m. Although
water caused problems on several sections of this tunnel, it opened successfully
in 1841.

e 1857 saw the start of construction on the first major tunnel in the Alpine regions
of Europe. The Fréjus Tunnel involved construction between two portals, one at
1344 m above sea level at Bardonnéche and the other at 1202 m at Fourneaux, with
the distance between portals being 12,221 m. Rock drills were used extensively on
the project and drill carriages mounting four to eight drills were introduced in 1863
and used until the completion of the project in 1870.
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Figure I.I ‘Brunel’s shield’ used for the first Thames Tunnel. (a) One of the 12 frames making up the
shield and (b) a long section through this tunnel during construction. (After Beamish 1862.)

® At about the same time as the first Alpine tunnels were being constructed, the
Hoosac Tunnel in Massachussetts, USA was started (1855-1876). This became
known as ‘the Great Bore’. It was 7.44 km long (4.62 miles) and was constructed
mainly through schist and gneiss. The rate of construction was very slow at 0.32 m/
day in 1863, but this improved with the introduction of compressed air rock drills
to about 1.65 m/day in 1873.

* 1869 was an important year for subaqueous tunnelling as it marked the suc-
cessful completion of the Tower subway in London using a shield (designed by
J.H. Greathead) and cast iron lining. The shield used is the ancestor of almost all
subsequent tunnelling shields (it was circular as compared to Brunel’s rectangular
shield used on the earlier Thames Tunnel). It even incorporated grouting behind the
cast iron lining to fill the void. The system was very efficient and allowed progress
of 3 m/day. The tunnel was 2.18 m in diameter and 402 m long.

*  Greathead made a number of further developments in shield technology, including
a closed face shield with the ground being broken up with jets and the spoil being
removed as a slurry, that is, the forerunner of the slurry shield. (A slurry shield was
first used in 1971 at New Cross in London, UK.)

e The first use of hydraulic jacks to propel a shield forward was designed by Beach in
1869 and used under Broadway in New York, USA.

®  There were a number of developments in rotary tunnelling machines as part of the
various attempts at the Channel Tunnel, UK in the 1880s.

e Compressed air was used as a means of preventing water inflow into the tunnel dur-
ing the construction of the Hudson river tunnel in New York, completed in 1910.
This project also introduced the ‘medical lock’ for treatment of caisson disease.
At about the same time, the first (old) Elbtunnel under the Elbe river in Hamburg
also used compressed air during construction between 1907 and 1911. It suffered
a blowout in 1909 with an 8 m high water fountain being observed. It should be
noted that a patent for working in compressed air had been taken out in 1830 by
Lord Cochrane in the United Kingdom.

e The first use of a combination of a shield and compressed air (together with cast
iron segmental lining) was on the City and South London Railway completed in
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1890 (now part of the Northern Line on the London Underground system). The
tunnels were twin tubes with a diameter of 3.1-3.2 m and constructed through
mainly London Clay, but with occasional water bearing gravel. (Most of the origi-
nal London Tube lines were constructed by the cut-and-cover technique.)

e Probably the first highway tunnel to use the submerged tube method of construc-
tion was the Posey Tunnel in California, USA, opened in 1928. It used 62 m lengths
of steel circular shells encased in concrete and lowered into a dredged trench on the
river bed.

e The Liverpool to Birkenhead Tunnel under the river Mersey, UK, constructed between
1925 and 1933, was at the time the largest underwater tunnel ever built, with a
length of 2 miles and 230 yards (3.49 km) and wide enough for four lanes of traffic.

Since these modest beginnings, there has been an explosion of tunnelling all over the
world and we can now probably claim on a technical level to be able to build tunnels
anywhere, through any ground.

Looking to the future, the importance of tunnelling to the sustainability of megacities
(defined as metropolitan areas with a total population in excess of 10 million people, or
a minimum population density of 2000 persons per km?) cannot be underestimated as
it is vital for the development of the underground space.

1.4 The nature of the ground

There is a tendency for tunnelling projects to be classified as either ‘soft ground’ or
‘hard ground (rock)’ tunnels, and in this book the authors have adopted this terminology.
However, it must be remembered that there is a transition between these terms and
tunnelling projects often have to deal with much more complicated ground condi-
tions, often with mixed ground components. This book uses the broad description of
these ‘categories’ adopted by the British Tunnelling Society and the Institution of Civil
Engineers in the United Kingdom (BTS/ICE 2004) in their tunnel lining design guide,
which suggests that all types of soil and weak rocks would normally fall into the cat-
egory of ‘soft ground’ (weak rocks include poorer grade chalk, weak mudstones and
weakly cemented and/or highly fractured sandstone). ‘Hard ground” would generally
comprise all other forms of rock. In this book, the word ‘ground’ is used as a generic
term when referring to the material surrounding a tunnel and includes the rock mate-
rial and, for example, any discontinuities and faults. An alternative term used in the
literature is ‘rock mass’.

There are many options available these days for the construction of tunnels. The
selection of which tunnelling technique to use must be made on the basis of the known
and suspected ground conditions, in combination with other aspects such as access,
possible local tunnelling traditions and skills, as well as costs. Adaptability of the tech-
nique to variability of the ground could also be an important factor.

One of the key aspects of any civil engineering construction project, particularly rele-
vant for tunnelling, is the observational nature of the process. The ground in particular
is not man-made and is infinitely variable. We therefore must treat it with respect. Based
on observations, either from previous projects in the area or from the current project
as it is progressing, engineering judgement based on performance is essential to inform
the design and construction processes. This point is discussed further in Section 7.3.3.

1.5 Tunnel cross section terminology

Some useful terminology related to a tunnel cross section is shown in Figure 1.2.
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Figure 1.2 Terminology related to a tunnel cross section and longitudinal section.

Other terminology is explained throughout this book, that is, when the term first
appears in the text. The index can be used to find these explanations.

1.6 Content and layout of this book

This book consists of eight chapters (including this chapter) containing the following:

Chapter 2: Introduces the subject of site investigation and the issues of geological properties
and classification, including laboratory and field testing.
Chapter 3: Covers preliminary analysis issues, such as calculation of primary stresses, stability

in soft ground, preliminary analysis methods and numerical modelling.

Chapter 4: Covers methods of improving the stability of the ground prior to or during
tunnel construction to ensure that the tunnel can be constructed safely. This
chapter also describes the various methods available for lining a tunnel.

Chapter 5: Covers the main techniques of constructing tunnels.

Chapter 6: Introduces health and safety in tunnelling projects and the concept of risk
management.

Chapter 7: Covers additional important issues associated with the construction of tunnels,

including aspects related to tunnelling in soft ground such as ground movements
and the effect of these ground movements on adjacent structures and services.
This chapter also describes the observational method and monitoring and
instrumentation related to tunnelling projects.

Chapter 8: Describes four case histories that are used to put into context some of the
techniques and issues related to the construction of tunnels as experienced in
practice. This chapter also introduces additional project-based examples
involving different types of TBM.

There are extensive references within the text in each chapter and a list of these refer-
ences is given at the end of this book. In addition, a bibliography list suggests further
reading material.
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Site investigation

2.1 Introduction

Tunnel construction is governed by the ground and hence a thorough site investigation
is vital to obtain ground characteristics and geotechnical parameters. Knowledge of the
ground conditions plays a key role in the choice of construction technique, and subse-
quently the success of a tunnel project. It is important to realise that the ability to influ-
ence the project outcome (in terms of cost and schedule) is easier earlier on in the project
programme and much more difficult at a later stage, and the site investigation results
can be a key influence on the early decisions. In many respects, the site investigation for
tunnelling projects is similar to that for other civil engineering projects and thus gen-
eral textbooks and standards should be consulted (e.g. SISG 1993a,b,c, Attewell 1995,
Clayton et al. 1995, Simons et al. 2002, BSI 2007, Clayton and Smith 2013, BSI 2015a).
However, more specific information related to tunnelling can be found in Dumpleton
and West (1976), BTS/ICE (2005) and ITA (2015b). The ICE Specification for Ground
Investigation (ICE 2011) is also a useful reference document.

Site investigation is defined in this book as the overall investigation of a site(s) associ-
ated with a tunnel construction, including the above and below ground surface inves-
tigations. Ground investigation is defined as a subsection of the site investigation and
is associated specifically with defining the subsurface conditions. The aim of the site
investigation is to produce a full 3D model of the site, both above and below ground,
and to highlight the associated impact (risks) of the tunnelling works on this environ-
ment and also the possible risks to the tunnelling works themselves. These risks can
then be assessed and mitigated using appropriate construction techniques (risk man-
agement is discussed further in Section 6.2). The site investigation comprises a number
of key elements as shown in Figure 2.1. This chapter of this book describes these key
elements in detail and highlights the investigation necessary for each step. The site
investigation culminates in the site investigation report(s) described in Section 2.5. It is
important to realise that the site investigation information is not fixed at the start of the
project and that the ground model develops and evolves with the project.

The money available to spend on site investigation is usually between 1% and 3%
of the total tunnelling project costs. It is therefore important to use this money wisely
in order to minimise the subsequent risks during construction. The traditional view
is that the more one pays for site investigation, the more likely one is to reduce addi-
tional costs resulting from unforeseen circumstances. There is some evidence to support
this, although it is important to make informed decisions on how this money is spent.
However, it is unlikely that more money will be spent on site investigation for tunnel-
ling projects so it is important to use a risk-based approach to maximise the impact of
the money available and minimise the risk of overlooking something important.
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Figure 2.1 Elements of a typical site investigation.

2.2 Site investigation during a project
2.2.1 Introduction

For any given project, there are a number of different types of site investigation, namely,
preliminary investigation, design investigation and control investigation (BSI 2007).
These may be carried out during different stages of the project and have varying objec-
tives. The main focus of the preliminary investigation is to assess the general suitability
of the site and compare different alignments, with due consideration to third parties.
The main aim of the design investigations is to provide information required for the
design of the tunnel, including the construction method. In addition, control investiga-
tions may be required during the construction or execution of the project, and include,
for example, checking ground characteristics and groundwater conditions. An example
is given in the case study on the construction of Crossrail’s Whitechapel Station and
Liverpool Street Station tunnels in Section 8.4.

A typical site investigation comprises four key elements: the desk study, site recon-
naissance, ground investigation and the production of the site investigation report(s)
(Figure 2.1). However, when designing a site investigation, it is important to be objective
and make sure that what is done can be clearly justified and that the desired outcome
of the investigation is clear. The desk study and site reconnaissance can help design the
subsequent ground investigation. It is essential that the specified sampling and testing
are appropriate for the materials and parameters required for the subsequent design.

2.2.2 Desk study

The desk study is a very important stage of any site investigation, which, if done well,
can save considerable time, and hence money, later on in the investigation process. The



Site investigation 9

aim of the desk study exercise is to assess the conceptual model developed for the tunnel
scheme using all the available records of the area where the proposed scheme is to take
place. Desk studies cover all aspects of the site, including current usage, overlying and
adjacent structures, historical usage and geology.

It is important that the desk study highlights any issues that could affect the health
and safety of personnel during the subsequent site investigation and also the construc-
tion of the project. It should also provide as much information as possible to aid the
planning of the subsequent stages of the site investigation, which in the case of tunnel-
ling projects is usually the location, depth and type of boreholes.

In most countries, there are numerous sources of information available that can aid a
desk study, for example, geological maps, geological memoirs, old and new topographic
maps (e.g. Ordnance Survey maps in the United Kingdom), aerial photographs, util-
ity company records, site investigation databases (the British Geological Survey in the
United Kingdom) and local councils.

It is also important to use site investigation companies that are familiar with the local
area, as previous experience can be invaluable.

2.2.3 Site reconnaissance

Site reconnaissance (sometimes termed ‘walkover survey’) is the first site-specific work.
With tunnelling projects, it is rarely possible to walk along the entire length of the
tunnel alignment, but this should be attempted as it can provide excellent detailed site
knowledge for future planning. This is particularly important when planning any intru-
sive ground investigation and for the location of shafts. The objectives of a site recon-
naissance include but are not limited to (after Allen 2006):

Location/confirmation of buried services
Assessment of structures, particularly historic structures likely to be affected by the
tunnelling works
Identification of access restrictions
Identification of any evidence of existing geology (e.g. exposed cut faces)

e Identification of any evidence of existing structural or geotechnical problems,
cracks and settlements of structures

¢ Identification of any new construction works (not shown on current maps)

¢ Identification of any unexpected hazards

It is important to record site details via photographs, sketches and notes. The infor-
mation is checked against the desk study findings and further desk studies and/or fur-
ther site visits undertaken as appropriate. As with the desk study, this stage is relatively
low cost compared to the later stages of a site investigation and can produce valuable
qualitative information (Allen 2006).

2.2.4 Ground investigation (overview)

The ground investigation element of the site investigation should be planned based on
the findings of the desk study and the site reconnaissance.

The ground investigation should give information about the stratigraphy of the
ground. This is the genesis of the underground strata, that is, the layering and the
types of layers. It is important to conduct description and classification and test-
ing, to determine information on the properties and parameters of the ground. Key
general parameters for tunnel design include the strength of the ground to assess
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stability and the loading on the lining, modulus values such as Young’s modulus, E,
to assess how much the ground will deform with changes in stress, and the water
conditions and permeability of the ground, as water can influence stability and make
tunnel construction difficult. Water (the hydrogeology) is extremely important when
conducting underground construction and any investigation should include deter-
mining the groundwater level(s) (GWL), water pressure, confined aquifers and water
chemistry (with respect to how aggressive it is towards concrete). Other aspects
include determining the swelling properties of clays, cavities (karsts) and abrasive-
ness characteristics.

This may sound straightforward. However, the ground is generally highly variable
and its parameters can change over relatively short distances. It is therefore often a chal-
lenge to develop a model of the ground and associated risks along the route of a poten-
tial tunnel, and establishing the necessary design parameters is rarely ‘straightforward’
with considerable engineering judgement being required.

Owing to the complexity of this aspect of the site investigation, the ground investiga-
tion is covered in detail in a separate section below (Section 2.3).

2.3 Ground investigation
2.3.1 Introduction

A tunnel is commonly a composite structure made up of the tunnel lining and the sur-
rounding material, although there are bare rock tunnels which do not need a lining.
The surrounding material not only has a loading function, but also is the medium in
which a void is created with the help of the supporting role of the surrounding material.
Without this supporting role of the ground, an economical tunnel design would not be
possible, that is, the ground is an integral part of the tunnel construction.

To make a judgement about the stability of the tunnel, as with any civil engineering
design, the characteristics of the ‘building materials’ must be known: this includes both
the tunnel lining and the surrounding ground material. There is difficulty in deter-
mining the ground parameters particularly when there are faults, inhomogeneity and
weathering, all of which make it difficult to assign simple statements about the ground
behaviour. Laboratory and field experiments can be carried out to give an indication
of the soil and rock stability, which can be used to give some, albeit limited, idea of the
ground stability.

In this book, the ground investigation comprises field investigations and laboratory
experiments to obtain information about the subsurface and its properties. Table 2.1
provides a list of potential parameters required from a site investigation in order to aid
the design of a tunnelling project. Many of these parameters are determined during the
ground investigation, although some may have been obtained from past investigations
as highlighted by the desk study.

The decision as to which techniques should be used during the ground investigation
must be considered carefully and in relation to the budget and goals required. It is
important to identify the investigation goals in order to avoid wasting time and, conse-
quently, money.

2.3.2 Field investigations

A variety of investigation techniques can be employed as part of the ground investi-
gation. These include intrusive and nonintrusive methods. A combination of various
methods is usually the best approach.
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2.3.2.1 Nonintrusive methods

Although intrusive methods allow the inspection and testing of the ground itself, they
are normally restricted to discrete locations. Nonintrusive methods can be used for
determining additional information about the ground and include geophysical methods.
Geophysical methods can be used to obtain information over a relatively large area of
the subsurface ground, and hence can be used to help locate boreholes, provide infor-
mation about the nature and variability of the subsurface between existing boreholes,
or can be used where access for intrusive methods is not possible, that is, they can act
as a good source of complementary information. It can also be used at all stages of a
project, that is, preliminary investigation, design investigation and control investiga-
tion, as well as the maintenance stage of a project. It should be noted that interpreta-
tion of the output from these methods is not easy and usually requires a borehole(s) to
correlate results. Some of the more appropriate geophysical methods for tunnel projects
are briefly described below.

SEISMIC METHODS: Seismic techniques are based on the generation of seismic waves on
the ground surface at a source, S, and the measurement of the time taken by the waves
to travel from the source, through the ground to a series of receivers, R. They utilise
the fact that elastic waves travel with different velocities in different rocks. The seismic
wave can be generated using a drop hammer or a 3 kg sledgehammer to give a penetra-
tion depth of up to 20 m. For deeper penetration depths, falling weight devices or even
explosives can be used (Waltham 2002). Geophones are commonly used as receivers.
Two main travel paths for the seismic wave are possible. The wave can travel along the
interface between two rock types (L1), that is, it is refracted (Figure 2.2a), or it can be
reflected off this interface (Figure 2.2b).

Knowing the distance between the source and the receiver and the travel time,
it is possible to determine the shear velocity, and hence the depth to the refracting/
reflecting interface. Seismic refraction uses the first arrival times of the waves at the
geophones, whereas seismic reflection uses the waves arriving later. If the density is
known (calibrated from borehole information), the shear stiffness, G,,,,, of the mate-
rial can be inferred from the surface waves resulting from seismic surveys. Seismic
reflection and refraction can be useful for determining depth to bedrock and depth
to groundwater table, but reflection can give better resolution and can also identify
multiple layers and faults.

(@ (b)
®© ®

s RI R2 R3
] J J
L \‘ / / / 8]

Figure 2.2 (a) Seismic refraction and (b) seismic reflection. (After Anderson et al. 2008.)




14 Introduction to tunnel construction

Equipotential
surfaces

Figure 2.3 Resistivity/conductivity. (After Anderson et al. 2008.)

RESISTIVITY/CONDUCTIVITY:  The results from resistivity and conductivity methods are
particularly useful when combined with seismic refraction. They are especially useful
for determining the soil/water interface, soil profiles and also for characterising con-
taminated groundwater plumes.

Figure 2.3 shows the principle of these techniques. In the electrical resistivity tech-
nique, a current (I) is induced between paired electrodes (C1, C2). The potential dif-
ference (AV) between paired voltmeter electrodes P1 and P2 is measured. Apparent
resistivity is then calculated (based on I, AV and the electrode spacings). If the electrode
spacing is expanded about a central location, a resistivity—depth sounding can be gener-
ated. If the array is expanded and moved along the surface, 2D or 3D resistivity—depth
models can be created (after Anderson et al. 2008).

BOREHOLE GEOPHYSICAL LOGGING: A wide variety of in-hole methods are available that
are adapted from the petroleum industry. Borehole geophysical logging can be useful
for special circumstances and includes sonic and electrical resistivity methods. It is
good for determining the properties of the ground at depth such as density, but must be
used selectively in order to be cost effective.

CROSS-HOLE SEISMIC TECHNIQUES: This technique provides an improved definition of
geology at depth when compared to surface seismics. It can be good for the charac-
terisation of underground caverns. This method, however, can be expensive due to
the need for closely spaced boreholes. It typically involves high-frequency acoustic
pulses generated at predetermined source locations at different levels in the source
borehole. The amplitude and arrival time of direct arrivals (and others) is recorded
at predetermined receiver locations at different levels in the receiver borehole. The
recorded travel time—amplitude data are statistically analysed and used to generate
a velocity—attenuation cross-sectional model of the area between the source and
receiver boreholes. Attenuation is defined as the reduction in signal strength as a
result of its passing through a medium, in this case the ground (after Anderson
et al. 2008).

Other geophysical techniques include magnetic methods (good for locating buried
foundations, mineshafts and ferrous utilities and obstructions), gravitational meth-
ods (good for cavity detection) and electromagnetic methods (good for locating utili-
ties, ground and pollution mapping). For further information on geophysical methods
commonly employed for site characterisation, the reader is referred to McDowell
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(2002) and the Transportation Research Circular E-C130 (Anderson et al. 2008),
as well as Eddie and Brightwell (2011). BSI (2015a) also has a table that provides a
‘usefulness rating’ for geophysical techniques for a variety of engineering problems,
including depth to bedrock, stratigraphy, cavity detection, fractured zones and fault
detection.

2.3.2.2 Intrusive exploration

Intrusive exploration is used for obtaining samples/cores of the ground for visual exam-
inations and laboratory testing, and also for conducting i situ testing to determine the
ground characteristics and primary stress conditions.

IN SITU SAMPLING: The principal methods for obtaining samples/cores include trial pit
excavations, percussive drilling, rotary drilling techniques and even trial tunnels.
Trial pit excavations are used for relatively shallow investigations to a few metres
but, depending on available space, can open up a relatively large area of the ground.
Percussive boring (known as either cable percussion or shell and auger boring) is
the most common technique in the United Kingdom for soft ground (soil/weak or
weathered rock) as it is relatively cheap, simple, flexible and robust. Through suit-
able ground, it can be used down to 60 m. Figure 2.4a and b shows a typical cable
percussion rig. As the name implies, the boring is conducted by continuously raising
and dropping weighted hollow drilling tools which gradually penetrate the ground.
Rotary drilling is used in rocks and can drill down to hundreds of metres, although
smaller rigs are available for shallower investigations. Figure 2.4c shows an example
of a rotary drilling rig. The standard approach in the United Kingdom is to use cable
percussion boring to rockhead and, if required, the borehole is extended by rotary
coring. However, some strata, for example, weathered rock, overconsolidated clay
and most chalk, may be sampled by either cable percussion or rotary drilling meth-
ods. These days, there is a wide range of drilling rigs. For example, the dual mast rig
shown in Figure 2.5 combines a number of features including rotary drilling (Figure
2.5a), percussion action for going through localised obstructions, as well as the abil-
ity to conduct in situ standard penetration tests (SPTs) (Figure 2.5b) (in situ tests are
described later in this section).

Samples can be obtained during these intrusive operations and the quality of these
samples is described in Section 2.3.3. Cable percussion boring allows discrete sam-
ples to be obtained, for example, using a U100 driven sample tube (100 mm diameter,
450 mm long sample). BSI (2015a) suggests that in soft ground, samples should be
obtained at the top of each new stratum and thereafter every 1.0-1.5 m, and SPTs
(see in situ testing) conducted immediately afterwards.

Figure 2.6a shows an example set of rock cores obtained from a rotary drilling opera-
tion, which allows continuous samples to be obtained. Figure 2.6b shows a triple core
barrel sampler used with rotary drilling, which incorporates an outer drill tube that
rotates and has the cutter attached to the end, an inner steel tube (core barrel) that does
not rotate (the gap between these two tubes is used to pass drilling fluid to the drill bit),
and a plastic liner to help preserve the sample during retrieval from the core barrel and
transportation to the laboratory for logging and sampling.

In soft ground, it is also usual to obtain disturbed samples from cable percussion
techniques. These are samples where there is no attempt made to preserve the shape
or the fabric of the soil, but if sealed correctly (bagged) can give useful information on
particle size and water content, and if the soil is clay, information on plasticity indices
(see Section 2.3.3).
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Figure 2.4 (a) and (b) Cable percussion rig and (c) rotary drilling rig. (Courtesy of Soil Mechanics.)
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Figure 2.5 Dual mast drilling rig, (a) one mast can be used for conducting rotary drilling operations and
(b) the other mast can conduct Standard Penetration Tests.

Another method that is proving useful for collecting continuous cores is sonic drill-
ing. This is a variation of rotary drill coring, but also includes vibration. Figure 2.7a
and b shows a sonic drilling rig, which includes a mechanism for inducing a high-
frequency force into the drill string. The frequency can be varied from 50-160 Hz
depending on the ground conditions. The advantage of this technique is that it is
possible to obtain (nearly) 100% core recovery even in more difficult ground, such
as sand or gravel, which is regularly washed away with any other drilling option.
This enables a complete overview of the ground. One disadvantage of this technique
is that the vibration tends to liquefy the ground to some extent and so the cores can
be highly disturbed. Another disadvantage is that if a drilling fluid (e.g. water) is
used, this can be mixed with the cores. Both these disadvantages can lead to a wrong
interpretation of the water content of the in situ material. This means that care needs
to be taken when interpreting parameters such as the strength of the ground using
such core samples. However, the advantage of using this technique is that the mate-
rial shown in Figure 2.7c and d would probably not have been obtained using other
drilling methods.

A recent development in intrusive investigation is the use of horizontal directional
drilling that allows core drilling in practically any direction, for example, along
the alignment of the tunnel. Horizontal directional drilling is described in detail in
Section 5.12. An example of where the horizontal directional coring technique has been
used is presented in Section 5.6.10.1.
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Figure 2.6 (a) Example of continuous rock cores obtained from rotary drilling and (b) triple core barrel
sampler (double core barrel with a plastic liner) used with rotary drilling.

The transportation, storage and labelling of samples need to be done carefully and a
satisfactory procedure adopted to ensure that they can be readily identified. If not done
adequately, it can lead to sample deterioration and hence influence subsequent labora-
tory test results.

It is important to consider the position of the boreholes carefully. Although it is
essential to get a representative sample of the ground, accessibility to the location for
the drilling rig might be a limiting factor. The possibility of lateral realignment of the
tunnel should be considered in the drilling plan. Even though boreholes should be filled
in properly, it is not always done satisfactorily, and this can create problems during the
later construction stages, for example, water ingress and pressure losses. Therefore,
these should not be drilled directly on the alignment of the tunnel. However, when cre-
ating large openings (caverns), it may be necessary to drill into the later void. It should
be noted that creating a hole is expensive and it is therefore often worth utilising the
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Figure 2.7 (a) and (b) Sonic drilling rig and (c) and (d) example core samples collected using a sonic
drilling rig.

borehole to incorporate instrumentation used during the construction of the tunnel
(monitoring and instrumentation are described in Section 7.3).

For tunnels and shafts, it is important to take the exploration to a generous depth
below the proposed invert level of the tunnel because changes in design may result in a
lowering of the level of the tunnel, and because the zone of influence of the tunnel may
be extended by the nature of the ground at a greater depth (BSI 2015a).

The number of boreholes associated with a particular tunnelling project depends on
the ground conditions and extent of tunnelling works, and there are no fixed rules on
the spacing or number. As a rule of thumb, however, for relatively long tunnels, 300 m
spacing would be sensible for the main tunnel and 30 m spacing at the portals.

From the borehole results and associated testing (see Section 2.3.3), it is possible
to obtain a geological section along the tunnel and in a plan showing the layering, that
is, a geological model along the route of the tunnel (Figure 2.8). It may also be useful to
conduct some shorter angled drillings to help develop the stratigraphic section and pro-
duce a more complete picture. This is important if the strata are highly dipping and
relatively thin, as the vertical boreholes could miss some of these strata.

The following points should also be noted related to the borehole investigation:

e The borehole positions should be shown accurately on the proposed plans for the
tunnel and the ground level at each borehole position must be recorded.

¢ The majority of information from the investigatory boreholes is derived from
cores from the whole depth. This allows undisturbed samples of the ground to be
obtained and tested.
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Figure 2.8 Possible borehole locations for a mountain tunnel. (Note: exaggerated vertical scale.)

e If the boreholes are very deep, it is sometimes preferred to get cores only at specific
sections, not for the whole depth.

e It is desirable to create a 3D model of the geology associated with the project from
the boreholes. However, it is also important, if possible, to get a personal observa-
tion of the site during the borehole drilling and hence obtain a good ‘feel’ for the
ground conditions.

* Simply looking at photographs of the cores and reading the associated reports can
give a false impression. Colours on photographs, for example, can be misleading and
information could be missing from the report such as, for example, whether it was
wet. What was the rock quality designation (RQD) (defined in Section 2.4.4.1)? It
is important to spend time studying the cores directly and noting any irregularities.

* Boreholes should also obtain information on the hydrology, GWL and layers hold-
ing water.

If it is not possible to determine aspects of the subsurface details using boreholes from
the ground surface, trial excavations/tunnels can be used. The Gotthard Base Tunnel
in Switzerland, for example, used a trial tunnel of a couple of kilometres to determine
further details of the ‘Piora fault’.

Shirlaw (2016) demonstrates the importance of using an appropriate number of bore-
holes to determine the ground conditions in a heavily weathered tropical environment.
In this example from Singapore, the rockhead depth along the route of the tunnel was
originally based on 5 boreholes over a 250 m length of tunnel. However, during tunnel-
ling, a sinkhole developed due to the tunnelling machine encountering mixed ground
conditions in the face rather than anticipating being 7 m below the rockhead level.
At this location, the TBM encountered very to extremely strong Gneiss over most of
the face, but with completely decomposed Gneiss at the crown. As a result, an extra
15 boreholes were undertaken along the tunnel route, providing information on the
ground at approximately 10 m intervals. After reinterpretation of the rockhead location
based on this larger number of boreholes, it was apparent that the rockhead was much
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more variable and complex than indicated (and hence interpreted) from the initial bore-
holes. This paper also presents other problems faced by TBMs in mixed face conditions
resulting from tropical weathering of igneous rocks.

Once samples have been obtained, it is then possible to conduct laboratory tests on
the material, including uniaxial, triaxial testing and basic index tests. Some of these
tests are discussed in more detail in Section 2.3.3.

IN SITUTESTING: It is also possible to conduct in situ testing (with or without associated
sampling) and these can include standard penetration testing, cone penetration tests
(CPTs) and pressuremeter or dilatometer testing. The reader is directed to the appro-
priate standards in their own country for further details, for example, BSI (2007).
It should be noted that most field tests only provide indirect measures of the ground
properties and very often empirically derived relationships need to be applied to obtain
design parameters. Several of the more common tests are briefly described below.

Standard penetration test: In soft ground, cable percussion (or shell and auger) bor-
ing techniques are often employed during field investigations. As part of this bor-
ing process, in situ SPTs can be conducted as the borehole is created. The SPT is
performed at the bottom of the borehole (the boring level reached at that time). It is
carried out by driving a standard sampling tool (e.g. a split barrel sampler) through a
prescribed distance (450 mm), with a known weight (63.5 kg). The weight is dropped
from a fixed height of 760 mm onto an anvil placed on top of the drill rods and the
number of blows required for it to penetrate 450 mm is recorded (generally in 75 mm
intervals). Normally, the number of blows recorded to penetrate the first 150 mm is
discarded as the ground in this region is normally disturbed by the boring process.
The number of blows recorded to drive the sampler the next 300 mm is taken as the
blow count, N¢pr. Figure 2.9a shows an SPT being conducted and Figure 2.9b shows
a schematic representation of the test procedure. The split barrel sampler is shown in
Figure 2.10a and although this is a poor quality sampler from the point of view of soil
sampling (the dimensions are such that the soil is disturbed too much as it enters the
sampler), it does provide a sample for visual inspection at the level at which the test
was conducted (Figure 2.10b). A significant effect on the results may begin to occur
when the borehole diameter is greater than 150 mm. The water level in the borehole
casing (boreholes are often cased to prevent collapse) should be kept above the natural
GWL to avoid instability at the base of the borehole due to water flowing towards the
borehole.

The SPT is popular because it is relatively simple and cheap to carry out. However,
interpretation can be difficult as although the word ‘standard’ is used in the title of the
test, there is a large variation in the equipment used. It was originally developed for
coarse-grained soils because of the difficulty in obtaining samples in these soils, and it
is useful for giving an indication of density (Table 2.2).

Empirical relationships have been developed for other design parameters, for exam-
ple, the undrained shear strength, c,, of overconsolidated clays can be approximated
using Equation 2.1.

¢, = Ngpr (2.1)

where f; is a factor to allow for plasticity index, I, as shown in Table 2.3. (Plasticity
index is defined in Section 2.3.3.)
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Figure 2.9 (a) SPT carried out using a cable percussion rig (shell and auger) (Courtesy of Soil
Mechanics.). (b) Schematic representation of the SPT automatic trip hammer arrangement
and procedure. (Courtesy of Dr. J. Billam.).
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(a) (b)

Figure 2.10 Split barrel sampler used for the SPT: (a) the open tube is used for fine-grained soils and
the cone for coarse-grained soils and (b) in fine-grained soils, a sample can be obtained for
visual inspection. (Courtesy of Dr. Ron Jones.)

Table 2.2 Approximate relationship between blow count and density

Density Very loose Loose Medium Dense Very dense

Normalised blow count (Ngpr)? 0-3 3-8 8-25 25-42 42-58

Source:  BSI, 2007.

a Normalised blow count is adjusted for the energy transmitted down the rod and the effective overburden pres-
sure.These descriptors should not be used for very coarse soils.

Table 2.3 Relationship between f, and plasticity index

Plasticity index (Ip) 15 25 35 and over

f, 7.0 4.8 42
Source:  After Stroud 1989.

There are also correlations with the angle of shearing resistance (effective internal
friction angle), ®. However, as this value depends on the stress level, care must be taken
when determining this value from charts. Further information on SPT testing can be
found in Clayton (1995).

Cone penetration test: The cone penetration test (CPT) is used in soft ground and
consists of pushing a cone (penetrometer tip) attached to the base of a series of rods into
the ground. As the rods are pushed into the ground (at a constant rate of 20 mm/s), the
cone tip resistance, q., and the sleeve friction, f,, are continuously recorded by the pen-
etrometer tip (Figure 2.11a and b). The cone angle on the penetrometer tip is 60° and
the cross-sectional area is 1000 mm?. There are different types of equipment available
on the market to conduct this test, but the most common type involves a 20 tonne truck
to push the penetrometer tip into the ground.
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(a) Cone rig with hydraulic pushing system
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Figure 2.1l Cone penetration testing: (a) Test arrangement (After Mayne 2007.) (b) Example of an
electric penetrometer cone. (Courtesy of Geopoint Systems BV.).

A typical plot from a CPT is shown in Figure 2.12. The friction ratio, Ry, is the ratio
of the sleeve friction divided by the cone tip resistance, that is, R;=f/q.. The zones in
Figure 2.12 where the f, and q. values are higher indicate stiffer ground.

It has been found that by plotting the values of q. against R;, an approximate
description of the soil type can be obtained (Figure 2.13). Other relationships have
been developed over the years between q. and a number of other parameters, for exam-
ple, undrained shear strength and angle of shearing resistance, but local experience
and correlation with laboratory tests is essential. There are also penetrometer tips
with pore water pressure measurement (piezocone) and geophysical testing (seismic
cone and resistivity cone). Further details on cone penetration testing can be found in
Mayne (2007).

Dilatometer/pressuremeter: A dilatometer (or a pressuremeter, the terms seem inter-
changeable for rock testing) is a borehole deformation device. It is used as a rock/soil
loading test in boreholes with a defined diameter. The aim of the dilatometer test is
to determine the deformation modulus of the ground (see Figure 2.18, ‘Definitions of
different modulus values’) and horizontal stress. The dilatometer consists of a cylin-
drical pressure cell containing strain arms within a cylindrical rubber membrane,
which is pressed hydraulically against the borehole wall (Figure 2.14a). The borehole
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Figure 2.12 Typical plot from a CPT. (After Meigh 1987.)

walls are loaded and then unloaded (cyclically), causing the borehole walls to deform
(measured by the strain arms), thus allowing an estimate to be made of the deforma-
tion modulus of the material for an associated change in radii. By conducting the test
in different directions within the ground, it is possible to determine the deformation
modulus in different directions and hence obtain information on anisotropy within the
ground. As with all in situ experiments, the validity of the results is potentially lim-
ited because only small areas/sections of the ground are tested. Problems in validation
can occur if the ground has many fractures, the borehole wall is not even or when the
borehole is not stable and rock is collapsing into the bore. In these cases, it is necessary
to secure the sides of the borehole or smooth out the contours to allow the experiment
to be conducted. This is usually done with concrete or cement slurry resulting in an
improvement of the ground at the borehole but can lead to possible false results for
the test.

In soft ground (soils and weak rock), there are three types of pressuremeters available:
a pre-bored pressuremeter (dilatometer type or Ménard type — Ménard invented the
original pressuremeter), a self-boring pressuremeter and push-in pressuremeters. The
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Figure 2.13 Simplified version of a friction ratio cone resistance plot used to obtain an approximate
description of the ground.

pre-bored pressuremeters, typically 1 m long and 74 mm in diameter, are lowered into
a slightly oversized pre-bored hole. As the name implies, the self-boring pressureme-
ter bores itself into the ground, replacing the soil, and can operate up to pressures
of approximately 4.5 MN/m?2. This pressuremeter is particularly useful for measuring
horizontal stress. Push-in pressuremeters are usually 50 mm in diameter and displace
the soil, but have a pressure capacity of only half that of the self-boring pressuremeters.

Determination of the principal in situ stresses using hydraulic fracturing prior to construc-
tion: For any tunnel construction, it is important to determine the primary stresses,
that is, the stresses in the ground prior to construction of the void (i.e. the tunnel).
This will help the tunnel designer to estimate the likely stress redistribution when the
tunnel is constructed, and hence the loading on the tunnel lining. Of primary impor-
tance are the principal stresses, that is, the largest and smallest possible stress where
the shear stress is equal to zero. Further information on calculating stresses is given
in Section 3.2.

The vertical principal stress can easily be calculated because the unit weight, v, and
the height of material above the proposed tunnel axis depth, H, are easily determined,
that is, 6, = YH. This is not so with respect to the horizontal principal stress, o, = K,yH.
The value of K, the coefficient of lateral earth pressure at rest, is a difficult param-
eter to determine, especially as it can vary in magnitude in different directions (see
Section 3.4). It is assumed that the principal stresses are initially acting vertically and
horizontally.

The following procedure can be used to determine the smallest lateral pressure and
its direction in a borehole. It is important to ensure that there is a reasonable length of
borehole above and below the location of the measurement and that this is crack free.
This section of the borehole is then sealed with packers and pressurised with air or
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Figure 2.14 Schematic representation of the (a) dilatometer and (b) hydraulic fracturing tests.

liquid (generally water) until there is a sudden drop in measured pressure. After not-
ing the maximum pressure, the system is closed and the smallest principal stress can
be deduced from the adjusted pressure. The pressure drop develops when the ground
fractures and the liquid flows into the ground. Two main fractures occur in the direc-
tion of the largest principal stress, o,. Figure 2.14b shows a diagram of the hydraulic
fracturing test. In this figure, x and y are the principal stress directions and ¢, and o,
are the principal stresses. In this example, the direction of the largest deformation gives
the smallest principal stress direction and thus the smallest value of K,. The largest
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Figure 2.15 Diagram showing one method of conducting the double load plate test.

value of K, in this example is found in the y-direction, but cannot be determined in this
experiment. The value of K, determined from this experiment is still only an estimation
and it is therefore advisable to do design calculations for a range of K, values.

Double load plate test: With the double load plate test, load plates are pressed against
the rock using a hydraulic jack (Figure 2.15). At the load plates, the deformation of the
ground is measured and is used to determine the deformation characteristics, and hence
elasticity (Young’s modulus, E).

The double load plate experiment is normally performed in test or trial tunnels where
it is possible to use the opposite wall, or the crown or invert, as a reaction. Equation
2.2, based on Hooke’s law, can be used to determine deformation modulus E;

(2.2)

where L is Poisson’s ratio, ® is a constant for the type of load plate, flexible or rigid, r is
the radius of the load plate, Ac,, is the difference between two load stages of the average
normal stress on the plates and As, ; is the difference between two load stages of the
average settlements of the centre and edge of the plate.

2.3.3 Laboratory tests

After conducting in situ sampling, it is possible to visually inspect these samples,
describe the material in accordance with appropriate standards and carry out testing in
the laboratory. It should be noted that the results from the samples tested only provide
information on the sample itself and engineering judgement is essential to translate this
information into ground characteristics (Section 2.4).

It is important to visually inspect the samples collected in order to gain a preliminary
profile with depth before conducting any laboratory experiments. For rock cores, total
core recovery (percentage of core recovered, solid and pieces, relative to the overall
length of the core interval), solid core recovery (total length of pieces of core recovered
which have a full diameter, expressed as a percentage of the overall length of the core
interval) and RQD (see Section 2.4.4.1) values should be obtained as these give an indi-
cation of the fracturing and fragmentation.

Depending on how the sampling has been carried out on site and the care taken
in their subsequent handling, soil samples are classified into five quality classes with
respect to the soil characteristics that remain unchanged (BSI 2007). These classes are
described in Table 2.4, with quality class 1 being the best. The table shows the pos-
sible information, as indicated by the dots, which can be obtained for the five different
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Table 2.4 Quality classes for soil samples for laboratory testing

Soil properties/quality class / 2 3 4 5
Unchanged soil properties
Particle size . . . .
Water content . . .
Density, density index, permeability . .
Compressibility, shear strength .
Properties that can be determined
Sequence of layers . . . . .
Boundaries of strata — broad . . . .
Boundaries of strata — fine . .
Atterberg limits, particle density, organic content . . . .
Water content . . .
Density, density index, porosity, permeability . .
Compressibility, shear strength .
Sampling category to be used A
B

| c |

Source:  After BSI 2007.

quality samples. Also indicated in Table 2.4 are sample categories A, B and C (A being
the best quality and C being the worst). These relate to the techniques used in the field
for obtaining the samples. For example, drive sampling, in which a tube or a split-tube
sampler having a sharp edge at its lower end is forced into the ground either by a static
thrust (by pushing), by dynamic impact or by percussion are mostly category A or B
sampling methods. Rotary core sampling methods, in which a tube with a cutter at its
lower end is rotated into the ground, are usually category B. Auger sampling with hand
or mechanical augers are usually category C sampling methods.

Although samples are often described as disturbed or ‘undisturbed’, there is no such
thing as a truly undisturbed sample as the very act of retrieving the sample from the
ground disturbs it; for example, the stress conditions are changed. Hence, the term
‘undisturbed’ is often written in parentheses to indicate this fact. The quality of the
sampling technique also dictates how disturbed the sample is. For example, a ‘bagged’
sample as described above is highly disturbed.

For investigations involving soil samples in the laboratory, it is important to deter-
mine the water content, the particle size distribution, the mineralogy of clay soils and
the percentage of air voids associated with the material. Table 2.5 gives an indication of
the particle size ranges associated with various soil components.

Table 2.5 Particle size ranges

Component Size range (mm)

Clay <0.002

Silt (fine, medium and coarse) 0.002-0.006, 0.006—-0.02, 0.02-0.06
Sand (fine, medium and coarse) 0.06-0.2,0.2-0.6,0.6-2.0

Gravel (fine, medium and coarse) 2.0-6.0, 6.0-20.0, 20.0-60.0
Cobbles 60.0-200.0

Boulders >200.0
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Figure 2.16 Plasticity (Casagrande) chart. (After DIN 2006.)

For soils containing clay-sized particles, plasticity information is particularly use-
ful to gauge its behaviour, for example, Atterberg limits (liquid limit (w;) and plas-
tic limit (wp)), and plasticity indices (plasticity index (I, = w; — w}) and liquidity index
(I, = (w = 1)/(w, — wp), where w is the water content). Figure 2.16 shows a plasticity
chart showing the A-line, that is, the distinction between soils with predominantly
clay-sized particles (above the A-line) and those with predominantly silt-sized particles
(below the A-line). For example, a high plasticity clay, that is, one with high I, and w;
values, can be susceptible to large swelling and shrinkage behaviour when subjected to
small changes in water content.

From the Atterberg limits and the water content, w, of the soil, the consistency index,
I, can be determined as shown in Equation 2.3

A (2.3)

Consistency index is a useful way of estimating the state or condition of silts and
clays (Table 2.6).

Furthermore, it is important to determine the time-dependent behaviour of the mate-
rials in the long term. For example, for fine-grained soils, it is useful to do an oedometer
(one-dimensional consolidation) test as this can give information on the characteris-
tics of how it will deform with time and also its permeability can be estimated. The
parameters obtained from this test are the coefficient of volume compressibility, m,
(note, this parameter is stress dependent and so the value has to be calculated for the
appropriate stress range), coefficient of consolidation, ¢, and vertical drained deforma-
tion modulus, E.
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Table 2.6 Consistency index

Consistency of silts and clays  Consistency index (I)  Description of soil

Very soft <0.25 When pressing it in the fist, the soil squirts
between the fingers

Soft 0.25-0.50 Easily kneaded

Firm 0.50-0.75 Hard to knead, but can be rolled in the hand to

threads of about 3 mm in diameter without
tearing or crumbling

Stiff 0.75-1.00 When trying to roll it into threads of about
3 mm in diameter, it crumbles or tears, but it
remains moist enough to be able to reform it
into a lump

Very stiff >1.00 When dried, its appearance (colour) is very light.
It cannot be kneaded, but only broken.
Reforming it into a lump is no longer possible

Source:  BSI 2004c and Stein 2005.

In addition, for clayey and unsaturated soils, the swelling characteristics should be
established as any increases in volume could induce large forces onto the tunnel lining
that need to be included in any structural analysis of tunnel linings.

For rock, a point load index test can be conducted to obtain the point load index
strength, I, for the material (ISRM 1985). This is conducted by applying a point load
diametrically across the rock core. The I value is determined from Equation 2.4

L=~ (2.4)

where L is the load required to break the specimen and d is the core diameter. I varies
as a function of size and so a size corrected value corresponding to d = 50 mm, that is,
L5505, is used. This test can also be conducted on blocks and lumps of material. If d is
in millimetres, an approximate relationship between I and unconfined compressive
strength, UCS, is given by Equation 2.5 (Hoek and Brown 1997)

UCS = (14 +0.175d)I (2.5)

There are also laboratory tests for determining the abrasiveness of rocks in order to
gauge the wear on cutting tools. One such test is the CERHAR abrasiveness test (CAI
test) developed at the Centre d’Etude et de Recherche du Charbon (Biichi et al. 1995).
This test provides an index value that can be used as a gauge for the abrasiveness of
different rock types. The index value ranges from 0.3 for very low abrasiveness to 6.0
for extremely abrasive. Using this test, basalt has an abrasiveness index of 2.7, gneiss
4.4 and granite 4.9.

Further details on laboratory tests can be obtained from standards, such as Eurocode 7:
Geotechnical Design — Part 2: Ground investigation and testing (BSI 2007). This docu-
ment includes guidance on both soil and rock testing. In addition, details on identifica-
tion and description, and classification of soft ground can be obtained from BSI (2002,
2004a), respectively. For the identification and classification of rocks, the reader is
referred to BSI (2003a). Details of shear strength tests can be obtained from BSI (1990).
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In addition, Head (2008) and Head and Epps (2011, 2014) provide extensive descrip-
tions of all the main soil laboratory tests.

In order to determine the strength parameters for rock and soil, and the modulus,
E, uniaxial and triaxial tests can be conducted. These tests are briefly described below.

2.3.3.1 Uniaxial test

This is a standard experiment for rock cores in order to obtain failure parameters
(unconfined compressive strength [UCS], and the stress and strain at failure o, €,
respectively), E and p. For the uniaxial test, the core sample is loaded in one direction.
Laboratory samples are made up of cylindrical-shaped cores with diameters of at least
90-100 mm. During the test, load is applied to the end of the sample (Figure 2.17a).
Some considerations for sample preparation include
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Figure 2.17 Uniaxial unconfined compression test.
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® The end surfaces must be flat and even.

e The ends must be parallel and at right angles to the sample axis in order to avoid bend-
ing stresses being induced into the sample (which will give a reduced value of strength).

¢ During the test, friction is generated between the end surfaces of the sample and
the end loading platens. This has the potential for increasing the failure load of
the sample as it restricts the sample expansion. This is negligible if the height (h)
to diameter (d) ratio is greater than or equal to 2 (h/d >2). If h/d is less than 2
(h/d < 2), for example, if there is not enough intact material in the core sample, then

Equation 2.6 can be used to adjust the stress, G, ;

_ 8.0,
Ouadi = ¢ (2.6)

74+2-—
h

Care should be taken as the failure load can be reduced by up to 11% between stumpy
and slender samples.

The rate of loading is also important. However, since the load increment is dependent
on the deformation of the material, there are no set values. The strain calculated from
the displacement measuring transducer attached to the test rig should increase at a rate
of € =0.05% / min, with the expectation that the test should last at least 5 min. This is
the general guideline for a material that does not deform much. If a more ductile mate-
rial is being tested and large strains are expected, for example, rock salt where €,~10%,
the rate is increased to 0.25%/min. In comparison, for concrete €,~6%o—8%o, that is,
approximately 10 times smaller than for soft rock, and for granite €,=3%o—4%o.

Experiments in which either the strain or stress are regulated are called strain- and
stress-controlled tests, respectively. For strain-controlled tests, it is unavoidable that the
sample is completely destroyed at €, and so there is no information on the after failure
strain response. However, the demands put on the testing machine, that is, the control
techniques, are less than those for a stress-controlled test.

One of the most important material parameters is obtained from Hooke’s law, which
is the ratio of stress over strain (where E is the elastic modulus in Equation 2.7)

_Ac

E=—"2
Ae

2.7)

The required values are taken from the stress/strain graph (Figures 2.17b and 2.19¢).
Depending on the section of the curve investigated, several different moduli can be
identified as shown in Figure 2.18.

As arule, to determine the value of E from the results of laboratory experiments, look
at the o—€ graph where the sample behaves elastically and also where it is linear, that is,
where E is constant (Equation 2.7 assumes linearity). When doing an analysis on hard
rock, the most reliable results are obtained using a reloading modulus. As a rule, the
middle third of the reloading modulus should be used and additionally, the initial load
should not exceed 60% of the failure load as this avoids local overstressing because of
inhomogeneities and microcracks within the sample. This means that E can be deter-
mined from the intact sample. The value of E is often dependent on the stress situation;
generally, the higher the isotropic stress, the higher the value of E. It is therefore worth
noting that in the case of the actual ground, there is a possibility that E will change
with depth and, as a consequence, the value of E at the crown and invert of the tunnel
could be different.
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Figure 2.18 Definitions of different modulus values.

The value of E in rock can well exceed 100,000 MN/m? (this is an order of magnitude
greater than the value of concrete). This means that the value of E of the ground can-
not be higher than that of the rock/soil itself and in reality, on average, the value of the
ground is 10-20 times less. The value of E for the ground is therefore an estimate and
so it is always advisable to plan and do calculations based on a range of values.

The value of Poisson’s ratio, |, is important for structural analysis as this provides
the ratio of horizontal strain to vertical strain (Equation 2.8)

AE':horiz

Ae... (2.8)

It is determined at the same location on the stress/strain graph as E. Poisson’s ratio, U
has values of 0-0.5. A material with = 0.5 maintains volume under load. It should be
noted that in German literature, for example, Poisson’s ratio has the inverse definition,
that is, it is between 2 and infinity.

The modulus ratio can be a useful parameter and is defined as E/UCS and is approxi-
mately 300 for most rocks; >500 for some strong rocks and stiff limestones and <100
for deformable rock, clays and some shales (Waltham 2002).

2.3.3.2 Triaxial test

The difference between the triaxial and uniaxial test is the application of pressure to the
circumference of the sample as well as vertically along the sample axis (Figure 2.19a).
It can be considered that the uniaxial test is one in which 6, =65 =0, that is, a special
case of the triaxial test. Therefore, the experimental procedures are similar and so is the
analysis. The sample size requirements, that is, the h/d ratio, and the need for parallel
end platens to be at right angles to the sample axis, are exactly the same. In addition,
these tests can be conducted under both stress and strain control. The only difference is
that in a strain controlled triaxial test the axial and radial strains are increased equally
until the axial strain has reached the desired value. In the stress-controlled test, the
radial stress is kept constant while the axial stress is increased (it should be noted that
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Figure 2.19 Triaxial test (a) sample and failure mode, (b) T—6-diagram and (c) c—¢-diagram.

in an indirect tension test, the radial stress is increased and the axial pressure is kept
constant).

Triaxial tests are usually done when there is an interest in the shear strength param-
eters from which one can estimate the stand-up time for the ground, which is par-
ticularly important for weaker materials such as soils. The stand-up time allows an
understanding to be obtained of the time that an open void can stand on its own with-
out any support. Another reason to obtain the shear strength parameters of the material
is to gain an idea of the deformation characteristics of the sample, that is, deformations
in the tunnel that are independent of E. Deformations that are dependent on E are elas-
tic deformations; however, in addition to these deformations, there are plastic deforma-
tions, which are dependent on the apparent cohesion and internal friction angle of the
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material. These can get much larger than the elastic deformations. Plastic deformations
in rock can develop because of crevasses and softening zones. The apparent cohesion,
¢, and internal friction angle, ¢, give indications of how strong the matrix structure of
the whole ground is when disturbed.

The triaxial compression test can determine E and the compression stability of the
soil and rock, and they can be described in the same way as the uniaxial test. It should
be noted that in the o—¢ plot, the stress difference, 6,-05, should be plotted on the
y-axis (Figure 2.19¢).

Figure 2.19b shows the results of three triaxial tests on the same material at dif-
ferent confining stress, 65 (0, = 05 + the additional vertically applied stress during the
test, and 6, =0;) on a -0 diagram (shear stress vs. direct stress). For each pair of
principal stresses (principal stresses are stresses acting on a plane where there are no
associated shear stresses), Mohr circles can be drawn. In order to determine the shear
parameters, the failure condition needs to be defined, which in this case uses the linear
Mohr—Coulomb failure condition as a basis for this estimation. The Mohr—Coulomb
strength line forms an envelope for all the Mohr circles by touching each circle at one
point (i.e. a tangent to each Mohr’s circle). In theory, only two circles would be suf-
ficient to construct this tangent, but, as we know, experimental results are subject to
variability and so it is advisable to do at least three tests. The intercept with the shear
stress axis, T, is called apparent cohesion, c, and the gradient of the line is the internal
friction angle, ¢. Depending on the type of triaxial test conducted, different strength
parameters can be obtained. For example, a quick undrained test will give undrained
shear strength parameters (c, and ¢,), which are useful for short-term design calcula-
tions in fine-grained soils. A consolidated undrained test with pore water pressure mea-
surement or a drained test will allow effective shear strength parameters (¢’ and ¢) to
be determined. These are used in long-term designs in fine-grained soils or short-term
(and long-term) designs for coarse-grained soils. Effective shear strength parameters
are indicated by the " next to the parameter. The effective shear strength is based on the
effective stress, o', acting on the soil particles, and is explained in Section 3.2.

It should be noted that triaxial extension tests can also be conducted to obtain infor-
mation on the tensile behaviour of the rock or soil.

There is also more of an emphasis these days on obtaining information related to
the small strain behaviour of soils. This is because the stiffness of soils is highly non-
linear with increasing strain and is considerably larger at lower strains. Therefore, to
get accurate indications of this relationship in triaxial tests, various techniques can be
used. These include on-sample strain measurements, rather than using external mea-
surements, and bender elements (where a vibrating element induces a shear wave into
the sample that is picked up by another element on the opposite side of the sample, the
travel time being indicative of the sample stiffness, in a similar way to seismic tests
for the ground). This knowledge is important as input parameters for constitutive soil
models used in numerical analyses (Section 3.6).

The main questions that must be asked are do these laboratory values determined
from small samples of material relate to the ground in situ? What effect is there on
these values from, for example, layering, fissures and water? It is ultimately the ground
characteristics that are critical when designing a tunnel.

2.3.4 Hydrogeological model

The proceeding in situ and laboratory testing has concentrated on determining the
strength, deformation and stiffness parameters for the ground. However, as highlighted
in the introduction to this chapter, one of the crucial aspects of any tunnelling project
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is to understand the hydrogeology, that is, the groundwater movement and distribution
within the ground. This hydrogeological model complements the geological model and
presents hazards and associated risks, enabling decision-making with respect to how
best to mitigate them, within the zone of influence of the tunnelling, including at the
shaft locations (Preene et al. 2016) prior to construction.

The hydrogeology can affect the stability of the ground (e.g. the higher the water
content of the soil the weaker the ground, and also the effective stress reduces as the
hydraulic pressure increases, see Section 3.2). High groundwater pressure poses a risk
to the tunnel construction operations if excessive inflow occurs as this can cause face
instability and/or flooding of the tunnel (i.e. depending on the hydraulic conductiv-
ity of the ground and the hydraulic pressure). In addition, when using closed-face
TBMs (Section 5.5), it is important to understand the hydraulic pressures to care-
fully balance the face pressure to avoid potential water inflow and face instability.
Consideration should be given to determining whether aquifers (i.e. the water levels
in the ground) are unconfined (i.e. where the water table level is able to rise and fall
in response to atmospheric pressure) or confined (artesian), where the aquifer is sand-
wiched between two impermeable strata, such as clay, that impedes water flow and
such that the water pressures could be dominated by groundwater conditions many
kilometres away.

There are a number of ways of determining the hydrogeological regime in the
ground. These include in situ observations of GWLs and hydraulic pressures within the
ground, for example, measuring the water levels in boreholes, or specific piezometric
measurements using, for example, standpipe piezometers, or multipoint piezometers
(see Section 7.3.5 on instrumentation). Physical tests offer the opportunity to perturb
the aquifer and measure its response, for example, in situ slug testing to determine
hydraulic conductivity; the Lugeon test (also known as a Packer test), which is a con-
stant head test to determine the hydraulic conductivity of the ground at a particular
isolated section within a borehole, or pumping tests, which comprise observations of
drawdown associated with discharge of water from a borehole (BSI 2003b). Laboratory
tests to determine the permeability of rock or soils samples can be undertaken using
falling or constant head permeameter tests. Permeability of fine-grained soils can also
be estimated from the results of oedometer testing (Section 2.3.3).

As with all tests, one needs to understand the applicability of the test to the particu-
lar ground conditions, understand their limitations and appreciate the accuracy and
uncertainty associated with the results obtained. In addition, it is important to link the
groundwater conditions to different groundwater control techniques during the tun-
nel construction process (e.g. pressurised tunnelling, Section 4.2.9, tunnelling in soft
ground using closed-face TBMs, Section 5.5.3), and also carefully consider the poten-
tial subsidence (ground movements) resulting from dewatering, that is, groundwater
lowering (Section 4.2.2).

2.4 Ground characteristics/parameters

After determining the soil/rock material parameters from laboratory testing, for exam-
ple, it is important to determine the ground parameters as these can be significantly
different. It is only possible to do this in conjunction with the engineering geology
report. The engineering behaviour of the ground is not solely controlled by the strength
and stiffness of the rock/soil material. Discontinuities, such as joints, faults and bed-
ding, act to reduce the in situ ground material properties compared to those of the
rock/soil material. Only in the very rare case of a homogeneous and isotropic ground
are the characteristics of the ground equal to those obtained for the rock/soil material.
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However, there is no ‘recipe’ as to how to determine ground parameters from field and
laboratory experiments and geological descriptions.

It is necessary to take a holistic look at the ground, treating it as a matrix of several
soils/rocks with, for example, dips and faults (defined below), and including any water.
From the information obtained from a site investigation, the objective is to develop a
geological model, and a hazard model, for the site, that is, to highlight important infor-
mation relevant to the design and construction (and potentially longer-term issues in the
case of environmental aspects).

Material (soil or rock) tested in the laboratory is only a sample of the whole ground
mass and these tests can only to some extent simulate the real conditions. A laboratory
test of a rock sample that gives 40,000 MPa for Young’s modulus, for example, may
only yield 500 MPa on site (based on experience). This large reduction in Young’s mod-
ulus can depend on large faults or lots of small faults, or faults filled with clayey mate-
rial (the clay acts as a lubricant and the ground can move without exceeding the failure
stress of the rock). Faults are fractures in the ground where relative displacements have
occurred. Section 2.4.1 gives an example of how layering can affect the modulus of the
ground. Reference should be made to Hoek and Brown (1997) for further information
on how to practically estimate ground strength. Hoek and Diederichs (2006) also give
information on empirically estimating the ground modulus. For a comprehensive list of
geological terms, the reader is directed to a dictionary of geology, for example, Whitten
and Brooks (1972).

The descriptive engineering geology report resulting from the site investigation has
a very important function as it contains information, for example, on the size and
frequency of faults, about their characteristics, that is, healed, closed, open, filled and
the type of filling material and also the angle and direction of the faults relative to
the tunnel axis in both the vertical and horizontal direction. The report also gives
information on layering, folding of the strata (i.e. undulations), fabric, fragmentation,
separation layers related to the ground and also two angles of dip (azimuth and incli-
nation relative to the tunnel location). The definitions for ‘dip’ and ‘strike’ are shown
in Figure 2.20.

The positions of any discontinuities, any inhomogeneities and any anisotropy
should be noted. Discontinuities are where the ground properties change abruptly.
Inhomogeneities are where the properties of the ground change, either due to a change
in material or to more subtle changes within the same material. Anisotropy is where
the properties of the ground are different in various directions, for example, different
in vertical and horizontal directions. Unconformities are also important as these are
planes or breaks between two sequences of rock with different dips.

The importance of accurately describing the ground (soil and rock) for underground
construction projects cannot be overemphasised. For a comprehensive guide on how to
describe the ground, and also understand the descriptions provided in engineering geol-
ogy/geotechnical reports, the reader is directed to Norbury (2016).

Tables 2.7 and 2.8 provide information on some important geological descriptions
about the ground used when designing tunnelling projects. These geological descrip-
tions can affect the stress redistributions around the tunnel, influence the support
requirements and also affect the loads on the tunnel lining. Table 2.7 provides some
descriptions related to the thickness of the layers, spacing and angle of dip for strata
within the ground. Table 2.8 contains some weathering descriptions. Weathering weak-
ens the ground through the action of water, wind and temperature.

Definitions of dip and strike:

Strike is the direction in which a horizontal line can be drawn on a plane in relation
to geographic north (Whitten and Brooks 1972).
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strike 50°

Definitions of dip and strike:

50° pitch

direction 140°

Strike is the direction in which a horizontal line can be drawn on a plane in relation to
geographic north (Whitten and Brooks 1972).

Dip is the angle of maximum slope of the beds of rock measured from the horizontal
at any point (Scott 1984).

Figure 2.20 Definitions of dip and strike.

Dip is the angle of maximum slope of the beds of rock measured from the horizontal
at any point (Scott 1984).
GWLs should be noted, together with the chemical composition of the natural
groundwater with respect to concrete attack (sulphates and chlorides). They must be
carefully assessed as there can be multiple levels depending on the relative permeability

Table 2.7 (a) Descriptions used for layer thickness and joint spacing (after BSI 2015a, Prinz and
StrauB 2006 and Anon 1977) and (b) bedding inclination (after Forschungsgesellschaft fiir das
StraBenwesen 1980)

(a) Layer thickness Spacing between joints  (b) Ranges of inclination and description
>2m Very thickly bedded  Extremely wide 0-10° horizontal

0.6-2m Thickly bedded Very wide 10-30° level

0.2-0.6 m Medium bedded Wide 30-60° inclined

0.06-0.2 m Thinly bedded Moderately wide 60-90° steep

0.02-0.06 m Very thinly bedded Moderately narrow

0.006-0.02m  Thickly laminated Narrow

0.002-0.006 m  Thinly laminated Very narrow
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Table 2.8 State of weathering, including material and mass features

State Rock sample characteristics Ground characteristics

Unweathered No effect of weathering visible No loosening of the interfaces
Original strength, colour, fracture spacing due to weathering

Partially weathered = Some noticeable weathering of individual Partial loosening at

mineral particles on freshly fractured surfaces discontinuities
Slightly reduced strength, slightly closer

fracture spacing, weathering penetrating in

from fractures, brown oxidation

Distinctly Softening due to weathering, but minerals still Complete loss of strength at
weathered bonded together discontinuities
(softened) Further weakened, much closer fracture

spacing, grey reduction

Destructured Greatly weakened, mottled, ordered
lithographic in matrix becoming weakened
and disordered, bedding disturbed

Residual or Matrix with occasional altered random or
reworked ‘apparent’ lithorelics, bedding destroyed
Classed as reworked when foreign inclusions
are present as a result of transportation

Source:  After BSI 2015a and Forschungsgesellschaft fiir das StraBenwesen 1980.

of the strata making up the ground. For example, in London, UK, there is an upper and
a lower aquifer and hence two GWLs.

Information on the geological history, age and mineralogy composition of the rock or
soil (stratigraphy and petrography, i.e. the description and systematic classification of
the rocks) is important. In clay soils, for example, it is the microstructure of the mate-
rial that controls its properties such as strength and compressibility.

It is of primary importance for the tunnel builder to understand how all these factors
influence the mechanical behaviour of the material within the overall ground. Owing
to the variety of the influences, there is no simple or definitive answer with respect to
the ground behaviour.

In addition, an extensive and well-performed site investigation is only equivalent to a
‘pinprick’ as far as the problem is concerned, and therefore there is always uncertainty
and this can be found in the choice of the expert’s words when writing the report. While
reading the engineering geological report, be aware of the phraseology used: ‘it can’t
be excluded that ..., ‘the layer boundaries could be uneven ...” or ‘expect fault thick-
ness of, for example, 3 cm and more ...”. Unfortunately, there is no definite mathemati-
cal formula, so when judging such noncommittal language, your own impressions of
the cores and site can be very helpful. Owing to the unavoidable uncertainties of site
investigations, it is extremely important to check the predicted situation during the
construction phase.

2.4.1 Influence of layering on Young’s modulus

It often happens that the ground is layered and there is a potentially large difference in
material behaviour in these various layers. In the laboratory, layers can only be inves-
tigated separately, and in many cases soft layers are not present in the sampling core
as they are washed out with the drilling fluid. In such cases, it can be impossible to
estimate the influence of layering on the overall behaviour of the ground. However, if
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Figure 2.21 Example of how layering affects the E-modulus.

it is assumed that the layering is uniform, it is possible to do a simple estimation. An
example is shown in Figure 2.21 and the calculation is given below:

e:oc-£+[3-£=>E:
Es Ec

where oo and B are percentages of the soil material in the whole.

a=—9 with d=Yd; and p= with t=Y'¢

t+d t+d -
150 598 g=903 -0
1.53 1.53
1
E= WJ’_O.OZ =2350MPa
7000 70

This illustrates that even though the clay is only 2% of the overall soil mass, it has
a significant effect and reduces the overall E of the system by about two-thirds of the
original sandstone value.

In this very simple example, no account has been taken of any crevasses, faults, etc.
which would reduce this value still further.

2.4.2 Squeezing and swelling ground

Squeezing and swelling of a ground can create high pressures on tunnel supports and
such situations must be managed either within the construction process or by providing
flexible or ‘ductile’ supports.

2.4.2.] Squeezing

Squeezing rock is a plastic material that moves into an underground opening pri-
marily because of pressures exerted by loads of overlying rocks. Although a clear
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distinction between swelling and squeezing ground is not always possible, squeezing
ground differs from swelling in that it undergoes no appreciable volume increase
owing to the penetration of water. However, ingress of water, even in small amounts,
promotes plastic behaviour and contributes to the easy movement of squeezing ground
(Wahlstrom 1973).

Unlike swelling ground, movements in squeezing ground involve materials outside
the immediate area of the tunnel opening, and the volumes of material that have the
potential of moving into the tunnel opening may be very large.

When the uniaxial compressive strength of the rock is less than 30% of the in situ
stress, severe or extreme squeezing can occur (Thomas 2009a).

2.4.2.2 Swelling

Swelling in mineral aggregates is caused by one or a combination of processes including
(Wahlstrom 1973)

* Adsorption of films of water attracted and held by surface forces of very small
mineral particles

e Adsorption of free water by clay minerals such as montmorillonites

e Hydration

e Expansion of pore water as a consequence of the release of confining pressure

With the exception of anhydrites, which swell because of chemical incorporation
of water to form gypsum, swelling is most pronounced in rocks that contain abun-
dant clay minerals (montmorillonite having the greatest volume change, with other clay
minerals such as illite and kaolinite being much less susceptible to volume change), or
clay-sized particles of other minerals. Some common materials that swell are shales,
claystones and mudstones, where the swelling is directly proportional to the amount of
clay minerals, especially montmorillonite, that are present.

Swelling is commonly a slow process, primarily because of the fine grain of the
minerals that are prone to swelling. The permeability of such minerals is low, and
penetration of water of any origin takes considerable time. Swelling is likely to be
accelerated if the construction process brings water in contact with a soil which is
capable of swelling.

Details of the relationship between activity of a material related to the free swelling
volume (FSV) (i.e. the ratio, expressed as a percentage, of the volume of water taken up
by a sample of the soil to the initial dry volume of the sample) and the swelling pres-
sure (as measured in an oedometer test) can be found in the publication, Norwegian
Tunnelling Society (2010). Example values include ‘hardly active’, which relates to an
FSV between 80% and 120% or a swelling pressure <0.1 MPa, and ‘very active’, which
relates to an FSV > 150% or a swelling pressure >0.75 MPa.

2.4.3 Typical ground parameters for tunnel design

Owing to the many influences that determine the ground behaviour and the disparity
that often exists between this and the properties of the individual soils/rocks, it is not
possible to determine binding parameters for a rock or soil type, that is, it cannot be put
into any ‘Standard’. However, some typical values are provided in the following tables.
These provide the reader with a ‘feel’ for the magnitudes of the values involved with
certain parameters.
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2.4.3.1 Typical rock and soil parameters

Tables 2.9 through 2.12 provide some typical values for the strength and deformation
characteristics of rocks, generic hardness classes and some strength and permeability
values for soils, respectively.

2.4.3.2 Typical ground parameters

Table 2.13 provides some typical values for the shear strength of various rocks and
Table 2.14 provides an example of a rock classification system. Further information on
rock mass classification systems is given in Section 2.4.4.

2.4.4 Ground (rock mass) classification

In his book Engineering Rock Mass Classifications, Bieniawski (1989) states, ‘Rock
mass classifications are not meant to be taken as a substitute for engineering design.
They should be applied intelligently and used in conjunction with observational meth-
ods and analytical studies to formulate an overall design rationale with the design
objectives and site geology.’

Table 2.9 Strength and deformation characteristics of some typical rocks

Ground Compressive strength (MPa) E (MPa)

Basalt 160400 48,000-105,000
Dolomite 50-180 32,000-100,000
Gabbro 80-345 75,000-120,000
Gypsum 940 10,000-29,000
Granite 100-300 37,000-72,000
Chalk 20-240 16,000-90,000
Sandstone 10290 6,000-71,000
Rocksalt 20-30 16,000-24,000
Slate 20-210 23,000-85,000
Concrete C20/25 25 (cube crushing strength)? 29,000

Source:  After Reuter 1992 and, Klengel and Wagenbreth 1987.

a For the influence of the shape of the specimens on the compressive strength, see uniaxial compression test.

Table 2.10 Generic hardness classes

Compressive strength

Ground (MPa) Apparent cohesion (kN/m?)  Internal friction angle (degrees)
Hard rock High >100 >2000 >40
Middle 20-100  200-2000 30-40
Low 5-20 20-200 20-30
Transitional rock  Verylow  |-5 <20 <20
Soft ground Very soft  <I 0-10 0-10

Source:  After Reuter 1992 and Fecker and Reik 1987, simplified.

Note: The numbers in this table should only be treated as ‘ball park’ values.
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Table 2.11 Example shear strength parameters for soils

Soil type Apparent cohesion® (kN/m?)  Internal friction angle (degrees)
Till and tertiary clays Hard > 300

Very stiff 150-300

Stiff 75—150 28
Alluvial clay Firm 40-75

Soft 2040 19
Medium dense sand - 32-36
Dense sand - 3640
Sandy gravel - 35-50
Silty sand - 27-34
Clayey silt 20-75 25
Undrained shear strength of fine-grained
soils (After BSI 2004¢)
Extremely low <I0 -
Very low 1020
Low 2040 -
Medium 40-75 -
High 75-150 -
Very high 150-300 -
Extremely high >300°

Source:

After Waltham 2002, BSI 2004c.

a This relates to short-term or undrained shear strength (c,) as the long-term or drained (effective) shear strength
(¢’) for fine-grained soils is difficult to quantify, but is usually relatively small (<10—15 kN/m?) and decreases rapidly

on disturbance and weathering.

b Materials with shear strengths greater than 300 kPa may behave as weak rocks (BSI 2004c).

Table 2.12 Typical hydraulic conductivity (permeability) values

for soils

Type of soil Hydraulic conductivity, k (m/s) — limiting values
Coarse gravel 10~ to 5

Fine gravel 104 to 102

Coarse sand 105 to 102

Medium sand 10 to 1073

Fine sand 10 to 1073

Silt 10 to 10-°

Clay 10-2to 108

Note: Below 10® is very low hydraulic conductivity, 10 to 10~ is

permeable and above 1072 is very high permeability.

The objectives of rock mass classifications are therefore to (after Bieniawski 1989):

e Identify the most significant parameters influencing the behaviour of a rock mass
e Divide a particular rock mass formation into groups of behaviour, that is, rock

mass classes of varying quality

® Provide a basis for understanding the characteristics of each rock mass class
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Table 2.13 Shear parameters for several rocks

Rock Condition Apparent cohesion (kN/m?) Internal friction angle (degrees)
Granite - 200-3000 30-50

Sandstone Parallel to joints 100 60

Limestone  Joints without fill 700 40

Limestone  Joints with loose material 100-300 22-27

Limestone  Joints with clayey fill 0-100 =17

Source:  After Reuter 1992.

Table 2.14 Rock mass classification

Description Very good rock  Good rock Medium rock ~ Weaker rock  Very weak rock
Average stand-up 10 years with 6 months | week with 5 hwitha 10 min with a
time a 5 m span witha4m a 3 m span 1.5 m span 0.5 m span
width? span width width width width
Apparent cohesion  >300 200-300 150-200 100-150 <100
of the rock mass
(kN/m?)
Internal friction >45 4045 3540 30-35 <30

angle of the rock
mass (degrees)

Source:  After Bieniawski 1984 and Fecker and Reik 1987.

a The span width indicates the unsupported length in the direction of the tunnel advance.

¢ Relate the experience of rock conditions at one site to the conditions and experience
encountered at others

¢ Derive quantitative data and guidelines for engineering design

® Provide a common basis for communication between engineers and geologists

An early classification system for soft ground is the Tunnelman’s ground classifica-
tion as shown in Table 2.15 and provides information on the likely tunnel working
conditions and some idea of the types of soils in which these conditions might occur.

For harder ground, a number of classification systems have been developed. Three
of these classification systems are briefly described in this book: RQD, which is one
of the simpler classification methods and is described in Section 2.4.4.1, the rock
mass rating (RMR) system and the rock mass quality rating (Q-method) (Sections
2.4.4.2 and 2.4.4.3, respectively). Further details are given in Appendix A. The
reader is encouraged, however, to read the original and subsequent publications by
the relevant authors of these systems in order to fully appreciate their usefulness and
limitations.

2.4.4.1 Rock Quality Designation

The RQD index was developed by Deere in 1967 (Deere et al. 1967, Deere and Deere
1989) to provide a quantitative assessment of ground quality from drill cores. RQD
was developed for assessing rock and can be misleading in soft ground. It is defined
as the total length of ‘solid’ core pieces, each greater than 100 mm between natural
(not drill-induced) discontinuities expressed as a percentage of the total length of each
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Table 2.15 Tunnelman’s ground classification

Classification Tunnel working conditions Representative soil types

Hard Tunnel heading may be advanced Very hard calcareous clay; cemented
without roof support sand and gravel

Firm Tunnel heading can be advanced without  Loess (e.g. windblown soil deposits)

roof support and the permanent
support can be constructed before the
ground will start to move

Slow ravelling Chunks or flakes of material begin to
drop out of the roof or the sides some
time after the ground has been

exposed

Fast ravelling In fast ravelling ground, the process
starts within a few minutes; otherwise,

it is referred to as slow ravelling

Ground slowly advances into tunnel
without fracturing and without
perceptible increase in water content
in the ground surrounding the tunnel.
(May not be noticed in the tunnel, but
will cause surface subsidence.)

Like squeezing ground, moves slowly
into the tunnel, but the movement is
associated with a very considerable
volume increase in the ground
surrounding the tunnel

The removal of the lateral support on
any surface rising at an angle of 34° to
the horizontal is followed by a ‘run’,
whereby the material flows like
granulated sugar until the slope angle
becomes equal to about 34°. If the ‘run’
is preceded by a brief period of
ravelling, the ground is called cohesive
running

Squeezing

Swelling

Cohesive running

Running

Very soft squeezing  Ground advances rapidly into the tunnel

in a plastic flow

above the water table; various
calcareous clays with low plasticity
such as the marls of South
Carolina

Fast ravelling® occurs in residual
soils or in sands with a clay binder
below the water table. Above the
water table, the same soils may be
slow ravelling or even firm

Soft or medium-soft clay

Heavily precompressed clays with a
plasticity index in excess of about
30; sedimentary formations
containing layers of anhydrite

Running occurs in clean, coarse or
medium sand above the water
table

Clay and silts with a high plasticity
index

Flowing Flowing ground moves like a viscous Any ground below the water table
liquid. It can invade the tunnel not only that has an effective grain size in
through the roof and sides, but also excess of about 0.005 mm
through the bottom. If the flow is not
stopped, it continues until the tunnel is
completely filled
Bouldery Problems incurred in advancing shield or  Boulder glacial till; riprap fill; some
poling; blasting or hand-mining ahead of landslide deposits; some residual
the machine may be necessary soils. The matrix between the
boulders may be gravel, sand, silt,
clay or combinations of these
Source:  After Thomson 1995, from Terzaghi 1950.

a The term ‘ravelling’ is used to describe a situation when the ground collapses at the crown of the tunnel.
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Figure 2.22 Procedure for measurement and calculation of RQD. (After Deere and Deere 1989, used
with permission from Don Deere.)

core run, measured along the core axis. A solid core is defined as a core with at least
one full diameter (but not necessarily a full circumference) measured along the core
axis between two natural discontinuities (Davis 2006). The procedure is shown on an
example core in Figure 2.22.

The RQD provides a general assessment of rock quality and can be used as a basis
for descriptive rock quality terms as shown in Table 2.16. However, it is limited to the
mechanical structure of the rock and provides no information on discontinuity proper-
ties or strength (Davis 2006).

Table 2.16 RQD values related
to rock quality descriptions

RQD (%) Rock quality
<25 Very poor
25-50 Poor
50-75 Fair

75-90 Good
90-100 Excellent

Source:  After Deere and Deere
1989, from Deere et al. 1967.
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There are some potential issues with assessing RQD in the field or when reviewing
borehole logs as it is frequently mis-logged. The key issues are (Davis 2006):

e Natural discontinuities and drilling features are often not differentiated
e Drillers often only include cores of full circumference greater than 100 mm instead
of full diameter cores

Both of these issues lead to reduced RQD values.

Palmstrom (1982) suggested that if no core is available, but continuity traces are
visible in surface exposures or exploration adits, the RQD may be estimated from the
number of discontinuities per unit volume. The suggested relationship for clay-free
ground is given in Equation 2.9

RQD=115-3.3], (2.9)
where J, is the sum of the number of joints per unit length for all discontinuity sets.

2.4.4.2 Rock mass rating

The RMR system was developed by Bieniawski in 1972 and has been modified over the
years as more data have become available (Bieniawski 1989). It should be noted that
the RMR system was developed for hard rock conditions and it is of only limited use
in soft ground.

The following six parameters are used to classify the ground using the RMR system:

e Uniaxial compressive strength (UCS) of the rock material
« RQD

® Spacing of discontinuities

e Condition of discontinuities

e  Groundwater conditions

e Orientation of discontinuities

The way to apply this system is to divide the rock into a number of structural
regions in such a way that certain features are more or less uniform within each region.
Appendix A (Section A.1) provides details of the classification system used (Table A.1)
and how to use this table to determine the RMR value for each region of the rock mass.

For tunnels, information can be obtained on stand-up time and maximum stable
rock span for a given RMR (Figure 2.23).

In terms of application of the RMR system to tunnelling, Table 2.17 (after Bieniawski
1989) provides guidelines for the selection of rock reinforcement for tunnels in accor-
dance with the RMR system (although it should be noted that this only applies to a
10 m span tunnel constructed using drill and blast, and no indication is provided as
to how to extend this to other sizes of tunnel). These guidelines depend on such fac-
tors as depth to tunnel axis (in situ stress), tunnel size and shape, and the method of
excavation.

Figure 2.24 shows how the rock mass classes in Figure 2.23 are modified for TBMs.
It can be seen that the RMR has to be higher to achieve similar stand-up times and roof
span values. The letters relate to the quality of the rock mass, with the boundaries being
derived from a combination of unsupported span, stand-up time and TBM advance
speed (Lauffer 1988, Bieniawski 1989).



Site investigation 49

1day 1 week1 month 1 year 10 year
T

30 T T T 90 [ ——
8
Immediate 60 /60<
collapse O
> 5
10 c;oq“ /Q/
»~40
8 W .
e A

Roof span, m

12 80—
/{ )/ = 70
5(Q N
2 W‘G
1o \‘wp\sﬁ
900 No support

1 \ 30 required

S

N
N
[«

101 100 107 102 103 10% 105 108
Stand-up time, h

Figure 2.23 Relationship between the stand-up time and roof span for various rock mass classes.
(After Bieniawski 1989.)

2.4.4.3 Rock mass quality rating (Q-method)

The rock mass quality rating (Q-method) was proposed by Barton et al. (1974) for the
determination of rock mass characteristics and tunnel support requirements, and has
been updated over the years (Barton and Grimstad 2014b). It is based on empirical data
obtained from 200 tunnel construction projects in Scandinavia. It is probably the most
widely used rock mass classification system today. It should be noted that the Q-method
was developed for hard rock conditions and it is of only limited use in soft ground.

The numerical value of the index Q varies on a logarithmic scale from 0.001 to a
maximum of 1000 and is defined by Equation 2.10

_RQD_ J. . Ju

Q 1. ) CSRE (2.10)
where

RQD=rock quality designation (0 < RQD <100)

J,  =joint set number (0.5 <], <20)

J,  =joint roughness number (1 <], <4)

J.  =joint alteration number (0.75 < J,<20)

J,  =joint water reduction factor (0.05 <J, < 1)

SRF =stress reduction factor (0.5 < SRF <400)

Appendix A (Section A.2) provides Tables A.2 through A.7 that give the classifica-
tion of individual parameters used to obtain the Q-value for the rock mass. A detailed
explanation of these parameters can be found in Barton et al. (1974) and Barton and
Grimstad (2014b).
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Table 2.17 Guidelines for excavation and support of rock tunnels in accordance with the RMR

system?

Rock bolts (20 mm

Support

Rock mass class  Excavation dia. fully grouted) Sprayed concrete Steel sets
Very good rock Full face Generally, no Except for Bolting
| 3 m advance support required occasional spot
RMR:81-100
Good rock Full face Locally, bolts in 50 mm in crown None
Il 1.0—1.5 m advance crown 3 m long, where required
RMR: 61-80 Complete support spaced 2.5 m, with
20 m from face occasional wire
mesh
Fair rock Top heading and bench Systematic bolts 4 m 50—100 mm in None
] I.5-3 m advance in long, spaced crown and 30 mm
RMR:41-60 top heading 1.5-2 m in crown in sides
Commence support and walls with wire
after each blast mesh in crown
Complete support
10 m from face
Poor rock Top heading and bench Systematic bolts 100-150 mm in Light to medium
v [.0—1.5 m advancein ~ 4-5 m long, spaced  crown and ribs spaced
RMR:21-40 top heading I-1.5m in crown 100 mm in sides 1.5 m where
Install support and wall with wire required

concurrently with
excavation 10 m
from face

Very poor rock Multiple drifts

mesh

Systematic bolts

150-200 mm in

Medium to heavy

\ 0.5-1.5 m advance in  5-6 m long, spaced  crown, 150 mmin  ribs spaced

RMR: <20 top heading. Install I-1.5m in crown sides and 50 mm 0.75 m with
support concurrently and walls with wire  on face steel lagging and
with excavation. mesh. Bolt invert forepoling if
Sprayed concrete as required
soon as possible Close invert
after blasting

Source:  After Bieniawski 1989.

a Shape: horseshoe; width: 10 m; vertical stress: <25 MPa; construction: drilling and blasting.

The Q-value can be related to the stability of the excavation and support require-
ments. In order to do this, Barton et al. (1974) defined an additional parameter, which
they called the equivalent dimension, D, of the excavation. This dimension is obtained
from Equation 2.11

D,

__excavation span, diameter or height in (m)

excavation support ratio, ESR

(2.11)

The value of ESR is related to the intended use of the excavation and to the degree of
safety, which has an influence on the support system to be installed in order to maintain
the stability of the excavation. Typical ESR values are given in Table 2.18.

The equivalent dimension, D,, plotted against the value of Q, is used to define a num-
ber of support categories in a chart published in the original paper by Barton et al. (1974).
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Figure 2.24 Boundaries of rock mass classes for TBM applications. (After Bieniawski 1989, modified
from a plot by Lauffer 1988, used with permission from VGT Verlag GmbH and taken from
Felsbau.)

This chart has been updated a number of times to directly give the support requirements.
Grimstad and Barton (1993), for example, modified it to reflect the increasing use of
steel fibre-reinforced sprayed concrete in underground excavation support. Figure 2.25a
is reproduced from this updated chart. This was further updated by Grimstad (2007) to
reflect current practices in Norway and this updated version is shown in Figure 2.25b.
These changes are described in Barton and Grimstad (2014a). For example, in category
4, this chart suggests only 4-5 cm of unreinforced sprayed concrete, which is no longer
applicable in Norway. In addition, lining thicknesses down to 4 cm are no longer used

Table 2.18 Suggested excavation support ratios (ESR)

Type of excavation ESR
A Temporary mine openings 2.0-5.0
B  Permanent mine openings, water tunnels for hydropower 1.6-2.0

(excluding high-pressure penstocks), pilot tunnels, drifts and
headings for large openings, surge chambers

C  Storage caverns, water treatment plants, minor road and 0.9—1.12 (storage caverns 1.2—1.3)
railway tunnels, access tunnels

D  Power stations, major road and railway tunnels, civil defence 0.9—1.1 (major road and rail
chambers, portals, intersections tunnels 0.5-0.8)

E  Underground nuclear power stations, railway stations, sports  0.5-0.8
and public facilities, factories, major gas pipeline tunnels

Source:  After Barton and Grimstad 1994, from Barton et al. 1974, Barton and Grimstad 2014a and b.

a Suggested updated values for major roads and rail tunnels to reflect increased conservatism for these projects
when applying single-shell Norwegian Method of Tunnelling (see Section 5.6.4).
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5) Fibre reinforced shotcrete and bolting, 5-9 cm 9) Cast concrete lining

Figure 2.25 (a) Estimated support categories based on the Q-system. (After Grimstad and Barton 1993,
reproduced from Palmstrém and Broch 2006.) (Continued)

in Norway due to the increased risk of the shotcrete drying out too quickly during cur-
ing. Using bolts only as suggested in category 3 is also not used any longer in Norway
and so this has been removed, although for tunnels with ERS equal to 1.6 or higher
(Table 2.18), spot bolts are still valid in Norway (category 2 in Figure 2.25a). The reader
is also directed to Barton and Grimstad (2014b) for further details.

Barton (1999) proposed a method for predicting the penetration rate and advance
rate for TBM tunnelling. This approach is based on an expanded Q-method of rock
mass classification and average cutter force in relation to the appropriate rock mass
strength. The parameter Q) can be estimated during feasibility studies, and can also
be back calculated from TBM performance during tunnelling. This method is briefly
described in Appendix A (Section A.2.1).

Barton (2002) provides some other useful correlations for the Q-value to assist site
investigation and tunnel design. For example, a relationship between Q-value and seis-
mic velocity (V,) as used for some geophysical site investigation techniques (see Section
2.3.2.1) is given in Equation 2.12

V, ~3.5+logQ (2.12)

where V,, is in units of km/s. This relationship was developed from tests in hard rock,

but this has been developed further for application to weaker and harder ground
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pas/6. = RRS with totally 6 reinforcement bars in double layer in 45 cm thick ribs with centre to centre (c/c)
/e 1.7 gpacing 1.7 m. Each box corresponds to Q-values on the left hand side of the box

*) Up to 10 cm in large spans
**) Or Sfr+RRS+B

Note: RRS refers to ‘rib-reinforced shotcrete’ and is described in Section 5.6.9; S refers to shotcrete
(unreinforced); Sfr refers to fibre-reinforced shotcrete and B refers to bolting.

Note that each ‘box’ contains a letter ‘D’ (double) or a letter ‘E’ (single) concerning the number of
layers of reinforcing bars. Following the ‘D’ or ‘E’, the ‘boxes’ show the maximum (ridge) thickness

in cm (range 30-70 cm), and the number of bars in each layer (3 up to 10). The second line in each
‘box’ shows the c/c spacing of each Sfr rib (range 4 m down to 1 m). The ‘boxes’ are positioned in the
Q-support diagram such that the left side corresponds to the relevant Q-value (range 0.4 down to
0.001) (from Barton and Grimstad 2014b).

Figure 2.25 (Continued) (b) Updated version of the Q-system support category chart. (Reproduced
with permission from N. Barton and E. Grimstad.)

conditions. This has been achieved by normalising the Q-value using 100 MPa as the
hard rock norm. The relationship for the normalised Q-value, Q. is shown in Equation
2.13

Q. =Qxq./100 (2.13)

where q, is the unconfined compressive strength of the rock mass.
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Substituting Equation 2.13 into Equation 2.12 yields Equation 2.14
V, ~ 3.5+ 1log(Q. *100/q,) (2.14)

Barton (2002) also proposed a relationship between the Q. and the modulus, E, of
the ground as shown in Equation 2.15

E=10QY (2.15)
Further details of these and other relationships can be found in Barton (2002).

2.4.4.4 A few comments on the rock mass classification systems

In this book, there is only space to provide a brief overview of some of the rock mass
classification systems currently in use. It is important to understand the basis of the
systems and hence their applicability and limitations. It is therefore recommended that
if the reader intends to use these systems further, he/she should undertake further back-
ground reading using the references provided. In addition, further information on rock
mass classification systems in relation to tunnel construction can be found in Maidl
et al. (2014).

One of the benefits of the RMR system is that it is relatively easy to use. The result
produced by the RMR classification, however, is rather conservative. This can lead to
an overestimation of the support measures (Maidl et al. 2008). Since the RMR system
and the Q-method are empirically devised, they inevitably have their own deficiencies
(as well as good points). Also, since there are some reasonably consistent relationships
between these systems, it is advantageous to apply both systems to the field data as a
mutual check. There is an empirical relationship between the RMR and the Q-value as
shown in Equation 2.16 (Barton 2002)

RMR ~15logQ + 50 (2.16)

Palmstrom and Broch (2006) investigated rock mass classification systems and par-
ticularly the Q-method, including Figure 2.2 5a, and showed that actually the Q-method
is most applicable within a certain range of parameters as shown by the shaded area in
Figure 2.6. Outside this area, supplementary calculations and methods of evaluation
are recommended.

For poorer quality ground, these systems are less effective as shown in Figure 2.26.
In these lower quality grounds, the modulus values (or support criteria) are sensitive to
small changes in the rating values.

Lowson and Bieniawski (2012) presented some validation of using RMR in deter-
mining the rock mass strength criterion.

For most tunnels for civil engineering projects, the ground can be considered as a
continuum and tunnels are designed on this basis, that is, the movement of the ground
towards the excavation will load the lining. Rock mass classification systems such as
RMR and the Q-method are best used where the ground strength adequately exceeds
the ground stresses and a support system, which increases the strength and stiffness of
the discontinuities, is appropriate. Where the ground requires a continuous structural
lining for support, as is the case for weaker rocks, continuum analysis methods are more
appropriate (BTS/ICE 2004). Continuum methods are discussed further in Section 3.5.
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Figure 2.26 Limitations of the Q-method for rock support. Outside the shaded area supplementary
methods/evaluations/calculations should be applied. (Reproduced from Palmstrém and
Broch 2006.)

2.5 Site investigation reports

The main outcome of any site investigation is the written report(s) that presents the
findings and recommendations in a clear and concise manner so as to aid the tunnel
designer. With respect to tunnelling projects, the site investigation reports will be used
in the subsequent choice of the tunnelling method adopted, the design of the tunnel
and the pricing and timescale of construction, and is therefore vital to the success of a
tunnelling project.

2.5.1 Types of site investigation report

There are several types of report that can be produced from a site investigation and,
depending on the country, will include a separate geology report, for example, in
Germany (after Hansmire 2007).

2.5.1.1 Geotechnical factual (or descriptive) report

This report should contain only factual information from the site investigation con-
sisting of analysed data and objective consideration in accordance with existing stan-
dards, codes or specification. It does not have engineering interpretations. BS 5930
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(BSI 2015a) sets out, in general terms, the content of the Geotechnical Factual Report
(GFR).

2.5.1.2 Geotechnical Interpretive Report

This is a report containing subjective considerations, interpretations and comments
from the engineer in charge, all in accordance with his/her knowledge and experience.
The Geotechnical Interpretive Report (GIR) can be a project-specific report that pres-
ents the geological and engineering interpretation of the data. In its most simple form,
it is a single report on a well-defined project. A geological profile is a geotechnical inter-
pretation. In practice, many reports are written, revised and, in some cases, superseded
by later work. An interpretive report will address the project issues, and will often have
design analysis, such as where rock mass classification is used to characterise the tunnel
ground conditions upon which ground support and final lining requirements are estab-
lished. The GIR is prepared primarily for use by the designers.

The GFR and GIR reports are often combined into one report in which the GIR
makes up the main part of the report and the GFR the appendix. This report then forms
the basis of the tendering process.

2.5.1.3 Geotechnical Baseline Report (Essex 1997)

Within tunnelling contracts, a significant cause of cost overrun has historically been
associated with contractors’ claims for ground conditions significantly different from
those expected at the time of tender. It has been difficult to assess these claims without
well-defined benchmark conditions agreed at the outset between all the parties. The
Geotechnical Baseline Report (GBR) has been designed as a tool to address this prob-
lem. The idea of a GBR is not new and has been the usual practice in the United States
for many years. It is being increasingly more widely used in the United Kingdom and is
a useful addition to tunnelling contracts irrespective of their type.

The GFR and GIR will form the basis for the GBR as appropriate. However, the
GBR serves a different purpose and should be an entirely separate document. The GBR
is intended to be contractual and to establish baseline conditions upon which a tender
would be prepared. The GBR identifies the specific geotechnical data information from
prior investigations or tests to be carried out in accordance with the contract that is in
turn to be used to establish means and methods and cost. It sorts out what data and
past reports are relevant. It can also indicate specific previous work that is relevant,
such as data obtained for different alignments or early interpretive engineering reports.
An example of a ‘baseline’ is setting a maximum unconfined rock strength and rock
hardness as the basis for the design of a TBM. During construction, the baselines in
the GBR would be used to establish whether a change in geologic conditions has been
encountered, resulting in financial consequences, for example, the merit of additional
payment to the tunnel contractor or benefit to the client.

2.5.2 Key information for tunnel design

Although certain information that is common to all tunnelling projects is required from
a site investigation, there is some information that is particularly important depend-
ing on the type of tunnelling technique to be adopted. Some of these requirements are
described below (after Kuesel and King 1996). These tunnelling techniques will be
described in detail in Chapter 5.
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2.5.2.1 Dirill and blast

Data are needed to predict the stand-up time for the size and orientation of the tun-
nel and the conditions for blasting during construction, that is, strength, stratigraphy,
description and classification of the ground, water, gas, quartz content and abrasiveness
(this is obviously essential for all tunnelling techniques, except for possibly immersed
tube tunnels).

2.5.2.2 Hard ground TBMs

Data are required to determine cutter costs and penetration rate. In addition, data to
predict stand-up time are necessary to determine the type of machine which is to be
used. Water inflow information is also important.

2.5.2.3 Open face soft ground TBMs

Face stability is important, that is, stand-up time, and whether there is a need for
mechanical devices to support the face built into the machine (face-breasting plates).
Information is necessary to determine the requirements for filling the tail void. There is
a need to characterise all potential mixed-face conditions.

2.5.2.4 Closed face soft ground TBMs

There is a need for data to make reliable estimates of the groundwater pressures,
strength and permeability of the ground to be tunnelled. It is essential to predict the
size, distribution and quantity of boulders. Mixed-face characteristics must be fully
characterised.

2.5.2.5 Partial face tunnelling machines (e.g. roadheaders)

Data are required on jointing to evaluate if the roadheader will be dislodging small joint
blocks, or will grind away at the rock. Data on the hardness of the rock are essential
to predict cutter/pick wear and hence costs. Quartz content and abrasivity are also
important parameters.

2.5.2.6 Immersed tube tunnels

There is a need for ground data in order to reliably design the dredged slopes, to predict
any rebound of the unloaded material and settlement of the completed immersed tube
structure. Testing should emphasise the rebound modulus (elastic and consolidation)
and unloading strength parameters. There is also a need to ensure that all potential
obstructions and/or rock ledges are identified, characterised and located. Any con-
taminated ground should also be fully characterised (also important for all tunnelling
techniques).

2.5.2.7 Cut-and-cover tunnels

Exploration should be conducted over a sufficient plan area in order to define the con-
ditions closely enough so as to reliably assess the best and most cost-effective location
to change from cut-and-cover to mine tunnels. The investigation should also evaluate
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the ground and groundwater conditions in order to aid design of the construction tech-
niques and the excavation support systems to be adopted.

2.5.2.8 Construction of permanent shdfts

There should be at least one additional borehole for each shaft location. Data are
required to design the construction method to be adopted and how to deal with ground-
water conditions, both temporarily and permanently.



Chapter 3

Preliminary analyses for the tunnel

3.1 Introduction

After obtaining the ground characteristics from laboratory and field experiments, it is
necessary to calculate the primary and secondary stresses in the ground, in order to
assess the stability of the ground and likely loading on the tunnel lining. This will aid
the selection of a suitable tunnelling method, assess whether ground improvement meth-
ods are necessary as well as provide the input parameters for preliminary analysis and
modelling of the tunnel. This chapter focuses on obtaining the additional information,
especially in soft ground, as well as the preliminary analysis techniques that may be
employed.
The stability of a tunnel depends on certain key information:

The tunnel depth and geometry

A detailed geological profile

The thickness and strength of the ground layers
The permeability of the ground and water pressures
The support provided during tunnelling

3.2 Primary stress pattern in the ground

Primary stresses are the stresses in the ground prior to the construction of the void
(tunnel). These stresses depend on the bulk unit weight and the depth at which they are
determined as well as the coefficient of lateral earth pressure. The estimation of these
initial or primary stresses is extremely important as it forms the basis of the loads that
act on the combined tunnel support system, that is, the ground and the tunnel lining.
Commonly, the primary stresses are determined in the vertical, 6, and horizontal, o,
direction (Figure 3.1), which can be determined using Equations 3.1 and 3.2.

Initial vertical stress : C, =Yz (3.1)

Initial horizontal stress: o}, = Kyyz (3.2)

where 7 is the bulk unit weight, z is the depth from the ground surface and K, is the
coefficient of lateral earth pressure. An explanation of how to estimate K; is given in
Section 3.4.

In the structural analysis, either the full initial stress or a proportion of it is taken as
the load on the tunnel.

If the tunnel is constructed in soft ground within the groundwater, two stress com-
ponents have to be considered when determining the primary stress condition. First,

59
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Figure 3.1 Primary stress distribution (a) above the groundwater table and (b) below the groundwater
table (GWL).

the effective ground stress, ¢’, and second, the pore water pressure within the ground,

u (below the GWL this is equal to the water pressure in the ground). The total primary
stress is then the summation of 6" and u (Equation 3.3).

o0=0"+u

(3.3)
It is often the effective stresses which dictate the behaviour of the ground in terms
of shear strength as the pore water is assumed to have no shear strength. However, it
should not be forgotten that the water pressure must be included when determining the
loads acting on the tunnel lining, that is, the effective stress generates bending and the
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total stress generates normal forces in the tunnel lining. The procedure to calculate the
vertical and horizontal primary stresses (both total and effective) is as follows:

1. Calculate the vertical total stress using Equation 3.1 (if the ground is layered, then
this is the summation of all the layers above the tunnel depth, i.e. y,z; + ,2,, etc.,
where the subscripts 1 and 2 refer to different strata above the tunnel).

2. Calculate the pore water pressure at the tunnel depth. For example, if the tunnel
is below the GWL and the water pressure can be assumed to be hydrostatic, then
u=Yv,z,, where v,, is the unit weight of water and z_, is the depth below the level of
the GWL (if the groundwater is flowing, then u will be different).

3. The effective vertical stress, G%, is then calculated from 6} =6, —u, that is, the
effective vertical stress is the average stress acting between the particle-to-particle
contacts within the ground material.

4. Multiplying the effective vertical stress by K, gives the effective horizontal stress,
or, = Kyo5.

5. To determine the total horizontal stress, o, the pore pressure, u, determined previ-
ously (water pressure acts equally in all directions, i.e. K, is 1.0 for water) is added
to of, that is, 6, = of, + u.

When a tunnel is excavated, it disturbs the primary stress conditions. Assuming that
the tunnel construction is stable, this requires a redistribution of the stresses around the
void. This is known as arching. The stresses form a new equilibrium and this is called
the secondary stress condition. It can also happen temporarily for partial or separate
construction phases, for example, if there is a partial heading far in advance of the
remaining heading construction.

3.3 Stability of soft ground

One of the key parameters that influences the choice of tunnelling technique is the
stability of the ground as the tunnel is constructed. This is particularly critical around
the tunnel heading. Depending on the stability of the ground itself, that is, the stand-up
time, a decision has to be made on the face support required, for example, open face or
close face (see Chapter 5). Furthermore, decisions on the ground improvement measures
are made depending on the stability of the ground (see Chapter 4). This section provides
guidance on how to estimate the stability of the face and the face support pressure
required. There is a significant difference in how to estimate the stability between fine-
and coarse-grained soils, and this is mainly due to the difference in the permeability of
the soil (and with respect to the construction of the tunnel, the advance rate and geom-
etry). In coarse-grained soil (where the permeability is greater than approximately 107—
10-¢ m/s and construction advance rates 0.1-1 m/h or less), any excess water pressures
generated during construction will dissipate quickly and ‘drained’ conditions should be
used in assessing stability. In fine-grained soil with low permeability, ‘undrained’ condi-
tions are more important, that is, where the excess pore water pressures do not dissipate
quickly, although if there is a stoppage in construction drained conditions may become
more relevant (Mair and Taylor 1997).

3.3.1 Stability of fine-grained soils

In saturated fine-grained soils, the short-term stability is dominated by the undrained
shear strength of soil, ¢,. Broms and Bennermark (1967), drawing on earlier work
related to bearing capacities below foundations and field measurements, performed
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Figure 3.2 Stability parameters. (After ITA/AITES 2007.)

extrusion tests on a clay soil supported by a vertical retaining wall. They postulated
the idea of a stability ratio, N, which compared the overburden stress to the undrained
shear strength of the soil in the form of a ratio (Equation 3.4).

N = yH/c, (3.4)

where H is the depth to tunnel axis (C+D/2), v is the bulk unit weight of the soil and ¢,
is the undrained shear strength of the ground prior to excavation. The higher the value
of N, the lower the stability. In the more general case where there is a surcharge at the
ground surface and a support pressure is used at the face, for example, as applied via
an earth pressure balance machine (EPBM), the stability ratio, N, can be expressed as
shown in Equation 3.5.

N =(o,+YH-o071)/c, 3.5)

where o, is the surcharge acting on the ground surface and oy is the support pressure
applied at the face (note this is zero for a sprayed concrete lining [SCL]). Figure 3.2
shows the parameters used, including P, which is the unsupported advance length of the
tunnel (note this is zero for a shield TBM).

Various authors have published observations on the value of N; for example, Peck
(1969b) suggested N values ranging from 5 to 7. ITA/AITES (2007) suggests the fol-
lowing typical values:

e  When N < 3, the overall stability of the tunnel face is usually ensured.

e When 3 <N <6, special consideration must be taken of the settlement risk,
with a large amount of ground losses being expected to occur at the face when
N=>5.

e  When N > 6, on average the face is unstable.

There are also other parameters that should be considered with respect to the stabil-
ity of the face. These are

e C/D, which controls the effect of depth on the stability condition: for a C/D <2, a
detailed face stability analysis is required.
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8 - P/D values

1 2 3 C/D

Figure 3.3 Critical stability ratio (N.). (After Dimmock and Mair 2007b, used with permission from
ICE Publishing and Professor Lord R.J. Mair.)

*  yD/c, which accounts for the possibility of localised failures occurring at the face: a
value of yD/c, > 4 would indicate that a localised failure at the face is likely.

* P/D, which accounts for the distance behind the face until the lining is installed: an
indication of the effect of this ratio on the critical stability ratio (N_) is shown in
Figure 3.3, using data from centrifuge tests.

Centrifuge modelling has been used to investigate many aspects of soft ground tun-
nelling including stability, ground movements and the effects of tunnelling on adjacent
piles and structures. Centrifuge modelling involves constructing a small-scale physical
model of the problem to be investigated. This is constructed in a strong box, which is
then attached to the end of a beam and rotated at high speed. The rotation increases
the gravitational forces on the model. This means that everything in the model weighs
more and thus, for example, a small depth of soil in the model simulates a much larger
prototype depth in the field. Thus, the dimensions, and many of the physical processes of
the prototype, can be scaled correctly if an ‘Nth’ scale model is accelerated by N times
the acceleration due to gravity. For example, lengths are scaled by 1/N and stresses are
scaled 1:1 in the centrifuge, meaning that a dimension of 0.25 m in the model when spun
at 100 g is equivalent to 25 m. An example of a centrifuge test apparatus would consist
of a 1.7 m radius beam centrifuge, capable of spinning a 500 kg payload at 100 g, the
equivalent to 230 rpm. Further information on centrifuge testing can be found in Taylor
(1995a).

3.3.2 Stability of coarse-grained soils

Atkinson and Mair (1981) describe a method for calculating the required tunnel face
support pressure (o) for coarse-grained soil above the groundwater table and the gen-
eral equation is shown in Equation 3.6.

O = GSTS + YDsTy (3.6)

where T, is the tunnel stability number for the surface surcharge (o,), D, is the diam-
eter of the shield and T, is the tunnel stability number for the soil load. T, and T, are
equivalent parameters to the stability factor, N for fine-grained soils. T, depends on the
effective internal friction angle of the soil (¢") and can be determined from the graph
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Figure 3.4 (a) Determination of the tunnel stability number in coarse-grained soils for the soil load
and (b) determination of the tunnel stability number in coarse-grained soil for the surface
surcharge. (After Thomson 1995, from Atkinson and Mair 1981, reproduced with permission
from Emap Ltd and Springer.)

shown in Figure 3.4a. T, depends greatly on the depth of cover (C) as well as ¢’ and can
be determined from the graph shown in Figure 3.4b.

Leca and Dormieux (1990) looked at upper and lower bound solutions for the stabil-
ity of tunnelling in coarse-grained soils, based on a number of different potential three
dimensional failure mechanisms. These authors came up with a similar equation to
Equation 3.6, and graphs for the associated load factors for collapse and blow out (i.e.
when the face support pressure is too low or too high, respectively).

If the tunnel is below the groundwater table, Equation 3.6 should theoretically be
modified to Equation 3.7 (after Thomson 1995).

Ot = GSTS + [Yd(c - hW) + YsathW]Ty + Ywhw (3-7)

where v, is the bulk unit weight for the soil above the groundwater table, v,,, is the
bulk unit weight for the soil below the groundwater table, v,, is the unit weight of
water, h,, is the depth of the tunnel crown from the groundwater table and the other
parameters have their usual meanings. It should be noted, however, that other factors
influence the stability in this case, such as seepage forces towards the tunnel face, and
hence these must also be considered. This will result in considerably greater support
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pressures being required in order to prevent water inflows and provide drained stabil-
ity. This can be achieved using compressed air support or slurry tunnelling machines
(STM). For coarse-grained soils above the water table, there will probably be suf-
ficient water content to enable some suction effects to develop (apparent cohesion),
helping to stabilise the face.

Stability solutions for face stability of slurry and earth pressure balance (EPB)
TBMs, based on limit equilibrium methods, have been developed by Anagnostou and
Kovari (1994, 1996a,b) and Jancsecz and Steiner (1994). The recommended meth-
ods for estimating the face pressures to ensure stability in slurry and EPB TBMs
are summarised in reports produced by Golder Associates Ltd. (2009, 2014) for the
Government of Hong Kong. Jones (2014a,b,c) also provides some insight into the
stability in soft ground tunnelling, highlighting the fact that heading stability is one
of the key aspects in soft ground tunnelling, often determining the choice of construc-
tion method.

3.4 The coefficient of lateral earth pressure (K)

The coefficient of lateral earth pressure at rest can have a range of values (0.1 <K, < 3).
In practice, this parameter is difficult to obtain, but several aspects can be consid-
ered when estimating K,. It should be re-emphasised that the estimation is based on
engineering judgement and any assumptions have to be checked by measurements as
described in Section 7.3.

3.4.1 Lateral pressure in a silo

Owing to the difficulties of determining K, and the issues of determining the ground
mechanics, there have always been experiments to estimate K,. A common mistake,
which even today leads to misunderstandings, is the determination of K, from the silo
pressure. In a silo (Figure 3.5a), K, can be calculated from Poisson’s ratio, |, as shown
in Equation 3.8.

Ko=-—H (3.8)
1-p

However, since W is generally in the range 0-0.5, using Equation 3.8 would lead to
K, values in the range of 0-1.0. The realistic range of u for the ground is between 0.2
and 0.35, which leads to K, values of between 0.25 and 0.54. This example calculation
shows that K, values of greater than 1.0 are not possible with this equation and K,
values of greater than 0.54 are only fully covered if one uses a | value, which is not nec-
essarily realistic for the ground. This equation represents a simplified case and is based
on the assumption of elasticity in the ground and is only valid in rare circumstances in
underground construction.

The value of K is always going to be an estimation. To determine its value, one needs
to take into account the historical development of the earth, and hence the rock. The
determination (or better estimation) of K, is part of the engineering geological survey.
Five possible reasons are listed below for the variation in K, that is, where K, has no
relationship to u (which is true for the majority of cases):

e Ice age preloading. It is possible that the lateral horizontal pressure of earlier times
is impregnated into the ground and is still present today. The pressure of huge gla-
ciers from past ice ages is an example of this. In this case, K, can be higher than 1.0
(Figure 3.5b).
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Figure 3.5 Coefficient of lateral earth pressure. (a) Horizontal pressure in a silo, (b) ice age pre-loading,
(c) horizontal pressure for strata in connection with a saddle, (d) horizontal pressure
with crevasses and (e) horizontal pressure near a portal.

*  Layering, synclines, anticlines (saddles and troughs). Figure 3.5¢ shows the influ-
ence of layering and layering with saddle structures depending on the position of
the tunnel relative to the geological formation and hence the need to use different
K, values. In this case, a potential rotation of the principal stress conditions would
be expected, that is, the assumption that the vertical and horizontal stresses are
principal stresses is no longer valid or limited. This also applies if the layers are
dipping.

e Crevasses. In open crevasses, K, is very small (Figure 3.5d). This is the same as for
the cases where the crevasse contains soft soil or water. If K, were high in this situ-
ation, the crevasse would be most likely closed.
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Table 3.1 Typical values for K,

Ground material Ky

Sand 0.4-0.5

Clayey soil (between rock layers) 0.6-0.8

Slurry 1.0

Soft rock 0.4-0.6

Hard soil/rock (0.2) 0.5-0.8 (1.2)
London clay 0.6-1.5

*  Depth. Close to the ground surface, K, would be expected to be small due to weath-
ering. In addition, for a high K, value, the tension of the ground is missing, for
example, adjacent to sloping ground (Figure 3.5e).

®  Tunnel in groundwater. If the tunnel is constructed within the groundwater, at
least two components need to be considered when estimating the primary stresses.
These components are the effective ground stress and the water pressure (K, = 1) as
described in Section 3.2.

For the reasons mentioned above, there is no definitive value for K,. However, one can
statistically define the range of K, as 0.1-3.0. For normally consolidated soils, that is, a
soil that has not experienced greater stresses acting on it in the past than are acting on it
now, K, can be estimated on the basis of the internal friction angle, ¢, of the material, for
example, K, = (1 — sin ¢'). For overconsolidated clays, that is, where the soil has experi-
enced larger stresses in the past than it is experiencing now, K, is likely to be greater than
1.0. Some examples of typical values of K, are shown in Table 3.1. K, can be estimated in
situ from pressuremeter or dilatometer tests, as described in Section 2.3.2.2.

3.5 Preliminary analytical methods
3.5.1 Introduction

It is impossible to take all the influences, parameters and boundary conditions that
are dependent on the geology and construction phases into account in a calculation.
Therefore, analytical models have been developed which simplify reality to such an
extent that the remaining parameters can be dealt with in a calculation and, at the same
time, lead to sensible results.

In the following discussion, three common analytical methods are briefly described:
the bedded-beam spring method, the continuum method and the tunnel support resis-
tance method. The assessment of which method to use, depends on the tunnel depth. In
soft soil, two conditions can be defined as

e Shallow, C < 2D, that is, where the ground above the tunnel crown is assumed to
have no bearing capacity
¢ Deep, C> 3D, that is, where the ground above the tunnel crown is acting as a support

where C is the tunnel crown depth and D is the tunnel diameter.

C < 2D: The excavation process creates a softening zone in the crown area, which for
shallow tunnels in soft ground reaches the ground surface. As a result, no arching can
develop over the crown. The ground in this area has no bearing capacity and acts only
as a load on the tunnel lining. For the unsupported area, on average, an angle of 90° is
assumed at the tunnel crown (Figure 3.6a). This is a very conservative approach.
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Figure 3.6 Calculation models for tunnels in soft ground. (a) Springmodel and (b) continuum model.

C > 3D: For a supporting crown, the ground is capable of creating a supporting ring,
that is, the ground can form an arch and transfer loads around the tunnel void.

In the range 2D < C < 3D, the ground above the tunnel crown can be acting either
as a support or not depending upon the geological conditions, such as the bedding
arrangements.

When the ground is unable to completely support itself, then a tunnel lining is used
to help support the ground and keep the tunnel from collapsing. In Europe, if the
Eurocodes are used to design the lining support required, then ‘ultimate limit states’ are
assumed, that is, one or more states of failure of the lining, for example, due to bending,
shearing and crushing (Jones 2012a). Determining the ultimate limit states requires an
estimate of the loads coming on to the lining from the ground, and some methods for
doing this are described in the subsequent sections of this chapter. Some observations
on these methods are provided by Jones (2012a), although in particular the author
notes that there is still uncertainty in the loads coming on to linings even when the most
sophisticated numerical methods are used.

Further details on the design of shield tunnel linings, segmental linings, for exam-
ple, can be found in ITA (2000). Further details on structural design models for
tunnels in soft ground can be found in Duddeck and Erdman (1985). The USACE
(1997) guidelines for the design of tunnels and shafts in rock provide some useful
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information on analysis methods, including the associated equations for the ana-
lytical methods presented, and lining design and support methods, as well as many
other general aspects of tunnelling in rock. This document can be freely downloaded
from the Internet. FHWA (2009) also contains further information on analytical
methods for tunnel design.

3.5.2 Bedded-beam spring method

The tunnel support is idealised as an elastically supported circular ring. The elastic
bedding is achieved through radial and potentially tangentially arranged springs. The
spring stiffness simulates the support behaviour of the ground. The important param-
eters of the ground are the stiffness modulus E, (which is included in the spring stiffness)
and the coefficient of lateral earth pressure K, (which is included in the loading). The
calculation is carried out elastically. Since the ground is only represented by springs,
the analysis cannot provide any information with regard to the settlement at the ground
surface and to the possible stress and deformation behaviour of the ground (secondary
stress situation). Figure 3.6a shows the model used within the bedded-beam spring
method with an unsupported crown, the so-called ‘partially bedded method’ for shal-
low tunnels (ITA 1988). For deep tunnels, the bedded-beam spring method is generally
not used because, even with a supporting crown area, the supporting nature of the
ground is not sufficiently taken into account.

The bedded-beam spring method is the fastest and simplest calculation method.
Therefore, it is often applied even though it has limited potential for interpretation
with respect to the real situation due to the many simplifications made. It is often used
to determine thickness and required reinforcement of the supporting circular ring fol-
lowing the results of a more sophisticated calculation method. The usage is mainly for
shallow tunnels in soft ground or weak rock.

3.5.3 Continuum method

The ground in which the tunnel is constructed is idealised as a continuum, that is,
there are no discontinuities in the material. The method assumes that the ground is
an infinitely large thin section with a hole at the centre (Figure 3.6b). This calcula-
tion method allows the interpretation of the deformation and strains in the ground.
In addition, this method allows the construction phases to be simulated. The elastic
modulus, E, is required as a parameter for the ground. The structural system can
be established for both an unbedded as well as a bedded crown area. However, the
assumptions for this calculation method for deep tunnels are often unfavourable; with
increasing depth, the load on the tunnel lining grows linearly and with this, its thick-
ness. In combination with an elastic calculation, this leads to a potentially unrealisti-
cally large lining thickness. In the calculation, the load acting on the tunnel lining
is limited, that is, the total overburden pressure is not considered. Instead, only the
weight of the disturbed zone, which develops over the tunnel crown as a result of the
tunnel construction, is used in the calculation. The biggest difficulty lies in the estima-
tion of the height of this disturbed zone and thus the load for which the thickness of
the tunnel lining has to be calculated. Estimating the size of the disturbed zone, which
acts as the overburden on the tunnel, is based on experience, engineering judgement
and the ground characteristics. The method is used in shallow tunnels in weak rock as
a partial continuum method and for deep tunnels in weak rock as a continuum method
with a bedded crown area.
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Figure 3.7 Tunnel support resistance method. (a) Structural system and (b) Fenner—Pacher curve.

An example calculation using the continuum method is provided in Appendix B.
Further details on continuum methods can be found in Duddeck and Erdman (1985).

3.5.4 Tunnel support resistance method

For the support resistance method, it is assumed that the tunnel support constrains the
deformations of the ground, that is, it provides an internal pressure (resistance) against
the ground. The resistance is taken as the pressure inside the tunnel in the calculation
and is defined as P (Figure 3.7a). The pressure inside the tunnel is dependent on the
deformations. This ‘thought’ model (tunnel support as an internal pressure) can be
applied to deep rock tunnels. The tunnel support resistance method is also a continuum
method and, in addition to the elasticity modulus, the cohesion and the friction angle
of the ground are required.

The design criterion for this method is the limitation of the deformation of the ground.
The connection between the rock deformation and the tunnel support resistance can
be shown pictorially using the Fenner—Pacher curve, as shown in Figure 3.7b (w is the
settlement of the tunnel crown).

w < W,;: The more the ground deforms (distresses) before the tunnel support is
placed, the lower the load that has to be carried by the tunnel lining and the higher the
self-supporting element of the ground. The required tunnel support resistance reduces
with increasing deformation.

w > w,;: When the deformation reaches a certain amount, it results in softening and
weakening of the ground fabric. To construct a stable tunnel beyond this point, increas-
ing support resistance is essential with increasing deformations.

Thus, there is a deformation value for the ground at which the required tunnel sup-
port resistance is minimal. This deformation should be reached when all the stress
redistribution has finished. By keeping the deformation to w,,; it would be possible to
have the optimal support system both from an economical and rock behaviour point
of view. The relationship between the support system resistance and the deformation
is dependent on the geology. This means that for every ground there is a different
Fenner—Pacher curve and a different critical deformation. This leads to a number of
problems.
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e  First, how big is w_,,? If a lot of experience exists in comparable geological con-
ditions with similar underground construction methods, it could be possible to
put a quantitative boundary on the critical deformation. However, in an unknown
ground, this is nearly impossible.

¢ Second, even if the critical deformation is known, the difficulty remains to ensure
that the construction phases result in a final value of w,,,,. Many of the factors that
influence the development of the deformations are not linear and are time depen-
dent, for example, the curing of sprayed concrete when using SCL (see Section
4.3.2). Furthermore, there is the problem of checking the rock deformations with
measurements. This is particularly relevant for the rock deformation ahead of the
tunnel drive. (The topic of deformation measurement is looked at in Section 7.3.)

¢ Third, the tunnel support is not calculated but assumed as an inner pressure. Hence,
there are no internal forces. Therefore, the problem exists to translate the w_,;, and the
associated required support resistance into an SCL thickness and related reinforcement.

The support resistance method is consequently not suitable for an analysis in the
traditional sense (structural system with load — determination of internal forces —
proof of stresses). The ground is the main support element and is in the forefront of the
analysis. The tunnel support system, in this case a SCL, supports the disturbed bound-
ary areas of the void and is, by comparison with the methods for soft ground, of lower
importance.

The advantages of the theory of support resistance are as follows:

1. The full overburden can be assumed. The stress redistributions and overstressing
in the ground can be determined, which is not possible with the other analytical
methods. In the support system resistance method, the creep of sprayed concrete
is taken into account. This means that the calculated deformations are greater and
closer to reality compared with the methods using elastic analysis.

2. The choice of the calculation method therefore also depends on the type of ground:
soft ground or rock. Principally, it has to be decided how much self-support the
ground possesses, that is, whether one builds uneconomically (dimensioning the
tunnel support too large) or unsafe (assuming the self-support of the ground to be
too large). This depends mainly on how valid the estimation is. It should also be
noted that without estimation no structural analysis functions in underground
construction!

This method is developed by Hoek (2012), who demonstrates how the method can be
used to determine the support required for tunnels in weak rocks.

3.6 Preliminary numerical modelling
3.6.1 Introduction

The previous section described simple analytical methods, which can be used to esti-
mate the stresses in the tunnel lining or the required lining thickness for a given defor-
mation of the ground. In recent years, as a result of the increases in computing power
and the fact that there are many commercial packages available, the use of numeri-
cal models has increased significantly. This section describes the use of some of these
numerical models. However, it is not the intention of this section to fully describe how
to carry out tunnel analyses, but to briefly describe some aspects of the problem. The
reader is directed to other books such as Potts and Zdavkovi¢ (1999, 2001) for further
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details. Comparing the benefits of numerical methods to analytical or closed-form solu-
tions (as described in Section 3.5), Potts and Zdavkovié (2001) hightlighted numerical
methods as being able to:

e Simulate the construction sequence

¢ Deal with complex ground conditions

*  Model realistic soil behaviour

e Handle complex hydraulic conditions

® Deal with ground treatment, for example, compensation grouting
®  Account for adjacent services and structures

e Simulate intermediate and long-term conditions

® Deal with multiple tunnels

It must be remembered, however, that numerical analyses are only as good as the
user’s experience, the input values and the numerical modelling package. They are not
a panacea and must be treated as any other engineering tool. Many assumptions are
still required in order to produce workable analyses and these require good engineering
judgements and a clear understanding of their implications.

The analytical solutions described in Section 3.5 are a useful way of understanding
a problem and determining which parameters are important. A simpler analysis can
reduce the number of complex interactions within a problem and allow a better ‘feel” of
what is happening (Jones 2012b). Numerical modellers also often use analytical models
to help validate their models. It is good practice when setting out to undertake a numer-
ical model to take small steps in terms of the complexity and ensure that each stage
has some form of validation before moving on to the next stage of complexity (Jones
2012b). This way it is potentially easier to spot mistakes in the modelling process.

Numerical methods can be divided into different types depending on the computa-
tional methods adopted in the software package. For modelling continua, such as soils,
the most common numerical methods adopted for analysing tunnelling projects are the
finite element (FE) or method or finite difference methods. For modelling discontinua,
such as rocks, the most common numerical models adopted are the discrete element
method and the boundary element method. It should be noted that there is an overlap
between these latter methods and the modelling of continua.

Tunnelling is a three-dimensional (3-D) problem. Even with more powerful com-
puters, however, these models can be computationally demanding. In addition, 3-D
models for tunnelling problems are not easy to set up, even though modern commercial
software packages are making this easier for routine problems. This means that two-
dimensional (2-D) models are still common. Adopting a 2-D model for a tunnelling
problem immediately implies that a number of assumptions are needed with respect
to the construction process. In particular, the fact that the three-dimensional arching
effect, which is so important for the behaviour of the ground to allow economic tunnels
to be constructed, cannot be modelled directly.

There are a number of ways to represent the tunnel in 2-D models. When modelling
shallow tunnels or if the ground surface response is key to the analysis, a plane strain
analysis is required. Typical FE meshes for the 2-D plane strain analyses are shown in
Figure 3.8a and b.

3.6.2 Modelling the tunnel construction in 2-D

In 2-D, there are a number of ways of modelling the construction method. These include
the following methods.
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(b)

(a)

Figure 3.8 Example 2-D meshes using FEs, (a) 2-D plain strain analysis of a bored tunnel construction
and (b) 2-D plain strain analysis (with symmetry associated with the tunnel centre line) of a
tunnel being constructed using NATM, as produced using the PLAXIS® software. (Courtesy
of Wilde Analysis Ltd.)

3.6.2.1 ‘Gap’ method

In this method, a predefined void is introduced into the FE mesh that represents the
total ‘volume loss’ expected. The ‘gap’ is greatest at the crown of the tunnel and zero at
the invert (Rowe et al. 1983).

3.6.2.2 Convergence—confinement method

This is the most suitable method for tunnels excavated without a shield or TBM, for
example, New Austrian Tunnelling Method (NATM). This was demonstrated by
Karakus (2007), who looked at various methods in order to determine which ones best
represented the 3-D effects of tunnelling in 2-D analyses. In this method, the propor-
tion of unloading of the ground before the installation of the lining construction is
prescribed, that is, the volume loss is a predicted value. The parameter A is used to
define the proportion of unloading. Initially, A is zero and is progressively increased to
1 to model the excavation process. At a predetermined value of A, the lining is installed,
at which point the stress reduction at the tunnel boundary is A4 times the initial soil
stress. The remainder of the stress is applied to create the lining stress, that is, the stress
imposed on the lining is (1 — A,) times the initial soil stress (Potts and Zdavkovié¢ 2001).

3.6.2.3 Progressive softening method

This was developed for NATM (or SCL) tunnelling by Swoboda (1979). The method
involves reducing the ground stiffness in the heading by a certain amount. The lining is
installed before the modelled excavation is complete. The method can cope with crown
and invert construction or side drifts.

3.6.2.4 Volume loss control method

This is similar to the convergence—confinement method; in this case, however, the
expected volume loss at the end of construction is prescribed. This is useful if the
volume loss can be estimated with a reasonable degree of certainty, and is also use-
ful for back analysis of tunnelling operations. In this method, the support pressure at
the tunnel boundary is reduced in increments, and the volume loss generated can be
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monitored. Once the prescribed value is achieved, the lining is installed. Depending on
the stiffness of the lining, further deformations and hence volume loss may occur, so it
may be that the lining is installed before the prescribed volume loss is reached to allow
for this additional value.

It is also important when setting up the model to use appropriate boundary condi-
tions, both for far-field conditions, for example, the restraints applied at the edges of
the mesh area, including hydraulic conditions, and the near field conditions associ-
ated with, for example, the lining. Normally, in a simple 2-D plane strain analysis,
the restraints to movement at the far-field conditions are that the ground surface is not
restrained from moving, the base of the mesh is restrained vertically and horizontally
and the edges are restrained horizontally, but not vertically.

3.6.2.5 Modelling the lining

As mentioned previously, in 2-D the analysis does not recognise the 3-D support from
the lining already installed behind the face, into which the stresses arch. The so-called
wished-in-place lining occurring in a single increment in the analysis is common, for
example, when using the volume loss or convergence—confinement approaches. There
are two ways of modelling the lining using solid elements or shell elements. Solid ele-
ments are standard elements used for representing most materials within FE meshes
and hence there are a wide range of constitutive models available for these elements.
However, solid elements have the problem that the element shape can be an issue
(defined by the aspect ratio of length to width). Linings are relatively thin in relation to
the tunnel diameter and therefore a large number of elements are required to maintain
acceptable aspect ratios. Shell elements, in contrast, have zero thickness and curved
shell elements can be used to model tunnel linings. This removes the problem of aspect
ratio and allows more flexibility with respect to the mesh definition. There are many
issues to consider when modelling tunnel linings, particularly segmental linings, and
the reader is encouraged to read more detailed literature on this subject, for example,
Potts and Zdavkovic¢ (2001).

3.6.3 Modelling the tunnel construction in 3-D

The 3-D numerical analyses allow the possibility of modelling the tunnel opera-
tion more realistically, particularly the behaviour of the ground ahead of the tun-
nel face and the 3-D arching effects that occur around the tunnel face. Although
these analyses are more costly in terms of computation time, it is still not possible to
model accurately every aspect of the tunnel construction in detail and assumptions
are still required. However, modern software packages do offer the possibility of
doing this type of analysis with relative ease. It must be remembered, however, that
it is important to understand what you are doing and to consider the limitations and
assumptions that are made in these analyses. Figure 3.9 shows an example of a FE
3-D mesh.

An example of 3-D numerical modelling was reported by Ng et al. (2004), who
carried out a series of 3-D FE analyses to investigate multiple tunnel interactions
for sprayed concrete lined tunnels in stiff clay using ABAQUS®. In parallel, Lee and
Ng (2005) studied the effects of tunnels on an existing loaded pile using 3-D FE
modelling, again using ABAQUS®. Bloodworth (2002), following on from a previous
work by Burd et al. (2000), conducted a detailed study to investigate the effects of
new tunnelling on existing structures in 2-D and 3-D. This work highlights many of
the issues associated with simulating both the tunnelling operation and the realistic
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Figure 3.9 Example 3-D analysis of a tunnel being constructed using NATM, as produced using the
PLAXIS 3-D® software. (Courtesy of Wilde Analysis Ltd.)

modelling of, in this case, the buildings at the ground surface. The numerical model-
ling generally over-predicted the damage to the buildings at the ground surface. It
was suggested that this was due to the level of detail that could sensibly be modelled
within the numerical models while working with the computer power available at
that time.

Owing to the speed of advances being made in numerical modelling, both in terms of
computing power and software, the reader is advised to look at the latest literature in
this field to gain an understanding of the current state-of-the-art.

3.6.4 Choice of ground and lining constitutive models

One of the most critical aspects of any numerical modelling is the choice of consti-
tutive models for the ground and the lining, that is, how the material behaviour is
simulated. Many people still use linear elastic or elastoplastic (e.g. Mohr—Coulomb)
constitutive models to analyse the soil behaviour. However, it has been shown by
many researchers that the soil model has a large impact when modelling tunnelling
operations. The construction operations involve unloading as well as loading stress
conditions and so any model must be able to cope with this. In addition, the strains
around tunnelling operations are often small and for soft ground this means that
the stiffness of the material is extremely nonlinear. Therefore, if pre-yield behaviour
dominates the ground response, it is essential to model the nonlinear elasticity at small
strains. The reason for people choosing simpler constitutive models for the ground
is generally related to the choice of input parameters. The more sophisticated the
soil model, the more parameters that are required. Obtaining these parameters from
available site investigation information can be difficult and often requires assump-
tions to be made. Ideally, to model the ground behaviour successfully, it is important
to consider its nonlinear stress—strain behaviour, variable K, values, anisotropy and
consolidation characteristics.



76 Introduction to tunnel construction

For modelling SCL, there is a need to model the age- and time-dependent behaviour
of the material, as well as its nonlinearity. Typical models include (Thomas 2009a):

®  Hypothetical Modulus of Elasticity (HME), which uses reduced values of elastic
stiffness for the lining to account for 3-D effects, ageing of the elastic stiffness,
creep and shrinkage. It is largely an empirical-based model.

* Age-dependent elastic model, which, as an alternative to the HME model, models
the ageing stiffness explicitly.

® Age-dependent nonlinear model, which takes into account the nonlinear stress—
strain behaviour of concrete when loaded to more than 30% of its compressive
strength. Since sprayed concrete can be loaded heavily early on, that is, at low
strength, this nonlinearity could be relevant.

Further details of modelling sprayed concrete can found in Thomas (2009a).



Chapter 4

Ground improvement techniques and
lining systems

4.1 Introduction

This chapter is divided into two sections. The first describes techniques of improv-
ing and stabilising the ground, with respect to both strength and permeability (subse-
quently referred to as hydraulic conductivity). The second describes the various lining
techniques commonly employed in tunnel construction. It should be noted that many
of the stabilisation techniques and lining methods are intimately linked with the tunnel
construction methods described in Chapter 3, so the reader is advised not to treat these
chapters in isolation, but to treat both as part of the tunnel construction process.

4.2 Ground improvement and stabilisation techniques

This section describes a number of techniques that can be used to improve the stability
of the ground to aid construction of the tunnel, and in soft ground to reduce/control
ground displacements and hence mitigate the effects of the tunnelling operation on
adjacent structures.

With respect to settlement control, it is obviously better if the choice of tunnel align-
ment avoids the necessity of using settlement control measures (ITA/AITES 2007).
Increasing the depth of the tunnel to provide a larger cover depth will reduce the mag-
nitudes of the displacements reaching the ground surface and shallow subsurface struc-
tures including existing tunnels and services. It is important to choose an alignment for
the tunnel so that the tunnel passes through the strata which have the most favourable
mechanical properties. Choosing the smallest cross section for the tunnel can help as
this provides a more stable face. This may mean, in the case of transportation tunnels,
choosing between a single larger diameter tunnel and a twin-tube tunnel. Twin-tube
tunnels are often recommended for safety reasons as the second tube can act as an
emergency exit in case of an accident, such as fire. If a TBM is used, choosing an align-
ment that is as straight as possible is beneficial. However, it may be necessary to use
artificial ground improvement measures, and some of the more common techniques are
described below.

Many of the techniques described in this section can generally be applied either from
the ground surface or from within the tunnel during construction. The latter will obvi-
ously slow the rate of advance of the tunnel.

4.2.1 Ground freezing

Although perceived as a relatively expensive last resort, in cases where something goes
wrong and no other solution is available, this can be a powerful technique as it can be
used across the whole range of ground types, depending on the groundwater flow rate.
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Figure 4.1 Potential flow paths when in-tunnel ground freezing is used at the tunnel crown.

In fact, in shallow tunnelling where access can be gained from the ground surface, it is
used relatively frequently (Pelizza and Piela 2005).

The freezing method is only applicable when the ground contains water, ideally still
fresh water. Ground with a moisture content greater than 5% will freeze. Water can
be added via a fire hose, a sprinkler system, a borehole or injection device to raise the
moisture content in the ground. The principle of ground freezing is to use a refrigerant
to convert in situ pore water into a frostwall, with the ice bonding the soil particles
together.

As a rule, if used from within the tunnel, freezing lances are installed from the tun-
nel in the direction of tunnel excavation as the frozen ground should create an arching
mechanism (Figure 4.1). The lances are situated in the crown and, if necessary, at the
springline. In order to achieve a closed frozen body, the distances between the lances
are limited, for example, 1 m, in combination with a length of 20 m or more. It is
important that the frozen areas overlap to provide an impermeable barrier. Cooling
fluid is pumped through the freezing lances. Examples of cooling materials are brine
(salt solution) with a temperature of =50°C to —20°C, or liquid nitrogen which evapo-
rates at —196°C.

For excavations from the ground surface, a cylindrical freeze wall is formed around
the periphery of the planned excavation or a layer of ground above the tunnel roof is
frozen. The refrigerant pipes are equally spaced at approximately 1 m apart and, in
order to ensure a continuous freeze wall, they need to be accurately drilled with mini-
mal deviation.

Advantages of ground freezing:

®  The strength of the ground can be increased.

* Animpermeable barrier is created. (Although it should be noted that if the freezing
process is conducted from within the tunnel as opposed to from the ground surface,
it is normal only to extend the frozen ground from the crown to the tunnel spring-
line [or above], and hence this just extends the flow path for the water and does not
make a completely impermeable barrier: see Figure 4.1. It is normal in this case to
use ground freezing in combination with pressurised tunnelling.)

e It is nontoxic and noiseless.

* Itis totally removable (unlike grouting) — although there can be an adverse reaction
in some soils.

Limitations:

® The time required to achieve ground freezing can be many weeks depending on the
ground and groundwater conditions.

e Flowing water causes heat drain and can prevent the ground freezing. The limiting
flow rate depends on the type of freezing being used (see below). For example, if a
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two-phase brine freezing process is used, a maximum flow rate of 2 m/day can be
tolerated, whereas for a direct process using liquid nitrogen, the maximum flow
rate is 20 m/day.

¢ The boreholes must be accurately positioned to create a continuous frozen zone.

Care must be taken as there is the potential for the ground to heave during the freezing
process and subsequent settlement at the end of the freezing process (ITA/AITES 2007).
Ground heave is related to the frost susceptibility of the ground. In coarse-grained soils,
the frost susceptibility is low as the hydraulic conductivity is high. This means there is
less heave because the water can drain as the freezing progresses. Conversely, in fine-
grained soils, the frost susceptibility is high as these materials have a low hydraulic
conductivity and therefore there is more heave as the water does not drain during the
freezing process. Ground heave can be limited by controlling the speed of the freezing
process and the sequence of freezing.

There are two methods of ground freezing:

1. Two-phase method (closed) — Figure 4.2a. In this method, a primary refrigerant
(ammonia or freon) is used to cool a secondary fluid (usually brine).

2. Direct process (open) — Figure 4.2b. In the direct process, liquid nitrogen is used to
freeze the ground. The nitrogen is passed down the freeze pipes and then allowed to
evaporate into the atmosphere. This direct process is good for short-term or emer-
gency projects. Liquid nitrogen is likely to be the only effective method for freezing
pore water in fine-grained soils.

When designing the freezing system, it is important to determine the thermal charac-
teristics of the ground to be frozen and the freezing point of the groundwater. It is also
important during the freezing operation to monitor the process carefully. Thermocouple
strings can be used to monitor the ground temperatures between the freezing elements
and to monitor the refrigerant temperature. Kuesel and King (1996) suggest a simple
method of ensuring closure of the frozen ring in free-draining soils (i.e. soils with high
hydraulic conductivity) when constructing shafts by using a centrally placed piezom-
eter. The piezometer is used to measure the water pressure within the ground. As the
freeze front advances, it pushes water, which expands on cooling, out of the pores
between the soil particles. Once the frozen ground forms a complete ring, there is no
means for the water to exit from the area and hence the pressure measured by the
plezometer increases.

Figure 4.3a shows the ground freezing tubes around the perimeter of the tunnel por-
tal. Figure 4.3b and c shows the excavation of the frozen ground at the tunnel face.

Ground freezing has also been used during jacked box tunnels (Section 5.10) in
Boston, USA on the ‘Big Dig’ project in 2001 to allow jacking of box sections under live
rail tracks (see Section 5.10.3.2 for further details).

The technique has also been used to rescue TBMs that have become flooded due to
adverse ground conditions, for example, on the 2.6 m internal diameter Thames Water
Ring Main in London, UK (Clarke and Mackenzie 1994). On one of the drives, an
open face machine with a backhoe excavator became inoperable due to water inunda-
tion when it hit an unexpected water-bearing sand stratum at a pressure of 4.5 bar. In
order to remove this machine and restart the drive using an EPBM, ground freezing
was found to be an economical solution. The machine was approximately 55 m below
ground surface level and a 7.6 m diameter shaft was excavated using an underpinning
method (see Figure 4.26), that is, just above the water bearing sand stratum. It was then
plugged with a concrete base, and precautions were taken to control the high water
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Figure 4.3 Examples of ground freezing used in tunnelling: (a) horizontal freezing to rescue a bro-
ken down TBM in Cairo, (b) freezing at the portal of a I3 m diameter road tunnel in Du
Toitskloof, South Africa, through decomposed granite and (c) excavation of the tunnel
crown through frozen sand and gravel in Dusseldorf. (Courtesy of British Drilling & Freezing
Co. Ltd)

pressures during the installation of the freeze lances. The freeze lances were drilled
vertically from within this shaft to a level 5 m below the tunnelling machine, that is,
61.3 m below ground surface level, to prevent vertical water flow during the excavation
and recovery of the machine. The two stage freezing system was employed in this case
using ammonia as the primary refrigerant and brine as the secondary refrigerant. The
primary freezing period took four and a half weeks and the average temperature of the
ground was —12°C. The original machine was successfully removed and a new EPBM
completed the drive.

An example of the recovery of a tunnel where a collapse occurred was in Hull, UK
(Brown 2004). In this project, a 100 m long section of a 3.6 m diameter tunnel associ-
ated with a new wastewater project collapsed and ground freezing using liquid nitro-
gen was used to stabilise the ground and provide an impermeable barrier to allow
reconstruction to take place. The tunnelling took place through predominantly alluvial
granular deposits at a depth of 15.5 m. On this project, the maximum consumption of
liquid nitrogen over any 24-h period was 165,000 litres.
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Some observations on the choice of freezing approach to use, together with some
case studies, can be found in Schmall and Sopko (2011). For example, Schmall and
Sopko (2011) suggest that the two-phase method is more appropriate for larger, longer
freezes and the direct process is more appropriate for smaller, shorter duration freezes.
However, Schmall and Sopko (2011) emphasise that the method to be adopted must be
evaluated on a project-by-project basis.

An article by Mira-Cattod and Roberti (2014) describes the use of ground freezing on a
tunnelling project in Warsaw for a new metro line. This option was used after repeated
failure of grouting and forepoling to create sufficient watertightness and to allow exca-
vation to proceed (over a length of 18 m). Interestingly, a mixture of the direct process
and the two-phase method was adopted on this project to speed up the freezing process.

An article by Sopko (2014) describes the use of ground freezing to aid the construction
of two 2.8 m diameter cross passages (up to 36.5 m long) connecting twin 13.1 m diame-
ter highway tunnels. Ground freezing was required for these two cross passages to control
groundwater and to provide temporary support during excavation. The cross passages
were located at a depth of 30 m below groundwater level in the highly permeable Key
Largo formation, which consists of coral fragments within a cemented calcarenite matrix
(85% porosity). This material is also highly permeable in the lateral direction, that is, as
well as vertically, providing an additional issue for freezing the ground due to the added
heat generation by this laterally flowing water. Interestingly, in this project, grout was
injected into the ground prior to the ground freezing operation to reduce both its hydrau-
lic conductivity and also the velocity of the water flow. The freezing system consisted of
two horizontal rows of freeze pipes (at 3.35 m and 3.96 m radii) between the main run-
ning tunnels. Ammonia was used as the refrigerant during the freezing process, and as
this is typically not allowed in underground structures, the refrigerant plant was located
at the ground surface. Further details of this project can be found in Sopko (2014).

Further details on artificial ground freezing can be found in Harris (1995), Holden
(1997) and Woodward (2005).

4.2.2 Lowering of the groundwater table

If groundwater lowering can be achieved successfully, a marked improvement is pos-
sible in the ground properties. However, groundwater table lowering is, even as a time-
limited measure, not always possible. Under running streams, in settlement-critical
inner city areas, in areas where there may be an influence on existing water supply
aquifers or in areas where there could be a potential adverse effect on the flora, this
measure should not be used. Furthermore, it requires intensive installations for holding
the extracted water, which may have to be treated before it can be disposed of.

In permeable strata where the hydraulic conductivity, k, exceeds about 10~ cm/s,
or where an aquifer can be dewatered below less permeable strata, the level of the
water table over a wide area can be drawn down by pumping from boreholes and deep
wells. These processes are widely used in open excavations and are suited also to cut-
and-cover tunnels and shallow bored tunnels (Megaw and Bartlett 1982), for example,
Lainzer Tunnel LT31, Vienna, see Section 8.3.

There are two principal methods of groundwater lowering: wellpoints and deep filter
wells. Wellpoints, although one of the most versatile methods of dewatering, are limited
to dewatering to a depth of about 6 m (limited by the effective vacuum lift of a pump),
although staged wellpoints can be used to go deeper, but a greater excavated plan area
is required. Wellpoints are installed at between 1 and 3 m intervals by wash boring,
that is, using high pressure water jetting to form the borehole, but the spacing depends
on the hydraulic conductivity of the ground. Figure 4.4a shows a typical arrangement
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for a wellpoint system. Wellpoints can also be used from inside the tunnel, and the case
study in Section 8.4 related to the London Crossrail project provides an example of this
technique.

Deep wells can be used to dewater to greater depths. These consist of 300 mm or
greater wells sunk at an average spacing of 3 m or more to below the level required for
the dewatering. A filter is used at the base of the well around perforated suction pipes,
above which a submersible pump is located (Figure 4.4b). It is important to establish
a detailed conceptual model from the site investigation and pumping test data, prefer-
ably with distance/drawdown/time results. Further details on the design of wells can be
found in Woodward (2005).

Drawdown of the groundwater level can cause consolidation settlements in the sur-
rounding ground and hence affect adjacent structures, and therefore it should be closely
monitored. The extent of the drawdown zone depends on the depth of the well and the
type of ground.

Further information on groundwater lowering and dewatering can be found in Preene
et al. (2016), Cashman and Preene (2001) and Powers et al. (2007).

4.2.3 Grouting

Grouting involves the process of injecting a material into the ground with the following
two principal objectives:

e To reduce the hydraulic conductivity of the ground.
e To strengthen and stabilise the ground. In soft ground, this leads to an increase in
its ‘strength’ and in jointed rock in its ‘stiffness’.

Grouting operations can be carried out either from the ground surface (or from within
an adjacent shaft to the tunnel operation) or from within the tunnel construction itself.
They can also be applied to locally stabilise the foundations of structures likely to be
affected by the tunnelling works in the form of settlements.

For tunnel grouting, the grouting holes are drilled ahead of the advancing tunnel in a
pattern of diverging holes at an acute angle to the tunnel axis to form overlapping cones
of treated ground. For drill and blast tunnels, the holes can be drilled at the face (Muir
Wood 2000). For TBMs, the holes can be drilled forward from the rear of the machine,
to avoid affecting the cutter wheel, but direct grouting of the face through the cutter
wheel is also possible. Grouting using a shield TBM can also be carried out through the
shield, both towards the face and also radially. However, great care is needed as there
is a risk of grouting in the machine. In addition, grouting can be conducted radially
through the lining to fill any voids. Figure 4.5 shows some examples of grouting during
tunnel construction.

Percussion and rotary drilling are used to install the grout tubes. The grouting tubes
may be simple, open-ended tubes, possibly fitted with an expendable tip to prevent
blockage during installation, or perforated tubes which allow grout to be injected over
a specific length.

The use of a tube-a-manchette (TAM) or sleeved tube makes successive injections
at specific locations possible. Perforations at appropriate intervals along the tube are
closed by an external elastic sleeve which can be opened by the internal pressure of the
grout. The grout is passed to the injection point by a movable separate internal tube. It
is contained within the location of the perforation using seals on either side of the end
of this internal tube. Figure 4.6 shows details of a TAM (called a sleeve port pipe in the
United States).
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There are several types of grouting technique and these can be described as perme-
ation grouting, jet grouting and compaction grouting.

4.2.3.1 Permeation grouting (chemical grouting)

This technique fills the voids in the soil with either chemical or cement binders with
the intention of not disturbing the fabric of the ground. The range of particle sizes over
which it can be applied is from sands (0.06 mm) to coarse gravels (60 mm). Further
information on permeation grouting can be found in Karol (1990).

4.2.3.2 Jet grouting

This technique uses high-pressure jets to break up the soil and replace it with a
mixture of excavated soil and cement. The range is wider than for permeation grout-
ing, extending from clays (<0.002 mm) to fine gravels (10 mm). Jet grouting may be
used in pre-bored holes or the ‘jets’ can be self-drilled. Once the jet has reached the
required depth, it is rotated and the jetting fluids are pumped at high pressure to the
jetting tip as the system is withdrawn from the hole at a controlled rate to form an
in situ column (Woodward 2005). There are three basic jetting systems, a single jet
which uses just grout, a double jet system involving grout with an air shroud and a
triple jet system where the grout is discharged through one hole and just above this
is a second jetting point where an air—water mixture is injected. It should be noted
that if the hole blocks with debris, a sudden pressure can build up with bursting
pressures developing, which can damage adjacent services and even flood cellars
with grout. This is a real risk and the operator has to carefully monitor the return
flows and pressures. The system used depends on the ground type, with the single
system being suitable for sands with N¢pr < 15 (where Ngpr is the standard penetra-
tion test blow count, as described in Section 2.3.2.2), and the other systems used for
finer-grained soils (Woodward 2005). If the jet is not rotated, then more of a ‘panel’
shape is produced rather than a column. Further details on jet grouting can be found
in BSI (2001).

4.2.3.3 Compaction grouting

This technique differs from both permeation and jet grouting in that it is a ground
improvement technique rather than a ground treatment technique. Compaction grout-
ing is essentially the injection of a low slump (typically 25-100 mm) grout, that is,
stiff grout, such that an expanding bulb forms. This expansion causes deformation
and densification around it and ultimately improves the ground. The method is carried
out by either drilling or driving small diameter casings (89-114 mm typically) to the
required depth, withdrawing the rods or knocking off the drive point and then pumping
the grout to the bottom of the hole (Essler 2009). The range of applicable soils for this
method is similar to permeation grouting ranging from sands (0.06 mm) to medium
gravels (30 mm).

It should be noted that rock grouting differs from the above techniques as it is nei-
ther the material interstitial pores that are grouted as in permeation grouting nor is the
material body destabilised as in jet grouting or compaction grouting, but instead the
fissures and fractures are filled (Essler 2009).

Grout types can be split broadly into two categories, suspension grouts and chemical
solution grouts. There are several requirements that a grout should meet in terms of its
basic properties as listed below (after Whittaker and Frith 1990):
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e Stability — grouts should remain stable during the mixing and injection processes
and not separate prematurely in the case of suspension grouts, or set prematurely
if it is a liquid grout.

e Particle size — for a suspension grout, this sets the lower limit of the grain size of
the soil that it can penetrate.

e Viscosity — this is basically a measure of its ability to penetrate soils. Other flow
properties and the gelling time determine the maximum injection radius.

o Strength when set or gel strength — this depends on whether the grout is being used
to strengthen the ground or reduce its hydraulic conductivity.

®  Permanence/durability — the grout, when set, should resist chemical attack and
erosion by groundwater.

Suspension grouts basically consist of cement slurry with a cement/water ratio of
approximately 0.1-0.4 and an optional clay component. The purpose of the clay is to
reduce the cement consumption and to improve the stability and viscosity of the sus-
pension. Sand can be added to grout suspensions when large fissures are to be injected.
Additives such as plasticisers (comprising metal salts, such as lithium, sodium and
potassium salts) can be used in suspension grouts to prevent the clay particles floc-
culating (i.e. clumping together), and this will give different properties to the grout.
Suspension grouts are best suited to injection into fissured rocks and granular media
with large voids and porosity (down to a particle size of ~0.2 mm). A suspension grout
containing fine to coarse sand, cement and a plasticiser is technically known as a mor-
tar, which can be used to plug large fissures and cavities (Whittaker and Frith 1990).

Chemical grouts usually consist of solutions and resins which form gels. They reduce
the hydraulic conductivity by void filling and strengthen the ground. These grouts have
a major advantage over suspensions in that they can be injected into very fine-grained
soils, since some liquid grouts, such as resin types, have viscosities approaching that of
water (down to a particle size of ~0.02 mm). The strength of chemical grouts is gener-
ally low compared to cement grouts.

The most common types of grouts are either cement bentonite (suspension grout) or
silicate-based (chemical grout). The type of grout depends on both the ground type and
the grouting technique adopted. For filling large voids, materials such as pulverised fuel
ash (PFA, a waste product from coal-fired power stations) can be used.

Further details on grouting techniques and grout materials can be found in Xanthakos
et al. (1994) and Moseley and Kirsch (2004). The use of pre-grouting to reduce water
inflow when using tunnel boring machines in hard rock is described in Section 5.5.2.3.

4.2.4 Ground reinforcement

There are three distinct types of ground reinforcement methods (Whittaker and Frith
1990, Woodward 2005).

4.2.4.1 Rock dowels

These are reinforcing elements with no installed tension. They consist of a rod, face-
plate and nut (a conical spacer is sometimes used if the angle between the dowel and the
face plate differs significantly), and can be made from deformed steel bars, glass fibre or
plastic, depending on whether a permanent or temporary installation is required. The
rod is usually embedded in a mortar or grout-filled tube, although resin capsules are
also used extensively. Dowels can be used as a systematic reinforcement of the ground or
in hard rock can be placed at discrete locations to prevent unstable parts of the ground
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falling into the excavation. (Note: in Austria and Germany, cemented rock dowels are
commonly known as ‘SN-anchors’, named after ‘Store-Norfors’, the Norwegian city
where they were first used. In the United States, dowels are known as nails.)

Another development is inflatable rock dowels (Swellex®, Atlas Copco). These consist
of folded steel, closed at the end, and inflated by water. The steel expands and is pressed
against the wall of the borehole providing close contact between the dowel and the
ground, resulting in no need for grout or resin.

4.2.4.2 Rock bolts

These are reinforcing elements which are tensioned during installation. They consist
of a rod and mechanical or grouted anchorage (resin capsules or cement) coupled with
some means of applying and retaining the rod tension. Mechanical fixings are suitable
for hard rock, whereas grouted, fixed length bolts can be used in most rock types. The
length varies between 2 and 8 m for resin capsule grouted bars, and 3 and 20 m for
an expanding shell fixing on a bar. Figure 4.7 shows some diagrams of typical rock
bolts and dowels. (Note: in some countries, the term ‘bolt’ is also used for untensioned
systems.)

4.2.4.3 Rock anchors

These are reinforcing elements which are tensioned following installation and are of
higher capacity and generally of greater length than rock bolts. They consist of high
strength steel tendons, usually in the form of cables to which is fitted a stressing anchor-
age at one end and a means of transferring a tensile load to the cable at the other end.
These can be used in most rock types. Double corrosion protection is required for
permanent anchors and conducting proof loading tests of each anchor is normal during
tensioning. Since mechanical anchors slacken with time, and hence could allow move-
ment of the ground, fully bonded anchors should be used.

End-plate Grout tube for Expansion nut
and nut for post-tension
tensioning grouting

Expansion
shell

spherical
washer

Rotation of bolt
mixes resin capsule

Drilled hole
40 mm dia.

Sleeves filled with mortar
and inserted into hole

Bar extrudes mortar during
insertion into sleeve
Perforated steel sleeve dowel

(not tensioned)

Figure 4.7 Examples of typical rock bolts and dowels. (After Woodward 2005.)
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There are four generally accepted mechanisms by which rock reinforcement can
improve the stability of the ground (Whittaker and Frith 1990):

1. By stabilising individual blocks of material that may detach due to gravity in rela-
tively competent and well-jointed rocks, by using rock bolts with an anchorage
force capacity greater than the weight of the block

2. By using tensioned or untensioned bolts to maintain the shear strength of the
ground along discontinuities in weaker fractured ground conditions

3. By using fully grouted untensioned rock bolts in laminated or stratified rocks to
preserve the inter-strata shear strength

4. By using tensioned rock bolts installed relatively quickly after excavation to improve
the degree of confinement or the minor principal stress (this is normally perpen-
dicular to the tunnel wall) in overstressed rocks

Rock reinforcement alone is unlikely to be appropriate if (Woodward 2005):

The support pressure required is greater than 600 kN/m?

The spacing of dominant discontinuities is greater than 600 mm
The rock strength is inadequate for anchorages

The RQD is low or there are infilled joints or high water flow

Figure 4.8 shows some typical examples of the arrangement of rock bolts/dowels
within tunnels.

Reinforced Zone stressed
arch in rock

Rock reinforcement

Shotcrete
lining

Rock reinforcement

Sliding
blocks

Figure 4.8 Typical examples of the arrangement of rock bolts/dowels within tunnels. (After
Woodward 2005.)
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An example of a typical specification for supporting blocks for short (5 m) spans
within the ground is given below (Woodward 2005):

*  Minimum bolt length, 0.5 X span or 3 x width of an unstable block

¢  Maximum spacing, 0.5 x bolt length or 1.5 x width of a critical block, and 2 m
when using mesh restraints

e Larger spans in fractured rock will require primary, secondary and even tertiary
reinforcement

Note: dowels and bolts are also applicable for soft ground.

Figure 4.9 shows an anchor installation associated with sprayed concrete lining in the
Heidkopf Tunnel (HKT), Gottingen, Germany. This tunnel was constructed in sand-
stone and limestone and consisted of a twin tube, 2-lane road tunnel, 1720 m long (each
tube) and a cross section of 88-129 m? (approximately width 12 m). Figure 4.10 shows
the load testing of an anchor as part of the construction of the Lainzer Tunnel LT31,
Vienna (see Section 8.3 for further details of this tunnel).

4.2.5 Forepoling

This technique is aimed at limiting the decompression in the crown immediately ahead
of the face (ITA/AITES 2007). Longitudinal bars (dowels) or steel plates (forepoling
plates) are installed ahead of the tunnel from the periphery of the face, typically over
the upper third or quarter of the excavated profile. In rock, the plates or dowels driven
ahead of the excavation are also known as spiles.

Figure 4.9 Anchor installation associated with sprayed concrete lining, HKT Tunnel, Germany.
(Courtesy of BeMo Tunnelling GmbH Innsbruck.)



Ground improvement techniques and lining systems 91
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Figure 4.10 Load testing of an anchor, Lainzer Tunnel LT31, Vienna, Austria.

4.2.5.1 Dowels

The material used for dowels is the same as that used for rock dowels (Section 4.2.4.1).
Dowels are also installed from within the tunnel, and positioned on lattice girders at an
angle to the direction of tunnelling (Figure 4.11). If the ground is too dense or too hard,
dowels are placed in pre-drilled holes. In this case, the hole can be filled with grout
before the dowels are pushed further into the ground. They are designed to protect the
crown area against afterfall (i.e. falling blocks of material from the tunnel roof). The
separation of the dowels is dependent, among other things, on the size of the blocks in
the ground and, as a rule, is greater than 20 cm. The length of the dowels is approxi-
mately 3—4 m (about three to four times the heading advance).

Steel arch

Figure 4.11 Basic arrangement of forepoling using dowels. (After ITA/AITES 2007.)
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Figure 4.12 Schematic representation showing a typical arrangement of dowels used in the tunnel face.
(After ITA/AITES 2007.)

4.2.5.2 Plates (sheets)

Forepoling plates, mainly made from steel, are pushed forwards individually, but close
together in the same way as described for the dowels. Plates are used with coarse-grained
soils such as sands or gravels, which would fall through the spacing between dowels.

4.2.6 Face dowels

Face dowels can be used to improve the stability of an excavated tunnel face. The tech-
nique involves installing an array of dowels over the cross section of the tunnel face
(Figure 4.12). The dowels should be made of material that can be easily excavated, for
example, fibreglass. Fibreglass dowels are particularly useful when using a TBM or
roadheader as they can be cut through easily. However, fibreglass dowels can produce
sharp, and potentially dangerous, ends when excavated due to the brittle manner in
which they break. Therefore, steel dowels can prove more useful even though the exca-
vation process needs more care. Steel dowels can be easily cut using handheld cutters.
Ideally, the dowels should provide a continuous stability as the excavation advances.
This is achieved by the dowels being shortened as the face advances until a minimum
length is reached. At this point, a new set of dowels is installed in the face. These new
dowels overlap with the previous dowels by a few metres.

Figure 4.13 shows an example of temporary face dowels being used during the con-
struction of the LT31 Tunnel in Vienna, Austria. In this case, the dowels were 12 m
long and overlapped longitudinally by 5 or 6 m. There was also a plate (12 ¢cm x 50 cm)
attached to the end of the dowels that distributed the stress and avoided overstressing
the sprayed concrete, which was relatively thin (~10 cm) compared to the side walls
(~30-35 c¢m thick).

4.2.7 Roof pipe umbrella

In the roof pipe umbrella method, steel pipes are drilled from within the tunnel in the
direction of tunnelling around the perimeter of the tunnel roof, as described in the arti-
ficial ground freezing Section 4.2.1. The steel pipes have a diameter of approximately
70-150 mm. After drilling, the holes are filled with grout. The spacing of the pipes
ranges from approximately 20-50 cm. The length of the pipes is often 15 m or more.
The previous umbrella overlaps with the subsequent umbrella by at least 3-5 m. Roof
pipe umbrellas act like forepoling, that is, they are supposed to protect the crown area
against afterfall. However, owing to their larger diameter and length, roof pipe umbrel-
las are a lot more robust than forepoling.
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Figure 4.13 Installation of temporary dowels into the tunnel face during the construction of the
Lainzer Tunnel LT3l in Vienna, Austria.

Figure 4.14 shows an example of forepoling (dowels) in association with sprayed
concrete lining being used as a roof pipe umbrella on the LT31 Tunnel, Vienna (see the
case study in Section 8.3 for further details of this tunnel).

4.2.8 Compensation grouting

Compensation grouting is a technique developed to control the settlement of structures in
the vicinity of tunnels constructed in soft ground and is one of the most specialised forms
of ground treatment. Settlements can occur around tunnels as a result of stress changes
during construction and are discussed further in Section 7.1. It is therefore not a stabilisa-
tion technique to aid tunnel construction as such, but to avoid the tunnel construction
adversely affecting adjacent structures. It can also be used as a method of maintaining or
re-levelling structures or ground subject to ongoing settlements, for example, due to the
consolidation of clay soils. Generally, compensation grouting is only considered after it
has been determined that the ground displacements cannot be reduced to an acceptable
level by increasing the support to the ground from within the tunnel during construction.
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Figure 4.14 Forepoling using dowels as a roof pipe umbrella on the Lainzer Tunnel LT3l in Vienna,
Austria.
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This method involves injecting grout into the ground at a level between the tunnel
crown and the structure to be protected (Figure 4.15). This is commonly done from
grout holes drilled radially from a shaft. TAM grouting (Section 4.2.3) or similar tech-
niques are used to inject the grout in controlled amounts after an initial preconditioning
of the ground locally. Preconditioning means that grout is used to locally compress the
soil, possibly fracturing the ground, so that subsequent injections have an immediate
effect on the ground. Controlled volumes of grout are used to ‘compensate’ for the
occurring ground displacements. The volumes involved are usually low, for example,
20-100 L/sleeve, to ensure that grout does not travel out of the compensation grouting
zone. The required grout depends on the ground efficiency, that is, the ratio of grout
volume to be injected to ground volume change. Typically, the ground efficiency in
London Clay might be better than 50%, in soft clay 10%-15% and in sands 20%-30%
(Essler 2009).

(a) Ground surface

Grout zones e =
to ‘compensate’ for

volume loss at %7 Tunnel

tunnel level

Settlement without

compensation grouting
Settlement with

compensation grouting

(b)

Access shaft

Array of TAMs Compensation

Q«Tunnel grout zone

(c)

Array of TAMs

Access shaft

Tunnel

Figure 4.15 Compensation grouting for tunnel construction. (a) longitudinal section, (b) cross section
and (c) plan. (After Woodward 2005 and Burland et al. 2001a.)
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It is important that there is real-time feedback during the grouting operations from
instrumentation on the structures being ‘protected’ so that the compensation grouting
can be accurately used. This is a good example of the need for a clear observational
approach (Section 7.3.3). Injecting the grout into the ground stops the ground mov-
ing downwards, which is essentially a jacking operation. Therefore, a reaction force is
necessary to generate this support, which is directed downwards. Hence, it is impor-
tant to position the drill holes at a level so that this downward force will not adversely
affect the tunnel heading (and the subsequently installed lining). Careful control is
also needed when using this technique near existing tunnels as there is a danger of the
outward forces generated by the grout injection causing deformation or damage to the
existing tunnel lining.

4.2.9 Pressurised tunnelling (compressed air)

If a tunnel is constructed within the groundwater, special precautions have to be taken
or tunnel construction methods chosen which prevent water from getting into the tun-
nel as this would make the works impossible. One such method is by using air under
high pressure within the tunnel during construction. Air pressure can be used to control
water flow, and hence stability, below the groundwater table and is one of the oldest
pressurised face support methods used in tunnelling.

The disadvantage of constructing a tunnel under air pressure is that, in order to main-
tain the air pressure at the face, all the materials and spoil, as well as the workforce, have
to pass through an airlock system. The maximum working pressure and the time that the
workforce can spend working in compressed air have to be strictly controlled. Originally,
the whole tunnel length was put under air pressure, that is, from the face to the pressure
chamber, which was most often near the starting shaft. However, developing from the
idea of no longer wishing to put the whole tunnel under pressure, pressure bulkheads
(airlocks) started to be placed closer to the rear of the tunnel face (Figure 4.16).

Figure 4.16 Airlock arrangement on a pipe jacking project for a new sewer in Germany (see Section
5.11 for a description of pipe jacking).
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Pressurised air is compressed into the tunnel by using compressors installed on the
surface until the required overpressure is established (atmospheric overpressure acts in
addition to air pressure). In order to achieve this, the necessary amount of air has to be
determined prior to, and during, tunnel construction. The danger of ‘blowouts’ has to
be considered and, as far as possible, minimised.

4.2.9.1 Blowouts

A blowout is where the pressurised air finds a pathway to the ground surface, blows
out suddenly and the pressure at the face drops and can no longer be maintained. This
can result from the seepage of air into the ground and the consequent loosening of the
ground matrix (e.g. lifting of sand). This can increase the porosity enormously, result-
ing in a sudden loss of pressure within the tunnel. Obviously, this situation is particu-
larly dangerous for tunnellers.

4.2.9.2 Working under pressure

The normal air pressure at the surface of the earth, or more precisely at sea level, is
1013 mbar, which is around 1 bar or 100 kN/m?2.

The critical level for working under high pressure begins with an atmospheric over-
pressure of approximately 1.0 bar. If someone is put in a situation where the pressure is
higher than atmospheric, the amount of soluble nitrogen (N,) increases in the body. If
the outside pressure is suddenly reduced, the nitrogen comes out of solution instead of
being exhaled and this can result in the formation of bubbles in the blood. The bubbles
can result in blockage of the arteries. It is possible that the excess nitrogen can settle in
the joints and result in pain. Complaints, which can be traced back to both phenomena,
often only occur after many years. The illness is known under many different names,
for example, caisson or decompression illness (this is the same condition that can be
experienced by divers).

In order to avoid endangering tunnellers medically, the decompression chamber times
on a tunnel construction site are strictly regulated. Different regulations and guide-
lines exist in various countries, for example, in the United Kingdom ‘The Work in
Compressed Air Regulations 1996” (UK Government 1996) and in Germany the pres-
surised air regulation of 1972 in the Bundesgesetzblatt Teil 1, Nr. 110, last updated
in 2008 (air pressure regulation). Refer to Section 6.1.14 for further information and
references on compressed air working.

Generally, the situation can be summarised as

e The higher the air pressure, the longer the decompression time
¢ The longer the working exposure, the longer the decompression time

Figure 4.17 shows, in a simplified form, the recommendation of the Bundesgesetzblatt,
Germany. Maximum working and decompression times are shown up to an overpres-
sure of 3.6 bar. The use of a decompression chamber is required from an overpressure
of 0.7 bar. Decompression using oxygen through face masks has now become the norm
with the exhaled oxygen being discarded outside the airlock. This makes it easier to
exhale any excessive nitrogen. The level of oxygen inside the airlock is carefully moni-
tored to ensure no build-up of oxygen as this poses a fire risk.

Material and personnel are put through the airlock separately. The personnel airlocks
must consist of two chambers. In the United Kingdom, when the working pressure is
above 0.7 bar, a medical lock must be provided for the recompression and treatment
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Figure 4.17 Simplified decompression times. (After Bundesgesetzblatt 2008.)

of any person showing symptoms of decompression illness (UK Government 1996). In
some countries, this is only necessary if no suitable hospital facilities are available in
the vicinity of the site. After decompression, the personnel are required to stay on the
construction site for 30 min as most of the symptoms appear within this timeframe.
With the aid of precautionary measures, it is possible to practically rule out any delayed
symptoms. Although there is an opinion these days that working under high pressure
is no riskier than other tunnelling works, there are health and safety implications and
consequently these risks have to be managed (see Section 6.1.14).
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One of the issues when using TBM tunnelling is that as machines improve, clients
and designers want to go deeper. However, as the depth increases, so do the likely
water pressures. For example, the TBM used to construct the Lake Mead tunnel in
the United States had to cope with water pressures up to 15 bar (see Section 8.5.7.2
for details). Since TBMs are mechanical machines, they are likely to need repair and
maintenance during a tunnelling project, particularly the cutterhead dressing due to
wear (see Sections 5.5.2.3 and 5.5.3.1 on cutter dressing and excavation tools for
TBMs). This means that interventions, for example, to the face, may be necessary
and hence workers are faced with working in elevated air pressures to maintain ‘dry’
conditions.

Although TBM manufacturers are working on methods to avoid these interventions,
for example, improved cutterhead dressing technology and automatic/robotic cutter
changing devices, some interventions by humans are inevitable on most projects, or at
least the option needs to be designed into the TBM to mitigate risks if things go wrong.
On the Lake Mead project (Section 8.5.7.2), the TBM was designed to allow human
interventions under elevated mixed gas pressures or saturation working (although it
was not used, Smith 2015a).

Mixed gases are often used to improve the working environment under elevated pres-
sures compared to compressed air. Mixed gases include Heliox, a mixture of helium
and oxygen, and Trimix, a mixture of oxygen, nitrogen and helium (Smith 2011b).
However, there are limits on exposure time for working in such elevated pressure envi-
ronments and decompression times also need to be considered, which can severely limit
productivity at higher pressures. Therefore, for higher pressures, for example, above
6 or 7 bar, or when long periods of productive work are required, saturation working
can be considered. This is where the workers live in a high-pressure environment for
extended periods on the surface and are transported under high pressure to the air lock
on the TBM. The maximum period for working under these conditions is considered to
be 28 days due to psychological problems (Smith 2011b).

For open face TBMs, wherever possible, it is preferable to do interventions under
atmospheric pressure and hence there are potential alternatives that could be consid-
ered first. These include pre-grouting ahead of the TBM to reduce water flow and hence
water pressure on the cutterhead (see Section 5.5.2.3 for further details), or stopping
the TBM at preplanned locations identified along the route where the ground is better
or has been pretreated (e.g. using grout or ground freezing) to allow atmospheric inter-
ventions (Smith 2011b).

4.3 Tunnel lining systems
4.3.1 Lining design requirements

The design of a permanent tunnel lining solution is influenced by the full range of proj-
ect-specific operational requirements, that is, not only the ground loading and water
control. These include the electrical and mechanical operation and maintenance and
safety aspects such as resistance under fire (Legge 2006).

Design issues that need to be considered are

e Functionality, for example, lining and material type and lining thickness, material
properties, constructability

*  Durability, for example, corrosion, adverse chemical reactions, fire

* Appearance, for example, the effect of water, cracking, deformation, surface texture
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4.3.1.1 Characteristics of lining behaviour

A list of common characteristics that pervade all lining systems includes (after Kuesel
and King 1996):

e The processes of ground pretreatment (e.g. grouting), excavation and ground stabi-
lisation (e.g. rock bolting) alter the preexisting state of stress in the ground, before
the lining comes into contact with the ground.

® A tunnel lining is not an independent structure acted upon by well-defined loads.
The loads acting on a tunnel are not well defined, and its behaviour is governed by
the properties of the surrounding ground. Design of a tunnel lining is not a struc-
tural problem, but a ground-structure interaction problem, with the emphasis on
the ground. Defining the loads on the tunnel lining is one of the most challenging
aspects for a civil engineer on a tunnel project.

e Tunnel lining is a four-dimensional (4-D) problem. During construction, the
ground conditions at the tunnel heading involve both transverse and longitudi-
nal arching, or cantilevering from the excavated face. All the ground properties
are time dependent, particularly in the short term, which leads to the commonly
observed phenomenon of stand-up time, without which most practical tunnel
construction methods would be impossible. The timing of the lining installa-
tion is an important variable. In addition, some tunnel linings such as sprayed
concrete lining (shotcrete) can itself have time-dependent characteristics. In the
case of sprayed concrete lining, the stiffness is extremely time dependent and the
effects of early creep have to be taken into account before the lining reaches its
full strength.

e The most serious structural problems encountered with actual lining behaviour are
related to the absence of support rather than to the intensity and distribution of the
load, for example, inadvertent voids left behind the lining. However, exceptions
exist and poor ground conditions could result in additional unexpected loading on
the lining.

* In most cases in hard rock, the bending strength and stiffness of structural linings
are small compared with those of the surrounding ground. The properties of the
ground therefore control the deformation of the lining, and changing the properties
of the lining will not significantly change this deformation. It is important that the
lining has adequate ductility to conform to the imposed deformations, and ade-
quate strength to resist bending stresses is therefore secondary. The lining therefore
forms a flexible ring confined by the ground.

4.3.2 Sprayed concrete (shotcrete)

Sprayed concrete is concrete which is conveyed under high pressure through a pneu-
matic hose and projected into place at high velocity, with simultaneous compaction
(DIN 2005). Sprayed concrete can also be called ‘shotcrete’ and both terms are used in

this book.
Sprayed concrete is an effective material for tunnel linings as (after Thomas 2006):

e Itis a structural material that can be used as a permanent lining.

e It can be applied as and when required in a wide range of profiles and it can be
adjusted to suit a wide range of ground conditions. Sprayed concrete is particu-
larly suited to lining shafts, junctions, non-circular tunnels and tunnels of variable
shape.
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e It is soft when sprayed, but rapidly increases in stiffness and strength, thereby pro-
viding an increasing amount of support to the ground with time. This helps to limit
movements in the ground, but also allows a degree of stress redistribution to occur.

e It is possible to mechanise the shotcreting process, thus providing potential health
and safety benefits.

Sprayed concrete consists of water, cement and aggregate, with various additives.
The mix, compared to conventional cast concrete, has more sand, a higher cement
content, smaller sized aggregate and more additives. This leads to a faster increase in
strength and other properties with age, a lower ultimate strength and more pronounced
creep and shrinkage behaviour. The creep behaviour may be important, particularly
when loaded at an early age, and could become ‘overstressed’, that is, loaded to a high
percentage of its strength (Thomas 2006). This behaviour has to be considered very
carefully when modelling the tunnel. Furthermore, it has to be taken into account when
analysing observed displacements as the sprayed concrete will deform initially without
any stresses being induced. It is critical to judge when the displacements are exception-
ally large and the tunnel is in danger of collapse. There is no threshold value for the
collapse and it depends on each situation. Measurements from previous cross sections
can be consulted (if available), but often it is down to the experience of the civil engi-
neer. This is discussed further in Section 5.7 on NATM tunnels and Section 7.3.4 on
in-tunnel monitoring.

Additives such as microsilica have been found to improve durability of sprayed con-
crete linings and this forms a more dense concrete. Steel fibres can also be used as
reinforcement for sprayed concrete and further details on this can be found in Thomas
(2009a).

Waterproofing of sprayed concrete linings can consist of sheet membranes where
complete watertightness is required. Where criteria for watertightness are less onerous,
then spray-on membranes or simply the inherent impermeability of concrete itself can
be used to prevent water ingress. However, it should be noted that sprayed concrete is
not as watertight as cast concrete as the joint between the sprayed concrete layers and
construction advances are not completely watertight. Further details on waterproofing
systems for sprayed concrete linings can be found in Maidl et al. (2014).

The specification of sprayed concrete works is straightforward since there are several
published guidelines, for example, OBV (1999) and EFNARC (1996). Target strengths
should always be specified for the early age period, that is, less than 24 h. It is important
that the sprayed concrete gains sufficient strength to carry the anticipated loads at all
ages (Thomas 2006).

There are two ways of producing sprayed concrete: the dry mix process and the wet
mix process (Thomas 2009a).

The dry mix process uses a mixture of naturally moist or oven dried aggregates,
cement and additives, which is conveyed by compressed air to the nozzle where it is
mixed with water and liquid accelerator. The water/cement ratio is controlled by the
‘nozzleman’ during spraying.

A few reasons for using a dry mix process are (Thomas 2009a):

Higher early-age strength

Lower plant costs

Small space requirement on site

More flexibility during operation, that is, it can be available as required as there is
less equipment cleaning needed
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This means it is suited to projects requiring small to intermediate volumes of sprayed
concrete and where there are space constraints on site (Thomas 2009a). The main dis-
advantages of the dry mix process are the higher levels of dust (health and safety) and
the potential variability of the product due to the influence of the nozzleman.

The wet mix process involves conveying ready-mix (wet) concrete to the nozzle by
either compressed air or pumping. Liquid accelerant is added at the nozzle. This is either
controlled by the nozzleman (old system) or at a separate accelerator pump. The water/
cement ratio is fixed when the concrete is batched outside the tunnel (Thomas 2009a).

There is a trend to use the wet mix process for a number of reasons (Thomas 2009a):

e There is greater quality control, that is, less human variability

e Higher outputs can be achieved compared to the dry mix process as in the wet mix
process robotic spraying techniques are required due to the weight of the nozzle

e Less rebound of the sprayed concrete off the excavated surface

® Less dust

e It is easy to keep records of the exact mix and quantities sprayed due to the use of
ready-mix batches and robotic spraying

This means that the wet mix process is suited to projects requiring large volumes
of sprayed concrete at regular intervals. In terms of cost, there is very little difference
between the two processes (Thomas 2009a).

Figures 4.18 and 4.19 show some examples of sprayed concrete application during the
construction of the LT31 Tunnel in Vienna, Austria (see Section 8.3 for further details).

Modern lining designs for sprayed concrete may not be finalised before construction,
that is, not “fully engineered’ at the detailed design stage, and they are refined dur-
ing construction following the assessment of monitoring results (see the observational
method in Section 7.3.3).

Traditionally, sprayed concrete linings have been constructed using a ‘double shell’ or
two pass lining approach. This involves a sacrificial primary lining being installed fol-
lowed by a permanent secondary lining (Legge 2006). The function of the primary lining
is purely to stabilise the tunnel following excavation and avoids loose material falling on
the workforce; it generally has no long-term load carrying design function. The primary
lining can have a long-term function if the groundwater is not aggressive to concrete and
the inner lining has purely the function to keep the tunnel watertight. Double shell linings

Figure 4.18 Sprayed concrete application of the invert of a side wall drift during the construction of
the Lainzer Tunnel LT3 in Vienna, Austria.
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Figure 4.19 (a) Manual spraying and (b) spraying equipment used during the construction of the Lainzer
Tunnel LT31 in Vienna, Austria.

have advantages in poorer and variable ground conditions because the primary lining can
be installed quickly and more time spent on creating the secondary lining. The alternative
to the ‘double shell’ approach is the ‘single shell’ or one pass lining, which forms the final
lining. A single shell lining is installed with the advancing face and the initial support
required to stabilise the ground following excavation is an integral part of this final lin-
ing. It is therefore important that the quality of the installed lining material is higher than
that of the primary lining of a double shell approach. However, the single shell system
can potentially reduce the overall cost and time. Table 4.1 shows some advantages and
disadvantages of single and double shell systems. It should be noted that sprayed concrete
can also be used to construct shafts. Further details on sprayed concrete can be found in
Thomas (2009a), Franzen et al. (2001) and Maidl et al. (2013).

4.3.3 Ribbed systems

Support systems based on steel ribs have been used for many decades. This technique
involves rolled steel sections being placed around the circumference of the excavated
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Table 4.1 Comparison between single and double shell linings

Single shell Double shell
Advantages * Reduced lining thickness * Inner lining installed well behind the face
* Smaller excavated profile * Less effect on excavation process
* Reduced total costs » Greater ability to control quality
Disadvantages * Groundwater control required * Blocking of waterproofing and build-up
* Reduced watertightness of water pressure behind lining
compared with double shell * Location and repair of leaks when
linings watertight membranes are used can be
* Groundwater is in direct contact difficult (leaks within watertight
with the permanent lining concrete are easy to identify i.e. they are

visible and hence easy to repair)
Additional cost of approximately
5%—25%

Source:  After Legge 2006, from Sala 2001, used with permission from Alex Sala.

tunnel profile at specified intervals. It is inevitable that there will be gaps between the
steel ribs and the ground and it is important that these gaps are suitably wedged to pre-
vent excessive deformations. The importance of ensuring that the loads carried by the
steel supports are evenly distributed around the tunnel profile is well recognised. Point
loading of the steel supports significantly reduces their ultimate load bearing capacity.

It is common these days to combine steel ribs with sprayed concrete. If a layer of
sprayed concrete is applied prior to erecting the steel ribs, this helps to overcome some
of the problems with wedging. A subsequent layer of sprayed concrete is then applied to
integrate the steel ribs into the lining and provide additional stability.

The legs of the steel arches are often set into concrete blocks to help distribute the
loads into the ground and prevent settlement.

Lattice girders, rather than rolled steel sections, combined with sprayed concrete are
also commonly used these days.

Figure 4.20 shows the mesh being installed ready for shotcreting, in combination
with lattice girders. This two-lane road tunnel is the second tube of the Katschberg
Tunnel, Austria, and was constructed through hard rock (gneiss). It had a width of
approximately 12 m, a length of 4300 m and a cross section of 88-111 m2.

Figure 4.21 shows an example of a load connection fitting for steel girders.

Further details on the use of ribs in shotcrete linings can be found in Section 5.6.9 in
relation to the Norwegian method of tunnelling.

4.3.4 Segmental linings

Segmental lining systems support the ground with a structure made up of a number of
preformed interlocking structural elements. Together, these elements form a continu-
ous self-supporting structure in the ground, which is most commonly circular in shape.

Although segmental linings are commonly used for soft ground conditions, the design
principles are equally applicable to hard ground conditions. The permanent loading and
the load developments with time are the main differences.

The design loads on segmental linings can be classed as either temporary or per-
manent. Temporary loads include demoulding, storage/stacking, transportation, hand-
ling, erection and grouting pressures. Permanent loads include external ground loads,
external water pressure, imposed loads (traffic, adjacent foundation/pile loads), internal
pressures (water pressure), external construction (adjacent tunnel construction) and flo-
tation forces (King 2006).
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Figure 4.20 Mesh installation and a lattice girder arrangement.

Tunnels in soft ground are often designed to resist the full overburden of the
ground and associated external water pressures. However, this is particularly conserva-
tive in stiff ground, such as overconsolidated clays. In overconsolidated soils, it is often
the ratio of horizontal to vertical stress (K,) that is important (Section 3.4), but this is
difficult to assess as it is both time and construction related. It should be noted that
the largest loads acting on the segments are often from the jacks moving the tunnelling
shield or TBM, and hence this must be taken into account in the design.

Segmental linings may be connected together using bolts or dowels, or may have
no physical connection, for example, expanded linings. The choice of connections is

Figure 4.21 A load connection fitting for steel girders as used on the Gotthard Base Tunnel (Faido).
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Figure 4.22 Principle of expanded wedge block segmental lining. (After Whittaker and Frith 1990 and
Craig and Muir Wood 1978.)

closely related to the construction method for the tunnel (King 2006). The principle
of expanded linings is shown in Figure 4.22. Figure 4.23 shows an example of an
expanded segmental lining for one complete ring.

When using segmental linings with a tunnel boring machine (see Section 5.5 on
TBMs), the lining is erected in the tail of the TBM. An example of a segmental lining
erector in the tail of an EPBM (Section 5.5.3.3) is shown in Figure 4.24. For a picture
of a completed segmental lining, see Figure 5.33d.

Segmental tunnel linings are commonly made from unreinforced concrete, steel- or
fibre-reinforced concrete, spheroidal graphite (cast) iron (SGI) (Figure 4.25) and steel.
Table 4.2 indicates some of the main advantages and disadvantages of these different
segmental lining types.

The durability of the segments is also a major design consideration. Clients these
days require a 100-year design life or greater and this is in excess of commonly adopted
building design codes (King 2006). It should be noted that this is the case for all tunnels
regardless of their construction method. Maintaining tunnels is also costly and difficult
due to limited access. It is therefore necessary to conduct a durability risk assessment to
internal and external environments (see Section 6.2 on risk assessment). The durability

of segmental linings can be improved and the associated risks reduced in various ways.

Figure 4.23 Example of an expanded segmental lining set for one complete ring.
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Figure 4.24 Segmental lining erector in the tail of an EPB tunnel boring machine. (the photograph also
shows the jacks for moving the tunnelling shield forward off the erected tunnel lining)

These include avoiding cast-in metallic components in concrete linings, increasing the
cover to reinforcement, minimising the hydraulic conductivity and increasing the den-
sity (high cement contents are common in concrete lining segments), using coatings,
removing reinforcement if at all possible and using unreinforced or fibre-reinforced seg-
ments, and using cathodic protection (King 2006). It should be noted that steel fibres,
when used as reinforcement, still have the potential to corrode.

Segmental concrete linings continue to evolve, as illustrated in articles by Smith
(2015b,c). Smith (2015b) highlights the efficient and high-quality methods used to
produce segments via automated carousels (e.g. one segment manufacturing plant is

Figure 4.25 Example of bolted SGI lining as used in London, UK. (Courtesy of BeMo Tunnelling GmbH
Innsbruck.)
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Table 4.2 Comparison of different materials used for segmental linings

Lining material Advantages Disadvantages
Unreinforced concrete * Inexpensive compared to * Low bending strengths
reinforced sections * Low tensile bursting resistance
* Readily available * Low shear strength
* No corrosion concerns * Lead time for mould manufacture
Steel-reinforced concrete ¢ High bending and tensile » Expense of supply and fabrication
(RC) bursting resistance of reinforcement cages
* High shear resistance * Corrosion considerations
* Readily available * Lead time for mould manufacture
Fibre-reinforced concrete ¢ No major corrosion concerns ¢ Relatively new in tunnels and there
* Moderate strengths have been difficulties getting the
* More ductile than necessary approvals?
unreinforced concrete * Lower tensile and flexural capacity
than RC
* Lead time for mould manufacture
SGI * High tensile and compressive * Expensive
strength * Lead times for pattern manufacture
* Very high tolerance control * Repainting may be a possible
* Lighter than equivalent maintenance requirement
concrete sections
Steel * High tensile and compressive * Expensive
strength * Corrosion (repainting may be a
* Very high tolerance control possible maintenance requirement)
¢ Lighter than equivalent * Mass production slower than SGI
concrete sections and tolerance control more labour
* Fabrication time shorter than intensive (except pressed steel
SGI — used for temporary works)

Source:  After King 2006, used with permission.

a The use of fibres in precast concrete segments has progressed significantly in the past 10 years as indicated by the
number of publications on this topic, as referenced in the text.

capable of producing one segment every 7 min) and new cast-in gaskets for water-
proofing segmental linings, which allow much greater productivity and quality control
during production. Smith (2015¢) presents the latest thinking on the use of fibres in
segmental linings and the proliferation of new fibres on the market. There is also the
ITAtech (2016a) publication that provides guidance on the use of fibres in precast con-
crete lining segments.

In addition, Jones (2015) highlights some of the recent developments in the design of
segmental lining joints and the importance of joints when designing these linings. There
is also a Code of Practice in the United Kingdom on the design of concrete segmental
tunnel linings (BSI 2016).

Fibre-reinforced concrete segments were used on the Thames Tunnels as part of the
Channel Tunnel Rail Link in the United Kingdom. Burgess and Davies (2007) state
that the fibre-reinforced precast segments in this case made the manufacturing process
easier as the space normally required for erecting the steel reinforcement cages was not
required. The manufacturing process also employed steam curing, which meant that
the segments could be de-moulded after only 4 h. Owing to the 4.5 bar water pressure
expected within the high fissure chalk on this project, each segment had two rows
of sealing gaskets, one synthetic and one hydrophilic (see Section 4.3.4.1 for further
information). The tunnel boring machines used for the tunnelling on this project were
slurry machines designed to be used in ‘mix-shield’ mode, whereby the face would be
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supported by a combination of pressurised slurry and a balancing air bubble. This
had two advantages for the tunnel lining segments. The first was that the bentonite
in the area behind the cutterhead (plenum) of the machine helped to reduce the jack-
ing pressures on the segments and resulted in very little jacking damage. The other
advantage was that the cutterhead torque was greatly reduced, enabling better control
of the roll of the rings, thus avoiding any shearing failure of the bolts in the previously
constructed ring.

4.3.4.1 Waterproofing

Waterproofing is important in tunnel lining construction to prevent excessive water
flow into the tunnel. This is a particular problem if the tunnel is constructed below the
groundwater table where it can act like a drain. Waterproofing of segmental linings has
traditionally been by the use of caulking (applying a sealing material to the inside of the
lining at the joints), but these days is generally achieved by the use of preformed gaskets.
There are two basic forms (BTS/ICE 2004, King 2006):

*  Compression seals — these are manufactured from man-made rubbers (ethylene—
propylene—diene monomer [EPDM] or neoprene) and are fitted around individual
precast concrete or SGI segments;

e Hydrophilic seals — these are made from specially impregnated rubbers or specially
formulated bentonite compounds that swell on contact with water.

These waterproofing systems are not used for waterproofing the segments themselves,
but to prevent water from penetrating between adjacent segments. The gaskets require
a compression force to be applied to the lining as it is erected (compression seals more
so than hydrophilic seals), which creates a line load on the segment that needs to be
considered in the design.

4.3.4.2 Tolerances of segments

This needs careful consideration as they have practical implications for the construc-
tability of the ring and performance of the gaskets. Herrenknecht and Bappler (2003)
recommend the following dimensions/tolerances:

Segment width £0.6 mm

Segment thickness £3.0 mm

Segment length +0.8 mm

Longitudinal joint evenness £0.5 mm

Ring joint evenness £0.5 mm

Cross-setting angle in longitudinal joints £0.04°
Angles of the longitudinal joint taper £0.01°

4.3.4.3 Segmental lining rings used for shaft construction

Shafts can be considered as vertical tunnels and hence similar techniques can be used
for constructing shafts as for constructing horizontal tunnels, that is, in this case, the
‘face’ is the base of the shaft excavation, and these techniques include ‘shaft boring
machines’. As with horizontal tunnelling, the ground conditions, including the ground-
water conditions, constitute a key factor in the choice of construction method used.
Shafts can be constructed using all the techniques adopted for cut and cover tunnels
(see Section 5.8), for example, using sheet piling, diaphragm walls and bored piles to
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support the sides of the shaft. Shafts can also be constructed using segmental linings to
support the sides of the shaft. One method of construction commonly employed, if the
ground can remain unsupported for a suitable amount of time, utilises an ‘underpin-
ning’ technique (Figure 4.26a). This involves excavation starting at the ground surface
by an excavator (depending on the diameter of the shaft) lowered into the construction
area (Figure 4.26b). Trimming of the sides can be carried out manually by using, for
example, handheld clayspades (noting the health and safety issues associated with these
devices i.e. hand-arm vibration syndrome, see Section 6.1 on health and safety). The
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Figure 4.26 (a) ‘Underpinning’ technique for constructing shafts. (After BTS/ICE 2004, used with per-
mission from ICE Publishing.) An example of the ‘underpinning’ technique used to con-
struct a shaft. (Continued)
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Figure 4.26 (Continued) (b) shows the excavation process and (c) shows the installation of the concrete
segments.

excavation continues until a level is reached whereby a complete ring of segments can be
installed, and the gap behind the lining is grouted immediately (Figure 4.26c). It should
be noted that these segments may need to be installed by hand and so need to be of a
manageable size and weight. The excavation is then continued until the next complete
ring can be installed below the previous one. Further details of a deep shaft construc-
tion in London where this technique was used and the associated issues involved are
discussed in Morrison et al. (2004).

Sprayed concrete (Section 4.3.2), either with mesh reinforcement or, more commonly
these days, with fibre reinforcement, can also be used instead of segmental lining using
a similar underpinning technique.



112 Introduction to tunnel construction

Further information on the techniques that can be used for shaft construction and
other forms of temporary works can be found in Grant and Pallett (2012).

An alternative technique which uses segmental linings is called the caisson-sinking
method (Figure 4.27). This is generally used in ground where the stand-up time is poor
or where base stability is of concern due to water pressure (BTS/ICE 2004). This tech-
nique uses a jacking process whereby a segmental lining is erected at the ground surface
and then sunk using hydraulic jacks or weights (at the ground surface) to assist the
self-weight of the shaft in order to overcome the ground friction. The excavation of the
shaft may be conducted using an excavator within the shaft if the excavation is dry or
from the ground surface using a grab on a crane in wet conditions. The friction on the
outside of the shaft is reduced by using lubrication. Maintaining verticality of the shaft
is critical during the sinking process as a small deviation from the vertical can cause an
onerous loading condition.

4.3.5 In situ concrete linings

In situ concrete linings can either be used in self-supporting ground (e.g. rock) as the
main lining, or as a second-stage lining where a temporary support system has already
been placed during the excavation process (e.g. steel arches, sprayed concrete or rock
bolting). In both cases, the lining is cast in situ using a formwork system, which pro-
vides a gap between the ground, or initial support system, and the formwork into which
wet concrete is placed (Figure 4.28a—c). The concrete lining can either be plain or rein-
forced. Once the concrete has reached a suitable early stage strength, the formwork
is ‘struck’, that is, removed. In ‘wet’ ground, either a waterproof membrane is used
between the initial support system and the cast in situ lining (Figure 4.29), or a water-
tight cast iz situ lining can be used.

These linings are often used with ‘system formwork’ where travelling steel or wood
forms are advanced, often as separate ‘invert’ and ‘arch’ forms, in tunnels with a suit-
able length of regular cross section and where the operation can be developed around
a 24-h cycle. Although expensive, ‘system formwork’ can become economically viable
with extended use (Winter 2006). One benefit of using formwork is that it can be built
as required to any shape and is therefore highly adaptable. Thus, it can be used in tun-
nels where there are junctions or tunnels of varying cross section.

Figures 4.28 and 4.29 show examples of formwork and falsework for the inner
lining construction as used on the HKT, Germany (see Figure 4.10 for details of this
tunnel).

These techniques can also be used for the construction of shafts. For example, a
variation of the system formwork is the ‘slip-form’ lining system. In this case, the shaft
is constructed and supported with the lining construction starting at the bottom of the
shaft and the formwork moving up continuously as the lining is cast in situ. The slip-
form technique can also be used in the tail of a tunnel boring machine. As the machine
moves forward, the concrete tunnel lining is formed continuously iz situ behind the
machine.

4.3.6 Fire resistance of concrete linings

Fire resistance of concrete linings is an important design criterion and the relevant
standard for the design of structural linings should be used. In the United Kingdom,
the standard is Eurocode 2, BS EN 1992-01-02:2004 (BSI 2004b). In this standard,
there are at least three methods to determine the fire resistance of reinforced concrete
members, including the ‘500 degree isotherm’ method and the ‘zone’ method.
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Figure 4.27 (a) Caisson-sinking method to construct shafts. (After BTS/ICE 2004, used with permis-
sion from ICE Publishing.) (b) Construction of a reception shaft for a pipe jacking opera-
tion as part of the Terminal 5 project at Heathrow, UK.



114 Introduction to tunnel construction

Figure 4.28 Construction of the inner lining, HKT, Germany: (a) and (b) Setting up the shuttering at
the tunnel portal and (c) shuttering in the main tunnel.
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Figure 4.29 Inner lining construction, including waterproofing as used for the emergency cross-pas-
sage, HKT, Germany. (Courtesy of BeMo Tunnelling GmbH Innsbruck.)

In all these methods, the size and shape of the element together with the minimum
thickness and cover to reinforcement influence the fire resistance. Allowance is also
made for the moisture content of the concrete, the type of concrete and the aggregate
used and whether any protection is provided (BTS/ICE 2004).

There are two basic options for fire protection of linings, either external or internal
protection. External protection can be provided for relatively low-temperature fires by
the application of boarding or sprayed-applied coatings. Internal protection can be pro-
vided by adding polypropylene fibres to the concrete mix. In this case, the polypropyl-
ene fibres melt and the resulting capillaries provide an escape path for moisture in the
concrete, which can help to reduce spalling (Thomas 2009a). Further details on the fire
resistance of concrete linings can be found in BTS/ICE (2004).

The importance of fire resistance was highlighted by the major lorry fire in the Mont
Blanc road tunnel through the Alps in 1999. Although the fire caused significant dam-
age to the tunnel, the immediate stability of the tunnel during the fire, which reached
temperatures of up to 1000°C, was not affected. In addition, three fires have so far
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occurred in the Channel Tunnel linking France and the United Kingdom in 1996, 2006
and 2008. All of these fires were caused by lorries catching fire on the heavy goods
vehicle trains. All three caused damage to the tunnel lining meaning that repair and
replacement of the damaged sections were required. The 2008 fire damaged 650 m of
tunnel lining and cost approximately €60M to repair.



Chapter 5

Tunnel construction techniques

5.1 Introduction

Tunnels can be constructed by using a number of different techniques. This chapter dis-
cusses these techniques and highlights the applications and limitations of the different
construction methods. It should not be read in isolation, but is integrally linked with
the support and ground improvement methods described in Chapter 4. Furthermore,
in order to choose the most appropriate construction technique, aspects such as the
ground characteristics, the impact of the tunnel construction on the surroundings, as
well as the economic and health and safety issues need to be considered, that is, the
construction technique(s) depends on many factors, all of which are project specific. A
useful analysis was carried out by Thuro and Plinninger (2003) and Thuro et al. (2003)
to estimate the performance of different tunnel construction techniques (TBM, road-
header and drill and blast).

Although there is a difference between soft ground and hard ground (rock), tunnel-
ling techniques are being used in a wider range of ground conditions and this boundary
is becoming increasingly blurred. However, there are many examples in engineering
literature where a distinction is made between soft and hard ground and hence in this
book, for convenience, this distinction is continued (see Section 1.4). It should be noted
that from a practical point of view, if the ground is stable, the construction of the tun-
nel can focus on economics and be driven by the limits of the tunnelling equipment.
For soft ground, which needs immediate support, construction is driven by the need to
support the ground immediately after creation of the void.

With most tunnelling methods, the ground is mined in ‘advances’ (even when tun-
nelling with shields and TBMs), that is, a tunnel section is created as part of the
total tunnel void in a single cycle. The section length, which is approximately 0.8—
4.0 m, depends on, among other things, the stand-up time of the ground, the stand-
up time being the time the void remains stable without any support. Soft ground
only has a very short, or no, stand-up time. It is therefore necessary to support the
void immediately. During the time that is needed for the installation of any support
method, or until it takes effect, the construction method has to ensure the stability
of the created void. This can be achieved using the techniques described in Section
4.2, or by using a tunnel shield as described later in this chapter. It should be noted
that the total cross section of the tunnel is not necessarily excavated in a single
advance, but staged advances are common, especially when using SCL, as described
in Section 4.3.2.

17
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Figure 5.1 Timber heading as used in London Clay for constructing a connecting passage between the
two running tunnels (connecting passages ~4—9 m?), King’s Cross Station upgrade, London
(construction period 2002-2008). (Courtesy of BeMo Tunnelling GmbH Innsbruck.)

5.2 Open face construction without a shield
5.2.1 Timber heading

One of the oldest methods of tunnel construction involves the use of timbering to pro-
vide the temporary support for the ground during tunnelling and is still used extensively
in all underground works (Figure 5.1). In particular, this technique is very useful in soft
ground (ground that has some stand-up time, such as a stiff clay) for constructing short
sections of relatively small diameter access tunnels as part of metro station upgrading
projects, for example, passenger access tunnels between platforms, and storage or plant
rooms. In the case of these one-off excavations, it is often not worthwhile employ-
ing such techniques as sprayed concrete or tunnelling machines. The continued use of
this technique is reinforced by Bowers (2015), which highlights the importance of this
technique on the London Underground system in the United Kingdom, particularly as
part of its upgrade works. However, it is important to be aware of the health and safety
issues of such construction, for example, working in confined spaces, the closeness of
the work to open faces and restrictions on the use of handheld pneumatic excavation
tools (see Section 6.1 for further details on health and safety aspects). The reader is also
directed to Mackenzie (2014), which is a useful guide to the use of traditional timbering
in soft ground tunnelling.

5.2.2 Open face tunnelling with alternative linings

In stiff clays, such as London Clay in the United Kingdom, where the ground has some
stand-up time, open face tunnelling can be adopted in association with segmental lin-
ings, such as SGI segmental linings. Figure 5.2 shows a pilot bore and enlargement tunnel
construction using SGI lining segments in London Clay (lining systems are described in
Section 4.3). Pilot bores can provide increased stability to the face and also offer an oppor-
tunity to verify the ground conditions along the tunnel route. The timber boards shown
in Figure 5.2 are used to help maintain face stability. This construction method can be
adapted for other lining techniques such as SCL methods as described in Section 4.3.2.
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Figure 5.2 Construction of an escalator tunnel at The Angel Islington Station, London Underground,
UK (completed in 1990). The tunnel was constructed at an angle of 30° to the horizontal
and used a pilot bore (3.7 m in diameter), which was then enlarged to the final diameter of
7.5 m. (Courtesy and copyright London Underground.)

5.3 Partial face boring machine (roadheader)

As the name suggests, a partial face boring machine works on discrete areas of
the face rather than excavating the whole face in one go. In a similar manner to a full
face machine, the cutterhead uses a rotating motion and is pressed against the face
(Figure 5.3a). Depending on the direction of the rotation of the cutterhead, it is pos-
sible to differentiate between a partial cutting machine with a cutterhead which rotates
along the axis of the cutter machine boom (axial) and one in which the cutter rotates
at right angles to the cutter machine boom (transverse). Figure 5.3b shows the different
rotation options for the cutterhead.

A partial cutting machine with an axial cutterhead has to be heavier for the same
power of the head motor in order to absorb the reaction forces of the forward drive
compared to one with a transverse cutterhead. However, it is generally easier for these
machines to produce a smooth circumference to the excavated area from a single stand-
ing position. For a partial cutting machine with a transverse cutterhead, the smoothing
of the tunnel wall is more time consuming, as the tunnel wall receives a ‘wavy’ pattern
due to the shape of the cutterhead (Figure 5.3b). In this case, the machine either has to
change position, or the cutter arm has to be moved hydraulically in the longitudinal
direction so that the ‘wave crests’ can be smoothed in the second cutting pass.

Apart from the possibility of the boom being extendable (not essential), it should
also be able to move horizontally and be hinged. The cutter arm is often mounted on
a caterpillar chassis. In ground with only a short stand-up time, the boom can also be
connected to a shield frame (Section 5.4).

The cutterhead is covered with cutting tools, for example, chisels or button bits,
which crush the ground. The dust that is produced requires extensive ventilation and
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Figure 5.3 Partial face boring machine (roadheader), (a) schematic representation of a partial face bor-
ing machine and (b) advancement method of a partial face boring machine.

dust extraction. However, it is impossible to completely capture all the dust produced.
For this reason, using a partial tunnelling machine in a ground containing quartz is
generally not possible as quartz dust can cause cancer. Another limiting factor for the
use of a partial cutting machine is a uniaxial compression strength of the ground of
approximately 100 MPa.

Since only part of the tunnel face is worked on at any one time, tunnelling using a
partial tunnelling machine only produces low levels of vibration. In contrast to a full
face machine, a partial cutting face machine is more adaptable to local geology, and
offers the possibility of immediately installing support in weaker rock zones. In addi-
tion, a partial cutting machine is more versatile with respect to the possible geometry of
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the tunnel as it can be easily used again on different construction sections or contracts.
Therefore, it is not necessary to write off the machine at the end of a contract.

Difficulties can occur when cutting below the chassis level of the machine as this is
where the spoil removal system is located. Therefore, limitations do exist with respect
to the geometry, for example, for profiles with a high curvature at the invert. In gen-
eral, the spoil is picked up at the invert using conveyor belts and transported behind the
machine where it is passed on to mucking trucks.

Examples of partial face boring machines are shown in Figure 5.4. Figure 5.4a shows
an example with an axial cutterhead and Figure 5.4b and ¢ shows examples with a
transverse cutterhead.

5.4 Tunnelling shields

In its simplest form, a tunnelling shield is a steel (or concrete: see jacked box tunnels in
Section 5.10) frame with a cutting edge on the forward face. For circular tunnels, this is
usually a circular steel shell under the protection of which the ground is excavated and
the tunnel support is erected. A shield also includes back-up infrastructure to erect the
tunnel support (lining) and to remove the excavated spoil. Figure 5.5 shows a schematic
representation of a tunnelling shield, in this case with mechanical excavation at the face
and a segmental tunnel lining for supporting the ground erected in the shield tail. It
should be noted that the principles of Brunel’s original shield used for constructing the
London Thames Tunnel in 1825 still apply today (see Section 1.3).

There are two main types of tunnelling shield, one with partial and one with full
face excavation. Depending on the stand-up time of the ground and water flow into the
tunnel, different face support techniques exist. Table 5.1 shows the possible combina-
tions of excavation and face support techniques. Tunnelling shields with partial and
full face come under the ITA’s definition of ‘mechanised tunnelling’ (www.ita-aites.
org). Further details on shield tunnelling can be found in Maidl et al. (2012). Useful
recommendations for the selection of tunnelling machines can be found in Maidl et al.
(2014), where the German Tunnelling Committee (DAUB) recommendations have been
translated into English. Owing to their complexity, shields with full face excavation,
that is TBMs, are covered separately in Section 5.5.

The support usually adopted with shield tunnelling is precast segmental lining.
These precast segmental linings are formed of individual segments, which when con-
nected together form a closed support ring (see Section 4.3.4 on segmental tunnel
linings). Since the tunnel segments are connected together inside the shield tail, the
diameter of the completed tunnel segment ring is smaller than that of the shield, as
shown in Figure 5.5. This creates a gap between the ground and the tunnel lining.
When the shield is jacked further into the ground, the size of this gap is between
approximately 50 and 250 mm. In less supporting soft ground, it has to be expected
that the ground settles by this value. This can result in the softening of the ground
and, especially with shallow tunnels, in the settlements reaching the ground sur-
face and having undesirable consequences on surface or near surface structures (this
is discussed further in Sections 7.1 and 7.2, respectively). In order to avoid these
settlements, the gap is generally injected with mortar (grout). At the same time, the
injection results in a direct bond between the lining and the ground. There are two
different methods of injecting the mortar: through the tunnel lining and through the
tail of the tunnel shield. The supply of the injection lines through the tail of the tun-
nel shield has, in contrast to the supply of the injection mortar through the tunnel
lining, the advantage that the ring gap can be injected without any time delay and is
continuous over the whole circumference. In the case of a supply through the tunnel
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(b)

Figure 5.4 Example partial face boring machines (roadheaders), (a) with an axial cutterhead
(Courtesy of Aker Wirth.) and (b) and (c) with a transverse cutterhead. (Courtesy of IBS
Industriemaschinen-Bergbau-Service GmbH.)
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Figure 5.5 Circular tunnel shield with segmental linings.

lining segments, there is always a delay until the shield has moved forwards and the
injection sockets are outside the shield tail.

Tunnelling shields do not have an ‘engine’ to propel themselves forwards, but push
themselves forward using hydraulic jacks. In order to create the necessary force to push
the tunnel shield forwards, there are two main options, either plates can be pushed
sideways against the exposed ground surrounding the tunnel (this is used in hard rock
tunnelling, see Section 5.5.2.1 on gripper TBMs), or jacks can be placed around the
circumference of the shield if segmental lining is being used to line the tunnel. In the
latter case, the jacks push against the last erected tunnel segment ring and also push
the shield against the tunnel face in the direction of the tunnel construction (Figures
5.5 and 4.24). The tunnel segments transfer the jacking forces into the ground using
friction. Of course, this principle does not work at the start of the tunnel construction
and, therefore, in the starting shaft a reaction frame is necessary to take the jacking
forces (Figure 5.11). The jacks can be operated individually or in groups, allowing the

Table 5.1 Possible excavation and face support methods for use with tunnelling shields

Shield with partial excavation Working face with natural support Completely unsupported open
(described later in this section) face
Working face with partial support Face divided into sections to aid
stability using horizontal
benches and/or breast plates
Working face with compressed air Face is pressurised with
support compressed air to help prevent
water ingress and aid stability
Shield with full face excavation =~ Working face with natural support Very open cutterhead

(TBMs see Section 5.5) Working face with mechanical Cutterhead has limited openings
support (can be closed by face-breasting
plates)
Working face with compressed air Face is pressurised with
support compressed air to help prevent

water ingress and aid stability
Working face with fluid support  Slurry shield machines

Working face with earth pressure EPBMs
support

Source:  After Stein 2005.



124 Introduction to tunnel construction

Working
platforms

Figure 5.6 (a) Manual shield tunnelling as part of a pipe jacking operation and (b) a 9.17 m diameter
open shield. (Courtesy of Dosco Overseas Engineering Ltd.)

shield to be steered in order to make adjustments in line and level and to be driven in a
curve if required. When the shield has advanced by the width of a tunnel segment ring,
the jacks are retracted, leaving enough room in the tail of the shield to erect the next
tunnel segment ring.

There are many possible ways of excavating the ground at the face within the shield.
Manual excavation, that is, by ‘hand’, is only considered for very special applications,
for example, very short advances, due to the low advance rate. This type of tunnelling is
called the manual shield technique. Figure 5.6a shows a manual shield as used on a pipe
jacking project (see Section 5.11 for a description of pipe jacking) in a predominantly
stiff clay stratum and Figure 5.6b shows an example of a 9.17 m diameter open face
shield used after the tunnel collapse at Heathrow, UK in 1994, where excavation on
multiple levels was required. The top two levels were excavated manually and the lower
level used mechanical excavation.

As shown in Figure 5.6b, shields can be split into vertical and horizontal compartments
(note the similarities between this shield and Brunel’s Thames tunnel shield described
in Section 1.3). This shield indicates the use of working platforms to aid excavation and
stability of the face. Open shields can also have face-breasting plates attached to these
working platforms (see Figure 5.10) to aid stability. The theory is that each area between
the working platforms can be excavated separately, and safely, as the ground will form
a ‘plug’ in the opening, and hence form a stable face. The stability of the ground, that
is, whether it collapses into the tunnel shield or not, is based on its shear strength. The
size of the openings is therefore designed with this in mind, that is, in weaker, less stable
ground, the benches must be closer together. The use of handheld pneumatic excavation
tools and low-pressure compressed air is limited by current health and safety regula-
tions, for example, due to the danger of hand-arm vibration syndrome.

In partially mechanised shields, an excavator or a partial cutterhead works on the
face (for partial face boring machines [roadheaders], see Section 5.3). Figure 5.7 shows
diagrams of two boom-in-shield machines, Figure 5.7a shows a boom with a shovel
bucket to excavate the face and Figure 5.7b shows a boom cutting machine with an
axial cutterhead. These are typical techniques used for shields with partial excavation.
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(b)

Figure 5.7 Diagrams showing boom-in-shield tunnelling machines, (a) boom with a shovel bucket and
(b) boom with an axial cutterhead. (Courtesy of Herrenknecht.)

Partially mechanised shields are likely to continue to find a place in the tunnelling
industry, particularly at station tunnels or tunnels where the cost of full face TBMs
cannot be justified (Court 2006). If a full face cutter wheel is used for excavating the
ground, then this is classed as a TBM and these are described in Section 5.5.

5.4.1 Examples of shields with partial excavation

Having shown the principles of shields with partial excavation, this section focuses
on some examples to help the reader to gain an appreciation of the different machines
used, including some of their technical specifications.

Figure 5.8 shows an example of a boom-in-shield tunnelling machine as used for con-
structing the Piccadilly Line Extension (PiccEx) Tunnel to Heathrow Terminal 5 in the
United Kingdom. The shield had an external diameter of 4.81 m and an overall length of
4.57 m, with the overall length including back-up being 56.5 m. There were 16 rams to
provide the thrust to the shield and the axial cutterhead on the boom was rotated at either
27 or 50 rpm. The PiccEx Tunnel consisted of approximately 1.6 km long twin tunnels of
4.5 m internal diameter. Spoil was removed by a belt conveyor and a segmental lining was
used. This machine achieved advance rates averaging 26.9 m/day (first drive Eastbound)
and 18.7 m/day (second drive Westbound) through a very consistent clay (London Clay)
(Williams 2008). (Further details of this project can be found in Section 8.2.)

Figure 5.9 shows the boom-in-shield tunnelling machine on removal after completing
the Heathrow Express Extension Tunnel at Heathrow Airport Terminal 5 in the United
Kingdom. This shield had hydraulically operated face-breasting plates at the crown of
the shield that could be used to increase the face stability if required. This shield had
an external diameter of 6.125 m and an overall length including back-up of 42.8 m.
The Heathrow Express Extension Tunnel consisted of approximately 1.7 km long twin
bore tunnels of internal diameter 5.675 m (Williams 2008). An interesting aspect of
this project was that the shield had to cross an emergency exit area built in advance of
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Figure 5.8 Refurbished Dosco boom-in-shield tunnelling machine as used for constructing the Piccadilly
Line Extension (PiccEx) Tunnel to Heathrow Terminal 5 in the United Kingdom.

the shield tunnel (Figure 5.9b). The distance the shield had to cross was approximately
8 m. The emergency exit was constructed in shotcrete and openings with reduced sup-
port were left to help the shield break through the sprayed concrete. Figure 5.9b shows
the rear of the shield and the jacks pushing off the segmental linings. However, the
segmental linings, although installed in the usual manner, had no support from the sur-
rounding ground and had to be stabilised using steel straps.

Tunnel shield

Figure 5.9 (a) The boom-in-shield tunnelling machine on removal after completion of the Heathrow
Express Extension Tunnel at Terminal 5 in the United Kingdom (Manufacturer: Dosco)
and (b) the same shield crossing an existing emergency exit where external strapping was
required to support the erected lining.
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Figure 5.10 Larger diameter (I11.77 m) boom-in-shield tunnelling machine as used on the Dublin Port
Tunnel, Ireland. (Courtesy of Herrenknecht.)

An example of a larger diameter boom-in-shield tunnelling machine is shown in
Figure 5.10 and illustrates the use of working platforms and face-breasting plates to aid
face stability. This 11.77 m diameter shield was used as part of the Dublin Port Tunnel,
Ireland, and was used to excavate two relatively short lengths of tunnel, approximately
300 m long, through glacial tills. Excavation was carried out using booms with shovel
buckets at three levels within the shield. An auger mechanism was used to remove the
excavated spoil from the shield.

5.5 Tunnel boring machines
5.5.1 Introduction

As mentioned in the previous section, tunnelling shields can be used with partial exca-
vation as well as with full face excavation. The latter is known as a TBM. TBMs exist in
many different diameters, ranging from microtunnel boring machines with diameters
smaller than 1 m (see Section 5.11) to machines for large tunnels, whose diameters are
greater than 15 m (the largest TBMs are now in excess of 19 m). TBMs are available
for many different geological conditions. This means that, for example, the type of
tunnel face support required and the excavation procedure as well as numerous other
technical requirements can be solved in many different ways. Every tunnel is different
and hence there are often frequent technical advancements in this field. The following
sections give an overview of the essential characteristics of TBMs. It should be realised,
however, that hardly any of the following information can be assumed to have general
validity as there are nearly always exceptions and special cases. Although TBMs are
often designed for specific projects, that is, with a specific diameter and in order to cope
with certain ground conditions, these days refurbished machines are becoming more
common and projects are actually designed around the machines available. An exam-
ple of this is when the diameter of the new project is chosen to suit the old machine,
with just the cutterhead being redesigned for the specific ground conditions expected.
Although this book provides a comprehensive overview of TBMs, there are a number
of books specifically written on this topic, for example, Maidl et al. (2012, 2008).
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Although most TBMs have a ‘shield” as described in Section 5.4, an exception to this is
the ‘Gripper’ type TBM for hard rock and this is discussed in Section 5.5.2.1. It should
be noted, however, that even a gripper TBM can have a small shield around the cutter
wheel to avoid it catching on any rock as the ground deforms under high pressures.

One of the general requirements for the use of a TBM is a consistent geology along
the route of the tunnel as the different cutting tools are generally only suitable for a
small variation in material characteristics. A universal machine for all types of ground
and soil conditions does not exist (although TBMs with multiple modes of operation
are being developed, see Section 5.5.4). The combination of different cutting tools on
the cutterhead can increase the application of machines to a greater range of ground
conditions.

One of the considerations when planning tunnels is whether to choose a large single
tunnel or two smaller tunnels. This is a decision facing tunnels constructed by whatever
method, that is, mechanised or conventional tunnelling. One factor, for example, con-
cerns emergency and evacuation issues. For single tunnels, fire ‘refuges’ can be placed
along the tunnel for use in emergency situations. However, for twin tunnels, the second
tube is considered as the main escape route, particularly for ‘long’ tunnels, and cross-
passages are located every 250-500 m to allow access between the tunnels. The dis-
tance between the cross-passages depends on whether the tunnel is to be used for road
or rail, for example, the HS2 high-speed rail project in the United Kingdom has planned
cross-passages every 320-380 m for the tunnelled sections.

With respect to TBM tunnels, there are a number of factors that can influence this
decision, some of which are discussed by Bambridge et al. (2013), and the following
few paragraphs are based around this article (noting that some of these factors are also
appropriate for other forms of tunnel construction).

A potential positive advantage of larger TBMs is that this increases the working space
inside the tunnel and can help safety by allowing more control and monitoring systems
to be utilised. However, a larger TBM can also create logistical problems with respect
to support logistics and supply chain in terms of lining segments and spoil removal, as
well as lining loads and buoyancy effects for large diameter shallow tunnels.

There are also important considerations with respect to ‘Rights of Way’ (ROW), as
legal systems are different from country to country. For example, some legal systems
require the tunnel to remain inside the existing city or public ROW, whereas others
allow the purchase of ROW beneath buildings. A single large tunnel potentially takes
up less ROW compared to twin bore tunnels (potentially up to 50% less).

Other factors to consider include the fact that for single larger diameter tunnels there
are no cross-passages to construct, which can reduce the risk on a project, and double-
deck highway tunnels can optimise construction costs when compared to the equivalent
twin bore tunnels.

In contrast, metro tunnels of 4—8 m diameter are fairly commonplace these days and
the impacts are well understood and manageable (e.g. the effects on existing surface
structures caused by ground movements created by the tunnel construction, see Section
7.1 for further details). Larger diameter tunnels are, however, still relatively rare and
hence there is a need to have greater awareness of the TBM operation on, for example,
ground movements, and also the need for increased risk management and planning. In
addition, larger diameter tunnels could potentially encounter more mixed geological
conditions due to the their size relative to the strata along a route compared to smaller
diameter tunnels and this can create less certainty in terms of the ground response and
TBM performance.

These are just some of the issues to consider when making a choice about single or
twin-bored tunnels and further details can be found in Bambridge et al. (2013). Once
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Figure 5.11 Example of a reaction frame used to start off a TBM.

again it must be emphasised that each tunnelling project is unique, and the decisions
associated with the size of TBM to be used, as well as the type of TBM, has to be made
on an individual basis drawing on previous experience of local geological conditions
and previous tunnelling projects.

Although TBMs can have different mechanisms for moving through the ground,
most have to start outside and hence need a reaction frame to start the drive. An exam-
ple of a reaction frame is shown in Figure 5.11.

In addition, all TBMs using segmental lining for the tunnel support need to have a
tail seal at the rear end of the shield. Since the tunnel segments are erected within the
tunnel shield, there is a gap between the segments and the excavated ground. In order
to achieve a rigid connection between the ground and the tunnel lining, thus preventing
the ground from moving, the gap is injected with a grout. The challenge then is to keep
the groundwater, soil and cement slurry out of the tunnel shield. This is achieved by
using tail seals. The following points present three examples of construction options for
this seal, all of which are still in use.

o Shield tail seal using metal sheets: Early shield tail seal designs consisted of a sprung
sheet metal that, due to its sprung mechanism, lay on top of the tunnel segment
(Figure 5.12a). This type of seal is problematic as the sheet metal seal can rip off
when the cement slurry has hardened. Furthermore, seal problems occur when the
outer edge of neighbouring tunnel segments are not flush, but have a step.

o Shield tail seal using a neoprene tube: Shield tail seals made from neoprene (Figure
5.12b) are definitely a better solution compared to the sheet metal seal as they are
much more flexible.

Furthermore, emergency seals can be added without any problems. The seals
cannot be pulled off even when the cement slurry hardens after a break in the tun-
nel advance.
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Figure 5.12 Different shield tail sealing systems, (a) metal sheet (b) neoprene tube and (c) steel brushes.

o Shield tail seal made from steel brushes: Currently, seals made of steel brushes are state
of the art (Figure 5.12c). These are positioned in several consecutive rows. The gaps
between the brushes are filled with proprietary tail seal grease (TSG) to seal against
water and annulus grout ingress (BASF 2009b). The brush seals are very flexible and
can cope with unevenness, especially at the tunnel segment edges. An example of the
use of steel brushes at the rear of the tunnelling shield is shown in Figure 5.13a and b.

5.5.2 TBMs in hard rock

There are various mechanised full face tunnelling techniques for hard rock and these
depend on the quality of the ground. However, the final decision of which machine type
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Figure 5.13 (a) 7.590 m diameter EPBM just before it started excavating the second of two drives on
the Seoul Subway Line 9 and (b) the rear of the same TBM showing a close-up of the tail
seal steel brushes.

to use always depends on controlling the stability of the ground during construction
and the expected quantity of water ingress. It is these factors which dictate the final
choice of TBM to be used in hard rock, either a gripper TBM or a shielded TBM. These
machines are discussed briefly in the following sections, although further details of
hard rock TBMs can be found in Maidl et al. (2008).

Hard rock TBMs comprise four key sections, which make up the complete machine
(Maidl et al. 2008). These are the boring section, consisting of the cutterhead, the
thrust and clamping section, which is responsible for advancing the machine, the muck
removal section, which takes care of collecting and removing the excavated material,
and the support section, where the tunnel support is erected.
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Figure 5.14 Principle of the ‘gripper’ TBM technique. (Courtesy of Aker Wirth.)

5.5.2.1 Gripper TBM

In stable rock conditions with low water ingress, the gripper technique can be utilised.
Figure 5.14 shows the principle of the gripper machine technique. The gripper machine
locks itself against the ground laterally using ‘gripper shoes’ to establish the required
face pressure (Figure 5.15). When the machine is locked, the tunnel is advanced by
using hydraulic jacks which move the cutterhead forwards by approximately 0.7-1.2 m.
Thereafter, the cutterhead stops. In order for the tail of the machine to move forwards,
auxiliary supports are erected behind the cutterhead and at the rear of the machine and

‘Gripper shoes’

Figure 5.15 Gripper TBM. (Courtesy of Herrenknecht.)
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Figure 5.16 Example of the functions associated with a gripper TBM and typical lengths in metres,
with tunnel support using a combination of invert segments and sprayed concrete. (After
BetonKalender. 2005. Fertigteile und Tunnelbauwerke, Vols | and 2. Ernst & Sohn, Berlin,
used with permission from Rowa Tunnelling Logistics.)

the gripper shoes are released. Now, the hydraulic jacks that advanced the cutterhead
can be retracted while the tail of the shield is pulled forwards. A new working cycle can
begin when the gripper shoes of the machine are once more engaged.

Figure 5.16 shows an example of the functions associated with a gripper TBM and
the lengths for each element, which together make the total length of these machines
over 200 m.

Unlike shielded TBMs, where tunnel support, for example, segmental lining, is fixed
and does not change during tunnel construction, the tunnel support system, when using
a gripper TBM, can vary depending on the ground quality. The appropriate rock sup-
port devices can be installed immediately behind the cutterhead. These devices can
include anchors, steel arches and sprayed concrete, and even segmental linings, as used
in conventional tunnelling methods (these techniques are described in Chapter 4).

The gripper shoes can be moved hydraulically and can be adapted to the shape of
the excavated rock surface. The allowable maximum gripper force is determined by the
compressive strength of the rock, and is in the range of two to three times the forward
thrust force of the machine (Maidl et al. 2008).

EXAMPLES OF GRIPPER TBMS: Figure 5.17a shows an example of an 8.83 m diameter grip-
per TBM used on the Gotthard Base Tunnel in Switzerland. The total length of this
machine was 400 m and it weighed 3000 tonnes. The geology that this machine had to
cope with was gneiss, granite and schist/shale. Figure 5.17b shows the rear view of the
machine and one of the gripper shoes can clearly be seen. This machine used a two-shoe
side clamping arrangement, but other arrangements are possible including an X-type
clamping where four gripper shoes are used in an ‘X’ formation. This formation is dem-
onstrated in Figure 5.18, which shows an 8.8 m diameter gripper TBM used in China
to construct a 5.7 km long tunnel through gneiss.

Another example of a gripper TBM is shown in Figure 5.19a. This 5.03 m diameter
machine was used on an 8.1 km long tunnel as part of the hydroelectric power scheme
at Glendoe in the United Kingdom. Figure 5.19b shows a detailed photograph of the
cutterhead and the disc cutters on completion of the drive.
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(b)

Figure 5.17 8.83 m diameter Herrenknecht S-210 gripper TBM used on the Gotthard Base Tunnel
in Switzerland, (a) cutter head and (b) rear view showing gripper shoe. (Courtesy of
Herrenknecht.)

A further example of the use of a gripper TBM used on the Olmos Trans-Andean
Water Transfer Tunnel in Peru can be found in Section 8.5.2.

5.5.2.2 Shield TBMs

In contrast to gripper TBMs, shield TBMs have an extended shield over the front sec-
tion of the machine. This shield has the function of supporting the ground and protect-
ing the personnel, thus allowing safe erection of the tunnel lining. There are two basic
types of shield TBM available for hard rock: the single-shield and double-shield.

SINGLE-SHIELD TBM: The single-shield TBM in hard rock is mainly used in unstable con-
ditions where there is a risk of ground collapse. With these machines, the pushing forces

Figure 5.18 Gripper machine with multiple ‘X’ formation gripper shoes (diameter 8.8 m, length 5.7 km,
through Gneiss in Quinling China). (Courtesy of Aker Wirth.)
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Figure 5.19 (a) and (b) 5.03 m diameter Herrenknecht S-351 gripper TBM used at Glendoe, UK.
(Courtesy of Herrenknecht.)

are maintained axially against the installed lining segments. One of the advantages of a
single-shield machine is that it can be converted to a closed mode if high groundwater
ingress is likely to be encountered, for example, using slurry to provide the face support
(further details on multimode TBMs are provided in Section 5.5.4). Figure 5.20 shows
a 7.6 m diameter single-shield TBM which was used to construct a 5.5 km long tunnel
as part of a hydroelectric scheme in Laos.

A further example of a single-shield TBM used to construct part of the Dulles Airport
Train System in Virginia, USA can be found in Section 8.5.3.

DOUBLE-SHIELD TBM: The double-shield machine (or telescopic shield) combines the
ideas of the gripper and single-shield techniques and can therefore be applied to a vari-
ety of geological conditions. The double-shield machine consists of a front shield with
cutterhead, as well as a gripper section with gripper shoes, a tail shield and auxiliary
thrust jacks. Both parts of the machine are connected by a section called the telescopic
shield. The operating principle is based on the gripper shoes pressing against the tunnel
wall while excavation and segment installation are performed at the same time (the seg-
ment installation takes place at the rear of the whole machine). The system adds some
flexibility to allow the machine to work either in gripper mode or as a shield TBM.
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Figure 5.20 Single-shield TBM used in Laos (7.6 m diameter, 5.5 km length, variable ground consisting
of sandstone, siltstone and mudstone). (Courtesy of The Robbins Company.)

Figure 5.21a shows a 5.5 m diameter double-shield TBM which was used to construct
a tunnel as part of a hydroelectric scheme in Vorarlberg, Austria. Figure 5.21b shows a
3.48 m diameter double-shield TBM which was used to construct a power cable tunnel
in Seoul, Korea.

A further example of a double-shield TBM used as part of the Sochi Complex 3 proj-
ect in Sochi, Russia is described in Section 8.5.4.

5.5.2.3 General observations for hard rock TBMs

CUTTERHEAD DRESSING: The cutterhead is commonly arranged with disc cutters which
crush or break the rock, although ripper teeth can also be used. The disc cutters are
fixed on a rotating bearing and roll in concentric circles on the face when the cutter-
head turns. Depending on the type of cutter design, there are disc, toothed or button
disc cutters and the rock is loaded either continuously or as a point load when the cut-
terhead is pressed against the face (Figure 5.22). Through a combination of tensile and
compressive forces, a local overstressing of the rock develops which results in its failure.
The more gentle excavation using a TBM causes much less damage to the surrounding
rock than the use of explosives. Figure 5.23 shows an example of some hard rock disc
cutters as used on the Guadarrama Tunnel through granite.

The deterioration of the cutters is mainly dependent on the hardness, fragmenta-
tion, abrasiveness (particularly in rocks with high quartz content) and ductility of the
ground. The cutters should therefore not only be hard-wearing but also easily replace-
able. It is advantageous to be able to change the cutters from inside the machine in the
protected area of the cutterhead and not from outside, that is, in between the unsup-
ported face and the cutterhead. The cutters furthest away from the centre of the cut-
terhead are most prone to wear (abrasion) as they cover the longest distance at the face.
The requirement for high abrasion resistance is also necessary for the cutter bit fixings
and bearings, which also have to be designed for the high forces acting on them. In
order to minimise deterioration, large diameter roller cutters are used, for example,
17 inches (432 mm) or 19 inches (483 mm). However, for larger diameter cutters, it
becomes increasingly difficult to produce a robust construction of the bearings.
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Figure 5.21 (a) Double-shield TBM used in Austria (5.5 m diameter, ground conditions gneiss and
amphibolites (Courtesy of The Robbins Company.) and (b) double-shield TBM used in
Seoul, Korea (3.48 m diameter, 2.75 km length). (Courtesy of Lovat, now known as the
Caterpillar Tunneling Canada Corporation.)

Proprietary agents can also be injected into the face of hard rock TBMs to reduce
abrasive wear of the cutting tools. These agents also improve the cooling of the cut-
terhead, improve the rubber seal durability and extend the life of the cutter bearing
assembly. They also help to reduce dust formation, and hence improve the working
environment within the TBM (BASF 2009a).

It is possible with full face machines to drive through rocks with a uniaxial ground
strength of 300 MPa or even higher. This is roughly equal to the maximum iz situ uni-
axial tensile strength for the ground. This means that in theory there are technically no
limits to the use of full face machines. The choice of using a full face machine is there-
fore mainly dependent on the costs.

One of the most important cost considerations for TBMs is the cost of the cut-
ting tools. Not only does the cost of the cutting tools themselves have to be included
in the calculation, but also the downtime of the machine during the replacement of
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Figure 5.23 An example of some hard rock disc cutters (as used in granite). Note the arrangement
of the cutters from the centre of the cutterhead to the edge to ensure all the face is
excavated. (Courtesy of Herrenknecht.)
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deteriorated cutters and the achievable tunnelling speed as this is related to the cutting
rate of the bits. The term ‘boring speed’ is used to describe the ratio of boring distance
to the corresponding boring time. The term tunnelling speed, which ultimately dictates
the progress of the construction, is used to describe the ratio between the boring dis-
tance to the total time used for all the works in creating a void, including the tunnel
support works. An example of speed that can be achieved using a hard rock TBM was
up to 106 m/day using a 9.69 m diameter Herrenknecht double-shield TBM during the
construction of the Cabrera Railway Tunnel near Valencia in Spain in 2008. The tunnel
lining consisted of concrete segments and the geology consisted of hard limestone. The
tunnel comprised a twin-tube construction with each tube length being approximately
5.97 km.

Willis and Shanahan (2010) describe methods being adopted by TBM manufactur-
ers to understand the performance of the cutterhead and disc cutters by using, for
example, temperature monitoring and rotation behaviour of the discs. Higher tempera-
tures and/or irregular rotation are an indication of potential disc failure (a monitoring
system based on these parameters was used on the Istanbul Bosphorus Strait road
tunnel in Turkey and this project is briefly described in Section 8.5.5). Data from the
cutterhead and cutting discs can be used to reduce the number of cutter inspections.
Further information on cutter wear can be found in Frenzel and Babendererde (2011).
In addition, an article by Smith (2014b) explains some of the issues of changing cutter
discs under high face pressures. The article also explains some of the advances being
made to reduce the number of interventions necessary to replace cutter discs. These
include using 19 inch (483 mm) cutter discs rather than 17 inch (432 mm) ones to get
more volume wear per disc, and also to improve the efficiency and safety of these
interventions, for example, using Herrenknecht’s ‘atmospheric cutter change system’.
There are also robotic systems being developed by TBM manufacturers for changing
cutter discs.

VARIABLE GROUND CONDITIONS AND WATER INGRESS: An advantage of TBMs, when com-
pared to drill and blast techniques (Section 5.6), is that the excavation, mucking and
stabilising can be done in parallel with the machine’s advance. Hence, the tunnelling
speed is, in general, significantly higher. At least, this is true for ground that is stable
or partially stable, that is, a medium to long-term stand-up time, which, therefore,
from the point of view of stability, either requires no support (note: spalling and flaking
materials) or only support at a certain time after excavation. It gets difficult for TBMs
in a ground with little stand-up time when immediate or even advancing support is
necessary and this has to be erected in the area of the cutterhead. In certain conditions,
the machine has to be stopped during stabilisation of the ground. Cramped conditions
make the stabilisation of the void difficult and the machine should also not be damaged
with, for example, sprayed concrete. However, ground with limited stand-up time no
longer falls in the category ‘rock’, which also means it is no longer in the primary appli-
cation of an open-face TBM, although this is where single and double-shield TBMs can
potentially be used.

Nevertheless, during the advancement of a tunnel, changing ground conditions have
to be expected and contingency plans must be in place. Traversing fault zones is man-
ageable with TBMs, although with a potentially much reduced advancing speed. Very
strong and frequently changing rock conditions can limit the use of a TBM, which is
why a homogeneous and consistent ground is preferred. As a result, the investment
required in the site investigation is larger than that required for blasting methods as
the knowledge of the ground should be as comprehensive as possible (no gaps in data)
because any modification of the machine during tunnel construction is limited. The
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largest problem would be if a change to a completely different machine during tunnel
construction was required as the additional investment would be substantial (as an
indication, the approximate cost per metre diameter for a new small machine is on aver-
age €1,000,000-€1,500,000 at 2016 prices; however, the larger the machine and the
more technical features it has, the more costly it becomes) and this is never included in
any contingency budget. Furthermore, the delivery time for a new machine of approxi-
mately one year and the recovery of the old machine leads to additional unnecessary
delays.

With a full face tunnelling machine, one is limited to only small variations in a cir-
cular profile. If not required from a structural point of view, the desired kinematic
envelope of the completed tunnel is often a rectangular shape, for example, a road
tunnel. The circular profile of a TBM thus results in over-excavation, especially in the
invert where the spoil is removed and it is filled afterwards with concrete to create the
road base.

Another key consideration when using a TBM in hard rock is water ingress during
construction. This is particularly important for open-face gripper type TBMs where
preventing water flowing into the tunnel through the machine is difficult. Therefore, it
is very important to manage and deal with potential water inflows, and plan for risks as
far as possible. A comprehensive geotechnical investigation obviously allows potential
risks to be identified (as described in Chapter 2). As stated in Willis (2014), one of the
simplest options to cope with water inflow is to tunnel uphill, that is, a positive grade.
This allows water to drain away along the completed tunnel and prevents water build-
up in the face.

Another option is to use pre- and post-injections (grouting), which can help to reduce
water inflow. Willis (2014) also states that most hard rock tunnels do not encounter
water throughout the drive only at fractures and fault zones, so these need to be identi-
fied in advance during the ground investigation. However, these grouting operations
must be planned for and the equipment available within the TBM. The ability for probe
drilling and pre-inject 360° around the circumference of the tunnel is vital to ensure
that water ingress from any location can be prevented. The ability to probe drill enables
the TBM operator to understand the ground discontinuities and hydraulic conductivity
ahead of the TBM position, that is, prior to excavation. This enables pre-injections to
be made to limit potential water inflow to a manageable level, that is, reduce hydraulic
conductivity of the rock mass, prior to excavation (pre-injections are preferable to post-
injections). Probe drilling is normally done 20-40 m ahead of the tunnel face. Grout
injections can then be made based on the probe drill findings. Grout holes are normally
drilled at an angle of 5°~10° to the tunnel axis, that is, in a conical pattern around the
TBM, with lengths from 18 to 24 m. TBMs are normally equipped with 1-2 drill ham-
mers, but there can be up to 8 drills depending on the size of the TBM. The drill enters
the rock through guided slots behind the TBM face. In shield machines, the drills are
located 6-8 m behind the face.

Further information on the successful use of probe drilling and pre-grouting with
TBMs can be found in Willis (2012). Additional information on ensuring TBM advance
in difficult ground is provided in Willis (2016).

An article by Willis (2014) presents lessons learnt with respect to using hard rock
TBMs. Lesson 1 is the importance of ‘preplanning and geological testing to mitigate
risks’; Lesson 2 is to ‘perform extensive geological testing when difficult ground is
expected’; Lesson 3 is that ‘optimal tunnel design is key’, with overarching lessons such
as ‘never assume the geotechnical baseline report is 100% correct’ (with careful consid-
eration being taken of the limitations often noted in the geotechnical baseline report).
In addition, if there is a risk of difficult ground, to ensure that the TBM is equipped
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with tools to probe ahead and also to be able to cope with problems if discovered, such
as ensuring that grouting operations can be conducted, rock bolt drills are installed, as
well as having erectors for installing steel ribs and a shotcrete robot. Probing ahead and
being able to foresee problems before the TBM actually encounters them makes these
situations far more manageable.

An article by Barton (2012) highlights the fact that in some circumstances a com-
bination of TBM and drill and blast (Section 5.6) could mitigate the problems TBMs
have in particular ground conditions. The fact that in very strong rocks TBMs are at
their slowest due to the difficulty of excavating the material and also increased cutter
wear (particularly if there is a high quartz content in the rock) mean frequent changes
in cutter discs, whereas drill and blast can be relatively fast as minimal support is
required. Fault zones in rock can be particular challenging for TBMs due to the frac-
tured nature of the rock in these zones and the potential of collapse, damaging the
machine. Barton (2012) points out that just because a tunnel is long does not mean that
a TBM should be chosen, and many TBMs have been stuck only to be later rescued
with drill and blast, or the project finished with drill and blast excavation. In Norway,
for example, the cost effectiveness of the Norwegian Tunnelling Method (NMT, see
Section 5.6.9) makes the concept of hybrid (TBM and drill and blast) tunnelling in
the same project more attractive, with TBMs used for the ‘favourable’ conditions and
drill and blast taking on the high cover (less well-investigated areas) and more difficult
ground conditions.

5.5.3 TBMs in soft ground
5.5.3.1 Introduction

Open-face TBMs (as discussed in the previous section) are mainly used in ground
with a significant strength and stand-up time, but there are certain types of TBM
which can be used in soft ground. The different types will be discussed in this section.
Generally, the main differences are the cutter tools, also known as cutter dressing, on
the cutterhead and the face support requirements as the ground stability is generally
lower.

EXCAVATION TOOLS: For soft ground conditions, different cutter tools from those dis-
cussed in the previous section can be used. Some examples of these different cutter tools
are described in the following section. Hard rock cutter tools, such as disc cutters, can
also be used, however, for example, in sandstone or limestone. Normally, cutting tools
work in soft ground by scraping material from the face. However, there are instances
where larger hard inclusions, such as boulders, may occur. These inclusions have to be
reduced in size before they can be quarried from the face. This is either done by hand,
if the conditions at the face allow access and if the inclusions are sporadic, or by disc
cutters. In addition, a stone crusher can be placed behind the cutterhead on slurry
machines.

If the TBM is likely to encounter mixed ground conditions, then a combination of
disc cutters and scrapper type tools are required depending on the particular condi-
tions expected. Some examples of mixed cutterhead dressing can be seen in some of
the photographs presented in this section. Understanding the wear of the excava-
tion tools is important, as with hard rock TBMs (Section 5.5.2.3), and although
this depends on the ground conditions, it is also affected by the TBM used and its
operation. The positioning and type of cutter dressing on the cutterhead are impor-
tant design considerations, as well as the ratio between the face area and the opening
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area (this ‘opening ratio’ normally lies between 25% and 35%, Maidl et al. 2012).
This can help prevent clogging, that is, improve the ability of the cutterhead to get
the excavated material into the excavation chamber behind the cutterhead as quickly
as possible, and reduce wear. Further information on cutter wear can be found in
Frenzel and Babendererde (2011).

Cutterbead with continuous ‘knife’ tools. The cutterhead consists of radially placed
spokes. The long sides of the spokes are made up of continuous cutting edges, which
scrape the ground as it rotates. This solution is mainly applied to cohesive soft soil in
which there are few larger inclusions.

Cutterbead with scraper teeth, drag bits and round shank cutters. In this case, the
spokes contain pick bits, scraper teeth or there are round shank cutters placed centrally
on the spokes. Drag bits are blunt tools inserted at right angles to the working face
and usually have a square shape. Their purpose is to loosen coarser-grained soils such
as gravel, sand and silt. Fine-grained soils, such as clays, tend to be kneaded if picks
are used (Stein 2005). Scraping tools (also known as flat bits or cutting teeth) take
many forms and often have tungsten carbide inserts. Instead of a continuous cutting
edge, they are placed individually and project from the face. Scraper teeth are used
mostly in fine-grained loose sediments such as clay or clayey silt, but can also be used
in coarser-grained ground. Round shank cutters are used in harder materials and are
pointed cylindrical excavation tools with replaceable tungsten carbide inserts (Stein
20035). A stone crusher may be provided.

Examples of cutter tools. Figure 5.24a shows a close-up photograph of the cutter dress-
ing used on a soft ground TBM. This machine (Figure 5.24b) was used to construct the
Storm Water Outfall Tunnel (SWOT) at Heathrow Airport Terminal 5, UK. The TBM
had an external diameter of 3.345 m and was used to construct a tunnel approximately
4.1 km long with an internal diameter of 3.0 m through London Clay.

Figure 5.25 shows a close-up photograph of the cutter dressing used on a Mixshield
TBM. This machine was used in Shanghai, China. The TBM had an external diam-
eter of 15.43 m and was used to construct a road tunnel approximately 7.47 km long
through sand, clay and loose gravel/boulders, up to depths of 65 m and water pressures
of up to 6.5 bar.

FACE SUPPORT AND WATER CONTROL: The application of a shield boring technique in less
stable soft ground commonly requires the face to be supported. This is in contrast to
the open-face TBMs which are often used in hard rocks where the ground is able to
support itself during excavation. In soft ground, with little or no stand-up time, the
ground would simply collapse into the machine and attempts to control the excavation
of this material and to prevent large displacements occurring within extensive amounts
of the ground around the tunnel heading would be very difficult. In addition, for tun-
nels constructed below the groundwater table in permeable materials, water flow into
the tunnel must be controlled in order to prevent the machine and tunnel from flood-
ing. Groundwater flow towards the tunnel heading also reduces the stability of the
ground.

Non-pressurised systems:

*  Natural support: The natural stability of the face can be enhanced by designing the
form of the cutting wheel in such a way that a curved surface develops as the exca-
vation progresses. This enhances the stability of the face by improving the arch-
ing effect, and hence the stress redistribution around the tunnel heading. (Further
information on face stability is presented in Section 3.3.)
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Figure 5.24 (a) The cutter dressing used in soft ground (London Clay), and (b) the fully refurbished
Lovat TBM (SWOT at Heathrow Airport Terminal 5, UK). (Note: Lovat is now known as
the Caterpillar Tunneling Canada Corporation.)

®  Mechanical support: Adjustable support plates can be placed in between the spokes
to allow an active mechanical support. These are similar to the face-breasting plates
used on open-face tunnelling shields as described in Section 5.4.

Pressurised support systems: The principle of these systems is that pressure is created
at the front of the shield and this supports and stabilises the tunnel face. In addition,
this can be used to control water flow into the tunnel. There are two basic types of
pressurised closed-face tunnelling systems, slurry tunnel boring machines (STBMs) and
earth pressure balance machines (EPBMs). There are also machines that operate using
compressed air within a bulkhead at the tunnel face inside which an excavator operates
(compressed air tunnelling is discussed in Section 4.2.9).

STBMs were developed specifically for use in coarse-grained (‘cohesionless’)
ground that contains little or no silt or clay. EPBMs were developed for use in weak
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Figure 5.25 Cutter dressing used on a Mixshield TBM in Shanghai through sand, clay and loose gravel/
boulders. (Courtesy of Herrenknecht.)

fine-grained (‘cohesive’) soils. However, owing to the rare occurrence of pure ‘cohe-
sive’ and ‘cohesionless’ soils in practice, there has been an effort to widen the applica-
tion of both types of machine. Both STBMs and EPBMs use a rotating cutterhead to
excavate the ground. The cutterhead can contain either picks or discs, or a combina-
tion of both.

STBMs and EPBMs were developed initially in Japan and Europe. In Japan, STBMs
were developed in the 1960s with EPBMs introduced in the mid to late 1970s (STBMs
were actually invented and patented earlier by John Bartlett of Mott Hay and Anderson
in the United Kingdom, but never developed). In Europe, STBMs were in use in the
1970s and EPBMs in the 1980s (BTS/ICE 2005). The term sometimes used for a TBM
with a liquid face support is ‘hydroshield’. This expression can be traced to a patent
filed by a German construction company (Wayss & Freytag) whose shield construction
was known by this name. Slurry and EPB TBMs are discussed in more detail in the fol-
lowing sections.

5.5.3.2 Slurry tunnel boring machines

STBMs use a pressurised fluid to stabilise the face during excavation of the ground.
There are two systems in use today for maintaining a balanced face pressure. One
simply uses the fluid in the pressurised chamber behind the cutterhead (called the ple-
num) to provide the pressure, and the other uses an air bubble system. The air bubble
system has a bubble of compressed air introduced into the plenum in the roof behind
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Figure 5.26 Longitudinal section through a slurry TBM. (After Jacob 1976).

the bulkhead and this acts as an accumulator and thereby ensures that a constant pres-
sure is maintained at the face (see ‘Mixshield TBMs’ later in this section). The slurry
has three functions; firstly, it helps stabilise the face; secondly, it penetrates the face
to form a “filter cake’ that reduces the hydraulic conductivity of the ground and helps
reduce water ingress and thirdly, it mixes with the excavated material to allow it to be
transported out of the machine more easily (Figure 5.26; Court 2006).

The fluid is pumped to the face, where it mixes with the excavated material. This
mixture is then pumped out of the excavation chamber through a slurry line where it
is conveyed to a separation plant. To prevent the slurry line from becoming blocked by
larger pieces of material, it is passed through a crushing unit prior to entering the slurry
line. In the separation plant, the excavated material is removed from the transportation
fluid using screens, cyclones and, if necessary, centrifuges. This allows most of the fluid
to be reused.

If the ground contains a high proportion of fine (‘cohesive’) particles, water is often
an adequate transportation fluid. However, if the ground is predominantly a sand or
gravel with few or no cohesive particles, then a slurry must be created to aid transporta-
tion of the excavated material. This is achieved by introducing bentonite (and possibly
polymers) to the water. The name bentonite stems from the place name of Benton in
the United States, where this special clay was found for the first time. As a clay water
mixture, it has thixotropic characteristics: it is like ‘jelly’, that is, a solid at rest, but
when agitated it is liquid.
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It is becoming more common that cutting tools can be changed from ‘behind’ the cut-
ting wheel. Access under atmospheric pressure conditions is possible if the main spokes
of the cutter wheel are large enough for a person to get inside and change the cutting
tools. All works and repairs outside the main spokes and in front of the cutter wheel
have to be done via an airlock. The slurry is replaced by low-pressure compressed air
during this work.

Figure 5.27 shows an example of a 10.6 m diameter STBM as used in Japan. As can
be seen in Figure 5.27a, looking towards the rear of the TBM, slurry machines can be

Figure 5.27 (a) View taken towards the rear of a Mitsubishi 10.6 m diameter slurry machine used
in Japan (note the two slurry pipes at the top right, one for passing the slurry into the
machine, which enters at the top of the shield, and one for removing the slurry and exca-
vated material, which comes from the bottom of the shield) and (b) the full STBM in the
factory showing the cutterhead. (Courtesy of Mitsubishi Heavy Industries Mechatronics
Systems Ltd.)
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Figure 5.28 Mixshield TBM. (Courtesy of Herrenknecht.)

relatively uncluttered and ‘clean’ due to the fact that the excavated material (spoil) is
pumped out without the need for spoil wagons or conveyors.

MIXSHIELD TBMs: Mixshield TBMs are slurry machines that use a submerged wall/pres-
sure bulkhead combination in order to create an air bubble for face pressure control
(Figure 5.28). The submerged wall separates the pressurised front section of the shield
into two areas. The area between the submerged wall and the rear pressure wall is
called the ‘pressure chamber’ (Figure 5.28). The area in front of the submerged wall,
that is, immediately behind the cutterhead, is defined as the ‘excavation chamber’. The
required pressure exchange between the excavation chamber and the pressure chamber
occurs via an opening in the bottom of the submerged wall.

The Mixshield design also allows higher face pressures to be dealt with using a
closed slurry circuit as the mucking system. Mixshield TBMs are now capable of
working under 13 bar pressures or more. This affects not only the thrust required by
the shield, but also the seal systems associated with these TBMs. In addition, there
is also the question of access to the face for maintenance and repair activities under
these elevated face pressures. Systems that reduce the need to access the face are
available, remotely activated standby cutter tools and load detection and wear sensor
systems, for example, but these cannot entirely remove the possible need to enter the
face.

Burger and Wehrmeyer (2008b) compared the torque at the cutterhead for equiva-
lent diameter Mixshield and EPB machines and showed that Mixshield TBMs require
significantly lower torques. For example, above approximately 8 m diameter, an EPBM
requires approximately double the torque as does an equivalent sized Mixshield TBM
(~18,000 kNm compared to 9,000 kNm for a 10 m diameter machine). This is because,
in the case of a Mixshield TBM, the cutterhead is only excavating the ground at the
tunnel face into a suspension-filled chamber, whereas the cutterhead of an EPBM not
only has to excavate the ground but also has to act as a mixing tool inside the excava-
tion chamber, which is completely filled with spoil.
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Burger and Wehrmeyer (2008a) stated that the Mixshield TBM was first used in
1985 on the Herrenknecht S-12 HERA tunnel project in Hamburg, Germany. A list of
projects conducted using Herrenknecht Mixshield TBMs can be found in the compre-
hensive review of this type of machine by Burger and Wehrmeyer (2008a,b). From the
projects listed in this review, it can be seen that the Mixshield has had a large impact on
the development of tunnel construction. There has been a considerable increase in tun-
nel diameters and hence TBMs. The recent preference for multiple lane transportation
tunnels (two and three lane road tunnels) is pushing Mixshield TBMs to beyond 15 m.
Other examples include multipurpose tunnels such as the SMART project in Kuala
Lumpur, Malaysia, which involves both road and water storage usage.

Examples of Mixshield TBMs. Figures 5.29 and 5.30 show examples of Mixshield
TBMs. It is interesting to note that the cutterhead of the Herrenknecht S-108 TBM
used to construct the 4th Elbe Tunnel (Figure 5.30) was equipped with a geophysical
method to help detect boulders and changes in strata ahead of the machine. The system
developed by Amberg and Herrenknecht called seismic soft ground probing (SSP) is
based on seismic reflection techniques and can identify density contrasts in the ground
up to 40 m in advance of the TBM. The system is designed to be used with Mixshields
during excavation, that is, when the fluid pressure is active, to ensure coupling between
the transmitter (source) and the ground. There are a number of receivers placed around
the tunnel face to pick up the reflected signals. Since the introduction of the system, it
has been used on approximately 18 tunnelling projects (at the time of writing).

There are also other ‘see-ahead’ technologies available, all based on geophysical tech-
niques (see Section 2.3.2.1). For example, Smith (2015b) states that Herrenknecht also
have an Integrated Seismic Prediction (ISP) system that uses seismic waves to detect voids
or areas of loose ground, which compares to the SSP system that aims to identify boulders

Figure 5.29 8.160 m diameter, 100 m long Herrenknecht S-192 Mixshield TBM used on the CTRL
project in the United Kingdom, (a) before and (b) at breakthrough. This machine drove
through alluvium, chalk and flints. (Courtesy of Herrenknecht.)
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Figure 5.30 14.2 m diameter Herrenknecht S-108 Mixshield TBM used to construct the 4th Elbe
Tunnel in Hamburg, Germany, (a) before and (b) at breakthrough (length of drive 2.56 km,
through sand, glacial drift, silt, gravel and boulders). (Courtesy of Herrenknecht.)

and other obstructions in the ground (further details on the ISP system are provided
below). In addition, Geo Exploration Technologies have developed their Boretunnelling
Electrical Ahead Monitoring (BEAM) system, which uses a ‘focused-electrical induced
polarisation ground prediction technique’ for detecting effective porosity changes in the
ground, and the system also measures the resistivity of the ground, providing an indica-
tion of hydrogeological ground conditions. There is also a system under development
called Tunnel Look-ahead Imaging Prediction System (TULIPS), which combines data
from electromagnetic radar technology and a seismic source.

The Herrenknecht ISP method has the source and receivers placed behind the tunnel
face (in contrast to the SSP system, which is positioned on the cutterhead). For gripper
TBMs, the source is located on the gripper pads and the receivers are placed around the
source location at approximately 10 m intervals along the tunnel. The geophone receiv-
ers are attached to anchors drilling radially into the ground. For shielded TBMs, the
source is placed closer to the rear of the TBM and the receivers are placed further back,
again spaced at approximately 10 m intervals along the tunnel. The geophone receivers
are again attached to rods, in this case drilled through the tunnel segmental lining.
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The detection range of the ISP system depends on the impact energy, noise level and
number of measurement repetitions, but has a range of approximately 20—-80 m ahead
of the face (up to 120 m in very good ground conditions). Detectability of anomalies
depends on the seismic impedance contrast (impedance = density of the medium x the
velocity of the seismic waves in the medium). The system can detect cavities, water and
air filled, and weaknesses or fault zones from 5 to 15 m in size, with an accuracy of
5-15 m depending on the number of receivers and their locations. Higher resolution
comes with lower detection range and vice versa. As with any geophysical method, it
is useful to back up the ISP findings where possible with other methods, such as the
expected geological profiles, surface measurements and probe drilling. The cutterhead
must be stationary when taking measurements, and therefore measurements are taken
either during ring building or re-gripping to avoid downtime in the TBM progress.

A further example of the Mixshield TBM used on the Istanbul Bosphorus Strait road
tunnel in Turkey is described in Section 8.5.5.

5.5.3.3 Earth pressure balance machines

EPBMs use the excavated material to support the tunnel face during excavation of
the ground. The excavated material enters the plenum in a fluid or plasticised state
after having been mixed with a conditioning agent (Figure 5.31). The plasticised
spoil is removed from the plenum by using an Archimedean screw (screw conveyor)
(Figure 5.32). The screw conveyor is used to remove the excavated material in a very
controlled manner so that pressure is maintained in the plenum. At the same time, the
pressure at the other end of the screw conveyor is atmospheric, that is, there is a pres-
sure drop from one end to the other. This means that the plasticised spoil in the screw
conveyor needs to form a plug to help maintain this pressure differential. The pressure
in the plenum should be high enough to maintain the ground stability and is controlled
by a combination of thrust on the cutterhead and the rate of removal of material from
the plenum via the Archimedean screw. This should be matched against the rate of
advance of the tunnel machine. It should be noted that EPBMs have also been used in
compressed air mode to support the face instead of using plasticised clay.

The ideal material for EPBMs is a fine-grained (‘cohesive’) soil with stiff to soft con-
sistency (I =0.5-0.75, consistency index is described in Section 2.3.3), which extrudes
through the openings of the cutterhead towards the screw conveyor. If the excavated
material does not conform to this ideal, it must then be ‘conditioned’, that is, artificially
altered. This is important as an optimally conditioned material helps maintain pressure
in the plenum and hence transmit the pressure to the face to maintain stability. It also
helps to control the material in the screw which also allows improved control of the face
pressure and settlement control (BTS/ICE 2005). EPB technology has made significant
progress over the past couple of decades. This is particularly so in the area of ground
conditioning which has enabled EPBMs to be used in coarser-grained materials.

Soil can be conditioned using;:

Water

Bentonite, clay or polymer suspension

Foam (surfactants mixed with water and compressed air)
Foam with polymer (the polymer helps stabilise the foam)

Schulkins (2011) states that foams and polymers have different benefits with respect
to ground conditioning in relation to the use of EPBMs. For example, foams help to
improve the pressure transmission leading to better face stability and the presence of air
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Figure 5.31 (a) Longitudinal section through an EPBM. (After Clough, 1983.) and (b) 3D schematic
representation of an EPBM. (Courtesy of Herrenknecht.)

bubbles helps to make the soil more compressible, leading to a more uniform pressure in
the plenum; example benefits of using polymers include improving the plastic behaviour
of the excavated soil, improving the plug formation in the screw conveyor and improv-
ing the deformation behaviour of soils with low fines content.

The conditioning agents are injected via ports mounted across the face of the cut-
terhead. There are also often facilities for the conditioning agent to be injected into the
plenum and even into the screw conveyor casing. However, the most effective injection
point is through the rotating cutterhead as this ensures that the conditioner is mixed
directly with the excavated material. Trial tests to determine the correct conditioning
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Figure 5.32 (a) and (b) The head of the Archimedean screw and (c) conveyor system used in an EPBM
on the Line B metro extension project in Toulouse, France (ground conditions: Toulouse
Molasses, i.e. a hard sandy clay with pockets and lenses of very dense sand).

regime are essential. In granular soils, the conditioning agent must create a stable plas-
tic consistency in the excavated material that will not degrade until the material has
been discharged from the screw conveyor or possibly until it reaches the surface stock-
pile as it is easier to transport the material in this state (BTS/ICE 2005). The condition-
ing for soft cohesive soils will generally prevent the material forming into lumps and
will therefore assist its flow through the plenum and the screw conveyor.

Slump tests, as used for concrete testing, are used to determine the appropriate con-
ditioning of the excavated soil. An optimum slump for EPBMs is in the range 5-15 cm
(BTS/ICE 2005).

Further details on ground conditioning for EPBMs can be found in Schulkins (2011)
and Lewis (2014). Schulkins (2011) offers some useful practical advice on ground con-
ditioning and how to avoid/cope with typical problems that might occur. Lewis (2014)
presents more detailed information on soil conditioning by discussing answers to such
questions as: “Where should the conditioning agent be injected?’; for example, the cru-
cial injection points are at the point of excavation on the cutterhead so that the exca-
vated ground is conditioned as soon as it is excavated; ‘How much should be injected?’;
and “What should be injected?’. The latter two questions ultimately require detailed
trial tests on site, for example, based on the ground to be excavated and the pH and
chemistry of the water used on site, but the article gives guidance on how to do pre-
liminary estimations for designing the machine. As an example, key information for
the amount of conditioning includes the TBM diameter and design advance rate for the
machine, as the amount and rate of excavation will determine the quantity of foam to
be added. In addition, values to be determined include the foam injection ratio (FIR),
that is, the quantity of foam injected as a proportion of the excavated ground (typically
between 30% and 60%), and the foam expansion ratio (FER), that is, the quality of
the foam being injected in terms of the proportion of air to liquid in the foam (typically
between 5 and 30, with the higher the value creating a much drier foam) (Lewis 2014).
In terms of the type of conditioning agent that should be used, this is largely based
on the type of ground to be excavated. For example, coarser materials (e.g. gravels)
potentially require bentonite and possibly filler materials such as limestone dust or fine
sand, as well as polymers to control ‘cohesiveness’, to be mixed with the foaming agent,
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and as the excavated material becomes finer, foam combined with different polymer
types can be used to control such parameters as consistency and avoid clogging of the
machine (Lewis 2014).

Another important issue when operating EPBMs is the face pressure that should be
used. Skelhorn (2011) offers some practical advice on the selection and application of
EPBM pressure settings. Face stability in soft ground is also described in Section 3.3.

EXAMPLES OF EPB MACHINES: Figure 5.33 shows an example of a 9.16 m diameter EPBM
used for constructing the Heathrow Airside Road Tunnel, UK.

Figure 5.34 shows an example of an EPB machine used as part of the CTRL project
in the United Kingdom, which provides a high-speed rail line between London and
the Channel Tunnel. Two similar machines, each measuring 8.16 m in diameter, were
used to construct two parallel tunnels 4.7 km long through Thanet Sand. The internal
diameter of each tunnel on completion was 7.15 m. The cutterheads on these machines
were equipped with 17 inch (432 mm) disc cutters, bits and teeth and could rotate at
0-3 rpm. The shield for this machine consisted of three elements and articulation was
possible between each of these elements. This was important as the machine had to
cope with curved sections during the bore. The total length of each of these machines
was 112 m and each weighed 1100 tonnes.

Further examples of EPBMs used to construct the twin bore Sparvo tunnels in Italy,
the Nanjing Metro in China and the Crossrail project in London, UK are described in
Section 8.5.6.

Figure 5.33 Heathrow Airside Road Tunnel, UK, (a) 9.16 m diameter Herrenknecht S-185 EPBM, (b)
lowering the EPBM into the starting shaft, (c) breakthrough and (d) the completed con-
crete segmental lined tunnel. (Courtesy of Herrenknecht.)
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Figure 5.34 (a) 8.16 m diameter EPB machine used on the CTRL project in the United Kingdom and (b)
schematic longitudinal section through this machine. (Courtesy of Aker Wirth.)

5.5.3.4 Choice between slurry or EPB TBMs

Notwithstanding the development of multimode TBMs (described later in Section
5.5.4), it is often the case that a single-operation machine is still used and therefore a
decision has to be made between slurry and EPB machines, assuming face support to
stabilise the ground is required. This choice is critical and does not only include the
ground conditions. The experience of particular contractors, the logistics and configu-
ration of the works, and the requirements to meet the client’s specification also play a
factor in the choice (BTS/ICE 2005). With respect to the ground conditions, it is likely
that these will fall between more than one optimum range for each type of TBM and a
compromise is required in the choice of machine, unless a multimode machine is cho-
sen. However, even if a multimode TBM is chosen, the operating parameters for the
different modes of operation need to be understood.

Biggart (2011) discusses the issues affecting the choice between slurry and EPB
TBMs. However, the issue of particle size distribution and ground movement control
are briefly discussed below.
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PARTICLE SIZE DISTRIBUTION: A general indication of which ground conditions are appli-
cable to STBMs (slurry machines) and EPBMs based on the particle size distribution of
the ground is shown in Figure 5.35.

According to BTS/ICE (2005), the key to STBM operation is the separation plant
and therefore loose water-bearing granular soils are ideal for these machines. STBMs
have problems coping with silts and clays. If the amount of fines (particles smaller than
60 pm or able to pass through a 200 sieve, BSI 2002) is greater than 20%, then the use
of an STBM becomes difficult, although still possible. This is because the finer the soil,
the more difficult it is to separate the soil from the water to, firstly, enable reuse of the
Bentonite used to help transport the excavated material from the face and, secondly, to
reduce the water content of the spoil that has to be taken off site. With respect to the
latter point, the greater the water content of the spoil, the greater the volume and hence
the higher the disposal costs, as well as making the spoil more difficult to transport
in regular trucks. Information on the separation plant used on STBMs is provided in
Section 5.11.2, in relation to TBMs used on pipe jacking projects.

In contrast, EPBMs operate more effectively in silty ground, which help to form a
plug in the screw conveyor and also aid the control of water inflow. If the fines content
in the ground drops below 10%, then the operation of EPBMs potentially becomes
more costly due to the need for greater quantities of soil conditioners.

In terms of the hydraulic conductivity of the ground, a general rule is that a ground
hydraulic conductivity of 10~ m/s is chosen as a point of selection, with STBMs appli-
cable to ground with higher hydraulic conductivity and EPBMs to ground with lower
hydraulic conductivity (BTS/ICE 2005).

GROUND MOVEMENTS: Both types of machine are able to control ground movements to
very tight tolerances as long as they are properly used. Willis (2011) describes how to
minimise the settlements caused by EPBMs and states that it is the resulting damage
caused by the settlements that projects seek to minimise as it is not possible to achieve
zero settlements.

Smith (2014a) describes a particular part of the Crossrail project in London where it
passed under the River Thames in London, and states that although EPBMs were used
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Figure 5.35 Graph of soil particle distribution curves related to the choice of EPB and slurry machines
(STBM). (After BTS/ICE 2005, used with permission from ICE Publishing.)
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for most of the drives on this project, for this section slurry (Mixshield) TBMs were cho-
sen (Figure 5.36a and b). This was based on a detailed risk assessment for this part of the
contract that showed that the Mixshield would more effectively mitigate the risks in terms
of time and settlement, the two most important aspects for this project. The fact that the
Mixshield has two chambers (one filled with slurry and the other partly filled with an air
bubble) gives a much greater control of the face pressure, that is, allowing finer pressure
control compared to an EPB. This was particularly helpful at the start of the drive where
the machines were only at a depth of 7 m in poor ground conditions of sand and gravel,
and so there was a need for better control of the face pressures. Rengshausen et al. (2014)
also described this project and included the risk assessment matrix on which the choice to
use the slurry shield was based. They also stated that a critical aspect was the tidal effect
from the Thames, which required very accurate adjustment of the face support pressure.
Further details of the Crossrail project can be found in Section 8.4.

Further details on the ground movements caused by tunnel construction in soft
ground are provided in Section 7.1.

5.5.4 Multimode TBMs

In order to overcome some of the problems associated with TBMs with respect to
changing ground conditions, efforts to develop TBMs that can operate in a number
of different modes have been made, for example, slurry and open face, EPB and open
face or a combination of all these. This type of TBM allows tunnels to be constructed
in increasingly challenging ground conditions using TBMs that previously would have
been seen as too high risk. Burger (2014) and Bappler (2016) provide a good overview
of these machines and the different options for converting the machines between the
different modes. It should be pointed out, however, that you cannot just ‘press a but-
ton’ to change modes (although this will no doubt happen in due course). Depending on
geology and the modes you need to change between, major or minor parts within the
machine have to be replaced, which can take shifts/days/weeks to complete. Hence, you
only want to do this once or twice along the tunnel alignment where significant changes
in geology are present. A few examples of where multimode TBMs have been used are
presented in the remainder of this section.

An example of the use of multimode TBMs was on the CTRL project in London,
UK, where the EPB machines supplied by Kawasaki and Lovat (contracts 220 and

Figure 5.36 (a) and (b) 7.08 m diameter Mixshield TBMs (S731 and S732, respectively) used on
the Crossrail project to tunnel under the River Thames in London, UK. (Courtesy of
Herrenknecht.)
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250, respectively) were designed to work in both ‘open’ (non-EPB in London Clay) and
‘closed’ EPB mode in the more variable water-bearing ground with water pressures up
to 3 bar (Woods et al. 2007).

A Herrenknecht multimode machine was used on the 10.1 km long A86 highway
tunnel in Paris, France. The tunnel design was for a two-deck tunnel with three lanes
on each level. This 11.57 m external diameter machine tunnelled through the entire
spectrum of geological formations under Paris, including marl, chalk, clay, limestone
and sands of the Seine river basin, as well as three different groundwater levels (BTS/
ICE 2004). The TBM had to operate in different modes as described by Burger and
Wehrmeyer (2008b):

As a slurry shield with slurry supporting the face

As an EPB shield with face support provided by the conditioned spoil

In semi-EPB, or compressed air, mode

In open mode (spoil discharged via the screw conveyor, but with a non-pressurised
excavation chamber)

The Klang Valley MRT Project, Kuala Lumpur, Malaysia (European Foundations
2015, Unitracc 2015, Bappler 2016) involved the construction of 9.5 km of two single
track tunnels for a new metro line. The project started in May 2013 and the tunnelling
was completed in April 2015. The ground conditions involved very heterogeneous geol-
ogy, in particular a karst limestone formation with caverns connected by a network of
crevices and fissures, and also high groundwater pressures.

Owing to the variability of the ground on this project and the potential to lose face
support slurry into the fissures and crevices, a multimode (variable density) 6.62 m diam-
eter TBM was designed for the project. Figure 5.37a shows one of six variable density
TBMs used on this project and Figure 5.37b shows one of the TBMs at completion of a
drive. The Variable Density TBMs were able to combine the advantages of EPB and slurry
(Mixshield) machines. In addition, to help prevent loss or leaking of bentonite slurry into
the ground, the density of the support medium could be increased. Therefore, in the slurry
mode, the machines could use a low density support medium and a high density support
medium. This enabled the slurry mode to be used in a much greater variety of ground con-
ditions, therefore closing the gap between the ground conditions where slurry and EPB can
be used. The higher density medium was created by adding limestone dust to the slurry.
Figure 5.37c and d shows the EPB and slurry modes of operation, respectively, where con-
version between these two modes could take place with only minor modifications.

The Robbins Company has also developed a series of multimode TBMs which it calls
‘Crossover’ TBMs. This series of machines consists of the ‘XRE’, which is a rock/EPB
machine, the XRS, which is a rock/slurry machine and the XSE, which is a Slurry/EPB
machine.

An example of the use of an XRE TBM was in Mexico City where an 8.7 m diameter
machine was used to construct a 5.8 km long wastewater tunnel (Figure 5.38). This
tunnel passed though variable geology with cover depths ranging from 8 to 170 m.
The geology consisted mainly of andesite rock with bands of tuff, and softer material
in fault zones, as well as an 874 m long section in soft ground at the end of the tunnel.
The decision to use an XRE TBM was to get the best performance in both the hard and
mixed ground zones. The TBM also included a probe drill and pre-grouting capability
to enable ground consolidation if required. It also had gear reducers to allow the torque
and revolutions per minute to be adjusted to suit the ground conditions, particularly
within the different modes of operation. As mentioned previously, one of the important
issues with these multimode TBMs is that it takes time to convert from one mode to
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Figure 5.37 Klang Valley multimode 6.62 m diameter TBM, (a) the TBM cutterhead in the factory, the
excavation chamber (plenum) is also shown together with the end of the screw conveyor,
(b) the TBM completing a drive, note the ground it is driving through, (c) the TBM working
in EBM mode and (d) the TBM working in slurry mode showing the slurry line connections.
(Courtesy of Herrenknecht.)

Figure 5.38 Breakthrough of an XRE TBM (8.7 m diameter) in Mexico City used to construct a 5.8 km
long wastewater tunnel. (Courtesy of The Robbins Company.)
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another, that is, construction has to stop while this takes place, and hence this conver-
sion should only be done when absolutely necessary (Robinson 2016).

A further example of the use of a Robbins XRE TBM was to construct the Grosvenor
Decline Tunnels (i.e. tunnels driven from close to the ground surface progressively get-
ting deeper) as part of a coal mining project in Queensland, Australia. Further details
on this project are provided in Section 8.5.7.1.

In addition, Section 8.5.7.2 describes the use of a Herrenknecht multimode TBM
used to construct the water intake tunnel (No. 3) under Lake Mead in the United States.

There will no doubt be further developments in the area of multimode TBMs as tun-
nels are constructed in more challenging and variable ground conditions.

5.5.5 Non-circular TBMs

Most TBMs have a circular shape; however, this can be wasteful in terms of the amount
of excavated material, particularly for road and rail tunnels where the invert is partially
filled in again once the tunnel has been built. Non-circular TBMs have been around for
a number of years in various forms (Kawai and Minami 2001); however, they are still
not very common.

A recent example of a non-circular TBM is the jacked box EPBMs produced by the
China Railway Engineering Equipment Group Co. (see Section 5.10 for further details
on jacked box tunnelling). These jack box EPB machines were used to construct the
Zhongzhou Avenue Undercrossing Tunnel in China (Smith 2015d, Han and Jia 2016).
This tunnel consisted of four separate tunnel sections constructed side by side, with a
spacing of less than 1 m, and each 105 m long (total tunnelled length was 420 m). The
two central tunnels had outside dimensions of 10.12 m x 7.27 m and the two outer tun-
nels had dimensions of 7.52 m x 5.42 m (the two central tunnels are for motor vehicles
and the outer tunnels are for pedestrians and motor cycles). The TBMs used on this
project are shown in Figure 5.39a, and Figure 5.39b shows one of the TBMs being
launched. The cover depth above the tunnels varied from 3.2 to 4.0 m.

The ground conditions on this project were a weak permeable silt and silty-fine sand,
with the groundwater level at 8 m below the ground surface. The ground condition-
ing for the EPBMs involved foam and water in order to produce the required spoil
consistency. The machines were able to control the ground surface settlement to below
30 mm. Bentonite was pumped through ports on the outside of the shield and also
through ports on the concrete box sections that were jacked in behind the shield, to
reduce the friction with the ground (Figure 5.39¢). The machines achieved rates of
between 2 and 4 m/day. Figure 5.39d shows the breakthrough of one of the TBMs.

5.6 Drill and blast tunnelling
5.6.1 Introduction

Drill and blast is a method of ground excavation widely used for tunnel construction
and is used as part of the tunnelling methods often referred to as either ‘conventional
tunnelling’ methods (ITAtech 2016¢) or ‘Cyclic tunnelling’ methods (FHWA 2009)
when referring to tunnelling methods not involving a TBM.

Drill and blast excavation can be used in geology ranging from hard rock with low
strength, for example, marl, loam, clay, gypsum, chalk, to the hardest rocks, such as gran-
ite, gneiss, basalt or quartz. Owing to this large range of possible usage, drill and blast can
be advantageous for very changeable ground conditions. The drill and blast work and the
extent of the tunnel support can be adjusted with every heading advance if required.
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Figure 5.39 (a) Non-circular jacked box EPBMs used on the Zhongzhou Avenue Undercrossing Tunnel
in China, (a) in the factory, (b) being launched, (c) during construction showing the benton-
ite lubrication injection system and (d) at breakthrough. (Courtesy of the China Railway
Engineering Equipment Group Co.)

In addition, tunnelling by using drill and blast is often preferable to TBM or road
header tunnelling if, for example, the tunnel is relatively short so that the high investment
costs needed for a tunnelling machine are not economic, or when the ground hardness
is very high so that a high wear of the cutter tools leads to an uneconomic application of
the machine. Other reasons for using drill and blast for excavating a tunnel can be when
a cross-sectional profile is required that differs from a circle, or when a very large tunnel
profile is required which does not allow the application of a tunnel machine for techni-
cal or economic reasons. As with all tunnelling types, tunnelling using drill and blast is
principally most economic when it is continuous and similar work processes are used.
Therefore, when planning a tunnel, it is beneficial to split the tunnel into sections where
the same advancing schema and the same tunnel support intensity can be used. During
drill and blast operations the individual job processes are mainly conducted sequentially,
which in general results in a slower tunnelling speed compared with TBM tunnelling.

Ground vibrations need to be considered when using drill and blast for the excava-
tion of a tunnel, especially in urban areas, as these can affect surface and subsurface
structures (and humans). It is therefore important to make predictions of the likely
effect (possibly by conducting blasting trials as part of the site investigation) and to
carry out monitoring during the construction works (New 1990). An example of the
issues related to the effects of blasting during a shaft construction, including vibrations,
is given in Section 5.6.5.3. Further details on the regulations and legislation relating
to blasting-induced vibrations in Europe can be found in ITAtech (2016b). ITAtech
(2016b) also highlights the importance of careful planning and construction operations
when using drill and blast tunnelling in urban areas.
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When carrying out drill and blast, the order of the processes generally consists of the
following cycle: drilling, charging (including adding the detonator), stemming, blasting,
ventilation, mucking (spoiling) and supporting. Each of these components is described
in the following sections.

Further details on rock blasting and drill and blast tunnelling can be found in Hopler
(1998), Persson et al. (1994), Holmberg (2000, 2003), Maidl et al. (2013) and Hemphill
(2013).

5.6.2 Drilling

In order to create the drill holes, which are needed to take the charges, rubber tyred
drilling carriages are usually used as these have relatively high driving speed and are
manoeuvrable, that is, they need to drive to the face and then return to a safe dis-
tance (Figure 5.40). Nevertheless, tracked drilling carriages are also an option. From
a practical point of view, the same drilling carriage should be used when placing the
support anchors. Drill carriages carrying two to four hydraulically operated booms
are commonly used (Figure 5.41). The speed of drilling is approximately 1-5 m/min.
These booms serve to provide exact positioning of the drill hammer. This is essential
in order to achieve a successful blast, as the exact position of the boreholes is crucial.
A computer navigated drilling vehicle (jumbo) is therefore used as this makes a fast
and exact positioning of the booms possible, and it also guarantees a uniform depth of
drill hole even for a strongly jointed or uneven face. The drill holes are normally drilled
10% (commonly 20 cm) longer than the desired advance length in order to ensure that
the advance length is achieved as the rock is not always completely blasted over the
total drill hole length. In very small tunnels, that is, 4-5 m?, handheld rock drills,
sometimes with air legs, may be used. Examples of the drilling operation are shown in
Figure 5.42a—c.

The diameter of the drill hole has to be chosen so that the necessary blasting charge
can fit into it, and this blasting charge fills the cross section of the drill hole tightly.
Possible drill hole diameters range from approximately 30 to 100 mm, with the most
common diameter being 40-50 mm. The number of drill holes required depends on
many factors. Among these are the ‘blastability’ of the ground and the size of the exca-
vation profile. The number of drill holes per square metre reduces as the cross section
increases. In general, the number of drill holes per square metre does not fall signifi-
cantly after approximately 30 m2. For profiles in the range of 60-70 m?2, the number
of drill holes, depending on the blastability of the rock, is between 1 and 2 per square

Figure 5.40 Example of a rubber tyred drilling carriage ‘jumbo’ as used on the second tube of the
Katschberg Tunnel, Austria (details are provided in Section 4.3.3).
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Figure 5.41 (a) Twin-boom hydraulic drill rig and (b) four-boom hydraulic drill rig. (Courtesy of Atlas
Copco.)

metre of the excavation area (see Figure 5.51a). In addition, the number of drill holes
is influenced by the advance length, the type of charge used (see Section 5.6.5.2 on
the power of the charge) as well as the shape of the charge, that is, the diameter of the
cartridge. It is very important not to drill into sockets left from the previous round of
blasting as they may contain traces of unexploded explosives and hence could be very
dangerous.

5.6.3 Charging

Charging is the insertion of the explosives into the drill holes. More details on the dif-
ferent types of explosives are given in Section 5.6.5.2. An example of an explosive pack-
age (in this case an emulsion charge cartridge) is shown in Figure 5.43. This particular
charge comes in package sizes ranging from 40 x 300 to 90 x 400 mm.

The explosive material exists as a cartridge, an emulsion or as a powder. Powder
explosive can be blown into the borehole using pressurised air. This type of loading is
fast and the explosive fills the drill hole completely, resulting in a good explosive effect.
Nevertheless, the use of powdery explosive is uncommon in tunnelling as loading the
mainly horizontal drill holes can be problematic. In addition, powder explosive is not
water resistant.

Emulsion explosive can be pumped in depending on its consistency. Similar to powder
explosives, the loading is quick and the drill hole can be completely filled. Furthermore,
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Figure 5.42 Examples of drilling blasting holes, (a) and (b) for an emergency cross-passage, Katschberg
Tunnel, Austria and (c) for the Spillvatten Tunnel, Goeteborg, Sweden (an 8 km sewer tun-
nel, cross-sectional area || m?, ground included granitic gneiss).
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Figure 5.43 Example of a charge package (DYNO® TX, courtesy of Dyno Nobel Inc.)

these explosives are generally very water resistant. A special vehicle is necessary to
transport the explosive to the face and to pump it. The pump is computer controlled,
which guarantees that each hole is filled with the required predefined amount of explo-
sive. The vehicle is expensive, but this method is very time efficient and safe. Examples
where pumped explosives have been used are on the Katschberg Tunnel, Austria and the
Spillvatten Tunnel, Sweden (details of this tunnel are provided in Section 5.6.2).

The type of explosive used most commonly for tunnelling is the cartridge type charge
as it is easy to handle (see Section 5.6.5 on detonation). However, the loading of a car-
tridge explosive into the drill hole is time consuming because any loose material within
the hole has to be carefully removed and the charges have to be guided by hand to the
end of the drill hole with the aid of a ‘charging’ pole. Depending on the requirements of
the explosive, a load column consists of a number of cartridges which are approximately
12.5-70 cm long. Depending on the length of the cartridge, they can have a diameter
of approximately 2-12 cm. A compromise has to be found, as the cartridge should be
guided easily into the drilling hole, but needs to fill the drill hole completely to avoid the
cartridge being surrounded by air, which lowers the blasting effect. The diameter of the
cartridges is usually 5-15 mm smaller than the diameter of the drill holes.

5.6.4 Stemming

Stemming seals the drill hole and acts to retain the explosive gases within it, thus pre-
venting them escaping into the tunnel. It also allows these gases to act without any
energy losses onto the wall of the drill hole. It has been discovered that for the explosive
used in tunnelling, the stemming does not have an improved effect for a long charged
column. The inertia of the molecules within the air column in the drill hole (in relation
to the very high detonation speed) is sufficient to act as the stemming. Another reason
for using stemming is to prevent any unexploded charge from being discharged out of
the drill hole.

Stemming of the drill hole is also used to reduce dust. For this purpose, water stem-
ming cartridges, or even better calcium chloride stemming cartridges, can be used.
The thin-walled casing of the cartridge bursts during the detonation so that water or
calcium chloride powder can bind with the dust. Nevertheless, the dust binding effect
of the charge is not a primary requirement in tunnelling. Therefore, the decision is often
taken not to use stemming, in order to save cost and time.

5.6.5 Detonating
5.6.5.1 Detonating effect

At the point of detonation, the explosive is compacted and goes through a very rapid
and high intensity chemical reaction (up to about 8000 m/s). High temperature and
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high pressure create a large volume of gas (gas cloud). The fast flowing gas cloud col-
lides with the wall of the drill hole. The force of the impact of this detonation causes the
ground to be locally crushed and also leads to the development of cracks. The expan-
ding gas cloud surges into the cracks and bursts open the ground. The gas pressure does
the majority of the work during detonation. The following example should demonstrate
the extremely high power developed during the detonation of an explosive (Wild 1984).
The engine of a car with, for example, a capacity of 1166 cm? has a power of 41 kW
1 cm? of nitroglycol creates, when detonated, 74 x 106 kW. This only occurs, however,
for a very short detonation time, in the order of microseconds.

The higher the energy/strength of the explosive, the higher the detonation force and
the higher the crushing effect of the charge on the surrounding area (Figure 5.44). The
energy/strength is the ability of an explosive to break or shatter by shock or impact, as
distinct from gas pressure. The rock blasting strength of an explosive is dependent not
only on the properties of a particular explosive, but also on the properties of the ground
that surround the charge. The more energy expended in deforming and crushing the
ground close to the drill hole wall, the less energy is left for subsequent fracturing and
acceleration of the major part of the blasted rock (Persson et al. 1994). Thus, in hard
rock, a high detonation force is required. However, in softer rocks, a lower detona-
tion force is required, that is, the explosive relies on the development of cracks and the
expansion of the gas cloud, so that the size of the debris fragments created is not too
small as this can lead to difficulties with the spoil. Furthermore, large unnecessary
crushing can be avoided and the development of dust can be limited.
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In contrast to the ignition of fuel, the oxygen required is contained in the explosives
so that once set off, the detonation cannot be influenced or regulated through, for
example, the regulation of the oxygen supply.

5.6.5.2 Types of explosive

Examples of some of the different types of explosives used in tunnelling are presented
below.

GELATIN-DYNAMITE EXPLOSIVES: As a type of gelatin-dynamite (gelignite) explosive,
ammonium nitrate explosives should be mentioned. As with all explosives, they con-
sist of a mixture of easily burnable carbon links with oxygen carriers. Commercial
explosives of this type contain approximately 50% ammonium nitrate and 18%-—
40% gelatine of nitroglycol, nitrotoluol connections and collodium wool, so that
they are malleable and plastic. The available energy increases with an increased
gelatine content. These explosives have a high strength and, at the same time, have
a large gas cloud volume, are water resistant and are safe to handle so that they can
be transported by road or rail as long as they comply with relevant regulations. ‘Safe
to handle’ means that the explosives are insensitive to mechanical and temperature
effects (i.e. impact, friction, heat, frost) and also to unintentional explosion. Such
explosives are also called safety explosives.

Gelignite explosives have a detonation speed of approximately 6500 m/s and
achieve a gas cloud volume of between approximately 800 and 860 litres/kg. They
are used in cartridge form and, owing to their water resistance, can also be used in
wet drill holes.

In summary, gelatin-dynamite explosives have the following characteristics:

High-energy concentration

High crushing capacity

Good detonating transfer

High density (sinks well in water-filled drill holes)
Cartridge can be split

Very good water stability

High plume (gas) volume

EMULSION EXPLOSIVES (DETONATING SLURRIES): As an alternative to gelignite explosives,
explosive slurries can be used. The energy/strength of the explosive slurry is not quite
s0 high (detonation speed of up to approximately 5700 m/s), but the gas cloud volume is
1000 litres/kg of explosive and thus slightly above the value for the gelignite explosives.
Emulsion explosives can be pumped depending on their consistency. However, for tun-
nelling, it is mainly used in cartridge form. Explosive slurries are also very water resis-
tant and safe for handling, which is also demonstrated by their ability to be pumped.

An example of a detonator sensitive emulsion in cartridge form is the DYNO®AP
cartridge type charge, which ranges in size from 25 x 300 to 75 x 400 mm. Its esti-
mated detonation pressure is 63 kbars with a gas volume of 41 moles/kg and a velocity
of 4700 m/s.

In summary, emulsion explosives have the following characteristics:

e Small percentage of toxic fumes in the detonating plume
*  Good water stability
e Solid charges allow easy handling
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In summary, pumped emulsion explosives have the following characteristics:

No explosive component and hence safe to handle

No toxic components

Drill and blast using large drill holes containing water are easily possible

Full utilisation of the drill hole volume

Very efficient loading process possible due to the pumping of the emulsion explosive

POWDER MATERIALS (BLASTING AGENTS): Ammonium nitrate—carbon carrier explosives
(ANC or ANFO) are powder explosives. Approximately 6% diesel oil is added as
a fuel to the porous and absorbable ammonium nitrate. This composition renders
the explosive, among other things, able to run, very safe to handle (it can be blown
in) and gives it more of a crushing effect, which means a low detonation speed of
approximately 2500-3000 m/s and a high gas cloud volume of nearly 1000 litres/kg.
Powder explosives are generally not water resistant. They only find limited application
in tunnelling.
In summary, powder (ANFO) explosives have the following characteristics:

For use in dry boreholes

Initiation is with an amplification charge
High plume (vapour) volume

Good exploitation (use) of the borehole
High toxic fumes

5.6.5.3 Detonators

A requirement of safety explosives is that they do not detonate easily and they should
only do so intentionally. Charges are therefore required to set off the explosion, which
themselves contain explosive material — these charges are called detonators.

There have been significant advances in the type of detonator since the invention of
the mercury blasting cap by Alfred Nobel in 1865. In the 1880s, the electric detonator
was invented. With this type of detonator, the electrical circuit is closed, the contact-
element heats the filament bridge and this ignites the primer material (Figure 5.45a). In
the first half of the twentieth century, several developments took place, culminating in
the millisecond delay detonator in the 1940s. Electrical detonators have many advan-
tages, such as total control of the initiation time, reduction in the air blast and ground
vibration and better blasting results with the delays, which is particularly important in
tunnel blasting. However, they have a serious disadvantage with respect to the risk of
premature detonation due to extraneous sources of electricity, for example, lightning,
static stray currents and radio frequency energy. This severe disadvantage has led to a
reduction in usage of electric detonators in tunnelling and they are not allowed in tun-
nelling in certain countries, for example, Sweden.

At approximately the same time, the detonator cord (Figure 5.45b) was developed,
which is safe for use in extraneous electricity environments, has no limitation with
respect to hole size and is inexpensive. However, it causes a ‘noisy’ initiation, requires
a large amount of cord movement and disrupts the stemming column when down
the hole. This drove the need to find alternative initiation systems and non-electrical
detonators were brought to the market in the early 1970s. Instead of electric wires,
a hollow plastic shock tube delivers the firing impulse to the detonator, making it
immune to most of the hazards associated with stray electrical current (Figure 5.45¢).
Non-electrical detonators can use a small diameter shock tube, which consists of
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Figure 5.45 Details of detonators, (a) cross section of an electric detonator timer, (b) cross section of
a detonator cord and (c) non-electrical detonator.

a three-layer plastic tube coated on the innermost wall with a reactive explosive
compound. When initiated, this propagates a low energy signal, similar to a dust
explosion, at approximately 2000 m/s along the length of the tubing with minimal
disturbance outside of the tube. This type of detonator finds many applications in
tunnel construction. The main disadvantage is its cost. Most recent developments
have focused on electronic detonators, which achieve the delay electronically and
not pyrotechnically. Their main advantages are a higher precision, improved blasting
and a reduction in the air/ground vibration as the initiation is controlled by a com-
puter. However, the cost per detonator unit is increased and they require intensive
user training. These disadvantages have to be overcome before they find widespread
application in tunnelling.

Figure 5.46 shows the detonators and blasting cord used in the Katschberg Tunnel,
Austria.
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Figure 5.46 Detonators and blasting cord as used on the Katschberg Tunnel, Austria.

Thomas and Reynolds (2011) report on the construction of a shaft as part of the
West Island rail extension in Hong Kong. The 14.5 m diameter 30 m deep shaft was
constructed using drill and blast but, owing to the urban setting for this shaft, there
were stringent limits on vibration (5 mm/s PPV measured at a sensor 36 m away, where
PPV is peak particle velocity, i.e. the maximum instantaneous particle velocity at a
point per unit time) and air overpressure (AOP) (limited to 120 dBL). The AOP (or air
concussion) is a measure of the pressure over atmospheric pressure, and although it can
be given in units Pa, in many cases, it is measured in units dBL, that is, decibels (linear
scale) (Richards 2008).

Traditional nonelectric detonators were not accurate enough for this project in terms
of the initiation timings of the detonator, as there was not enough fine tuning control
of the blast. Therefore, electronic detonators were used as these could be assigned a
specific initiation time controlled by a small circuit inside the detonator. This produced
much more accurate timings and was critical to meet the PPV and AOP limits set on
the project.

In order to help control the blast effects on this project, that is, dust and help keep
within the AOP limit, water ballast was used on top of the blast face (soil ballast can
also be used). The initial blast produced 2.1 mm/s PPV and 114.4 dBL with no notice-
able dust or blast fumes. Initially, 300 drill holes to 1 m depth were used and produced
a pull of 0.8 m (depth of excavation). By the end of the shaft construction, up to 2 m
pulls were being obtained.

For the drill and blast tunnelling leading off this shaft, nonelectric detonators were
generally used except in sensitive areas where low PPVs were required and electronic
detonators were again used.

5.6.5.4 Cut types

A cut type is equivalent to the drill hole pattern in the tunnel face, with the drill holes
potentially having different lengths and angles. Different cut types are available, result-
ing in different collapse mechanisms. The explosive effect is greater when there is more
free surface on which a detonating load can act. Normally in the tunnel, there is only
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Figure 5.47 Example of a face ready to blast in the Heidkopf Tunnel, Germany.

one free surface, the face. Therefore, the main rule of drill and blast states that in order
to achieve the greatest blasting effect, the individual charges have to create free surfaces
for each other. Hence, they should detonate in a defined spatial and timely sequence.

Generally, cuts can be differentiated to be either parallel or angular. In parallel cuts,
the drill holes run parallel to the tunnelling direction and at right angles to the face. For
angular cuts, the drill holes are placed at an angle to the tunnel direction, the existing
free surface or the surface that needs excavating.

Figure 5.47 shows an example of a face ready to blast, including the drill pattern
used.

The following describes a few examples of collapse arrangements used in tunnelling.

WEDGE CcUT: With this angular cut, a wedge is detonated out of the centre of the face
and after that the remaining part of the advance length is detonated. The wedge can
be positioned vertically or horizontally (or at an angle depending on the layering of the
ground) as a single or staged wedge. Figure 5.48 shows a wedge cut. The cross-sectional
area is 92 m? and the diameter of the drill holes is 51 mm. The numbers next to the drill
holes show the detonation sequence.

If timed detonators are used, the charges detonate in a space of 20-30 ms (millisec-
ond effect). This short-time sequence is sufficient in order to create free surfaces for the
consecutive charges starting from the wedge and to achieve an advantageous blasting
effect. Since the drill holes are not allowed to run into each other, very precise drilling
is required. In tunnelling, the detonation charges are generally ignited at the tip of the
drill hole furthest away from the face. This results in the greatest detonation power.
The detonated ground can be thrown over significant distances, and hence a minimum
safety distance of 200-300 m from the face should be maintained. In order to avoid
large pieces of rock being scattered too far, a crushing drill hole, that is, a drill hole with
no explosive, can be placed in the middle of the wedge.

FAN cUT: The fan cut is also an angular cut. For this arrangement, several drill hole
rows are placed in a fan shape. They have different lengths and are generally positioned
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Figure 5.48 Example of a wedge cut drill hole pattern (triple staggered wedge cut with a horizontal
wedge arrangement).

against the invert (Figure 5.49a). There are several other basic forms of angular cuts
which are randomly applied in tunnelling (e.g. a conical cut). Furthermore, the basic
forms can be combined (e.g. a combined wedge and fan cut). Common to all angular
cuts is the small amount of explosive material required and the small number of drill-
ing metres, which is particularly true for the fan cut. Generally, the drilling works are
more complicated for angular cuts as the angular positions of the drill holes have to be
precise and the drill carriage has to be frequently repositioned. If the drill hammer on a
drill carriage cannot be placed at the desired position or if the advance length does not
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Figure 5.49 (a) Fan cut and (b) parallel drill hole method (the numbers against the drill holes indicate
the order of blasting).

allow the required angle due to the cramped conditions in the tunnel, a shorter advance
length has to be accepted.

PARALLEL DRILL HOLE CUT METHOD: The characteristic for this cut is that the drill holes
are the same length and obviously parallel to each other. The positioning and the dis-
tance of the drill holes in the middle are important for a successful detonation result.
They should be arranged symmetrically and mirrored and, depending on the type
of explosive and ground, not lie further apart than approximately 30-50 cm (Figure
5.49b). The parallel drill hole method is applicable for ground conditions of lower hard-
ness and toughness.

Owing to significantly simplified drilling works, parallel cut arrangements are often
used in tunnelling. The drill holes can be drilled from one position using the drill car-
riage and are the same length for most parallel cut arrangements. There is no inter-
ference between the drill hammers for a multi-armed drill carriage due to angling.
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However, it is important that the drill holes are exactly parallel in order to ensure the
success of the explosion. The drill carriages have to be constructed so that the drill
hammers can be positioned quickly and reliably in parallel. The blasting effect for the
parallel drill hole method relies mainly on a crushing effect. Therefore, there are higher
requirements for the blasting material, smaller pieces of rock are produced and the
debris is thrown greater distances. The last two points can be influenced by a suitable
choice of millisecond detonators and, in particular, by omitting individual time steps.
In order to achieve an economic detonation effect when using a parallel cut, it is neces-
sary to use millisecond or half-second detonators and the detonation should start from
the deepest end of the drill hole. With small cross sections, there is usually no other
choice than a parallel cut pattern accompanied by unloaded drill holes, as described in
the next section on the ‘Burn cut’.

BURN CUT: This is a closely spaced group of boreholes drilled parallel to the direc-
tion of advance and perpendicular to the existing face (Figure 5.50). The pattern of
boreholes contains both heavily loaded and unloaded holes (Figure 5.50), with the
unloaded holes sometimes being drilled at a larger diameter than those loaded with
explosive. The empty holes provide a free face for reflection of shock waves. It is
important that these holes are accurately drilled and parallel to each other in order
to achieve good blasting results. This arrangement of boreholes is most commonly
blasted near or at the centre of the face to break a roughly circular opening. The bore-
holes that surround this cut area are detonated with millisecond delays and break into
this newly created opening. This helps to create a satisfactory advance length or ‘pull’
for the face.

SMOOTH CUT DETONATION TECHNIQUE: The smooth cut detonation technique, also
known as perimeter control blasting or contour blasting, is also a precision detona-
tion technique. For this technique, the perimeter holes, which are closest to the edge
of the tunnel circumference, are drilled with small spacing and are only loaded with
a small amount of explosive. These holes are called trimmers or outer shots and are
generally triggered last. The aim is to minimise overbreak and trim the sides of the
excavation to the shape and size required. This is particularly important in tun-
nel blasting as the ground itself is generally part of the permanent structure, and is
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Figure 5.50 Example of the burn cut positioned close to the centre of the face showing examples of
the loaded and unloaded drill hole pattern.
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expected to remain stable and support itself. By creating cracks or opening up joints
in the ground by overblasting at the perimeter, the ground may lose all or part of its
self-supporting properties, thus ultimately requiring additional reinforcement and/or
support. Often, a blasting fuse is used as a light explosive load. However, in Sweden
and other Scandinavian countries, small diameter cartridges (11-22 mm) are avail-
able with a light enough explosive property to prevent damage during smooth blast-
ing. In Figure 5.48, the drill holes numbered 16 and 17 and shown as open circles
are the trimmer shots. In addition, the detonation sequence in Figure 5.48 is chosen
so that the drill holes 12-15 opposite to the trimmer shots are only detonated after
50-100 ms. Therefore, the previous and following loads do not build on each other
as would generally be the case for the use of millisecond detonators (with detonation
steps of 20-30 ms).

Another advantage of smooth cut detonation is that the time required for any over-
excavation and secondary profiling can be limited. Over-excavation is the term used
when too much rock is excavated for the required profile (over-profile) and secondary
profiling is necessary when the ground is still encroaching into the profile (under-pro-
file). The costs for the drilling works and the explosive material are higher for smooth
blasting, but overall the advancing costs should be less (e.g. through savings made on
support measures).

An alternative to the smooth cut method is pre-splitting, whereby the perimeter holes
are blasted before rather than after the main blast. The theory is that small cracks
form between the perimeter holes and create a plane of broken rock between the holes.
However, the cracks frequently veer off in the direction of some preexisting weakness
within the ground and so for tunnelling the smooth cut technique is often preferred. It
can be used when the face is excavated in benches, where pre-splitting is directed verti-
cally into the top of the bench.

Scaling of the freshly blasted rock profile must always be carried out in order to
remove any loose rocks. This scaling can be time consuming as it is usually done by
hand using crowbars, and before any spoil is mucked out. Secondary profiling is carried
out by drilling a few more holes (1-4 additional holes are normally sufficient) and blast-
ing away any under-profile. Scaling must again be done, particularly if the under-profile
is in the crown of the tunnel.

5.6.5.5 Explosive material requirements

Figure 5.51b shows the explosive requirements as a function of cross-sectional area and
advance length for three different types of ground with different strength. However, it
is important to note that the type of explosive also influences the required explosion.

The amount of explosive required per cubic metre reduces with increasing cross-
sectional area due to the relatively smaller interlocking of the face in comparison to a
small cross section (also note how the number of drill holes varies with cross-sectional
area, Figure 5.51a). If the advance length is increased, the interlocking increases, and
hence the amount of explosives required increases.

5.6.6 Ventilation

Ventilation is the term used for the artificial ventilation of the tunnel during construc-
tion. Air is passed down the tunnel using ducting. It is important to supply air to both
the workmen and machinery operating in the tunnel so that the level of oxygen content
does not fall below approximately 20%. BTS (2008) provides a best practice guide to
occupational exposure to nitrogen monoxide, for example, produced in the exhaust
gases from diesel and petrol engines, in a tunnel environment.
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Figure 5.51 Number of drill holes and amount of explosive as a function of cross-sectional area and
advance length, respectively, (a) number of drill holes and (b) amount of explosive. (After
Miiller, 1978.).

With the rock explosives used for tunnelling, the oxygen carrier contains more
oxygen than is required in order to achieve detonation. Despite this positive oxygen
balance, the amount of oxygen contained in the exploded gas cloud is a long way short
of being enough for breathing. The poisonous nature of the gas cloud is merely reduced.
Therefore, the task of ventilation is not only to provide enough air for breathing, that
is, for the miners during tunnelling, but also to remove the dust and explosive gas cloud
and/or sufficiently dilute it. The necessary ventilation time depends on the efficiency of
the ventilation, the explosives used and on national laws and regulations. As a general
rule, a minimum of 15 min artificial ventilation is required before the area of the explo-
sion should be reentered.

There are a number of ways fresh air can be introduced to the face. For example,
air can be blown to the tunnel face along a duct (usually 300-2000 mm in diameter)
with its intake near the tunnel entrance. The ‘used’ air simply moves back along the
tunnel to be expelled at the tunnel entrance. Alternatively, a sucking and injection
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ventilation can be adopted whereby ‘used’ air is drawn away from the tunnel face using
the ventilating ducts and fresh air pumped in approximately 30 m away from the face.
This is the most efficient method in very dusty or toxic air conditions. Figures 5.55 and
8.20 show the ventilation system schematically and in a tunnel under construction,
respectively.

For long tunnels, intermediate shafts designed to provide permanent ventilation can
be used. These reduce the length of ducts required and hence the size of the ventilation
fans needed (Harris 1994).

5.6.7 Mucking and support

Care must be taken during this stage of the drill and blast cycle as there could be ‘mis-
fires’, that is, some of the charges may not have exploded, leaving unexploded explo-
sives in the excavated material.

5.6.7.1 Mucking

Mucking is the term used to describe the cleaning up of the excavated material as
well as its transportation out of the tunnel. When using full face machines, the trans-
port of the muck is managed using conveyor belts and track-bound vehicles, whereas
for tunnelling using explosives track-free removal of muck is preferred. In particu-
lar, for large tunnels that are advanced in separate cross sections, it is only possible
to use wheeled vehicles. In contrast to track-bound transport, vehicles with rubber
tyres have the advantage that they can be utilised for inclines of more than 3%.
Furthermore, the need for the labour intensive installation of the track is removed
and the investment costs are generally smaller. However, it does require a higher
energy input per tonne of excavated material and, as a result of the exhaust fumes
from diesel-driven vehicles, a more elaborate ventilation system is required. The deci-
sion on whether the mucking is done by vehicles with rubber tyres or tracks, aided by
conveyor belt, or using a combination of these techniques is generally project specific.
The advancement performance is mainly dependent on the correct organisation of
the material flow in the tunnel (logistics). The loading capacity of the vehicles used,
for example, has to be optimised to the amount of excavated muck and the size of

the boulders.

5.6.7.2 Support

Depending on the quality of the ground, the next step is the installation of the support
for the newly created void. The standard support measures as well as the material and
their material properties are described in Chapter 4. Often, the support is a combina-
tion of steel arches, anchors, steel mesh and sprayed concrete.

5.6.8 Example of drill and blast cycle timings

As with all tunnelling operations, every project is different and depends on many fac-
tors. However, for the purposes of example, the following is provided as an indica-
tion of the cycle times involved with a drill and blast tunnel in Peru as part of the
Chaglla Hydropower project during the construction of a 14.38 km Headrace Tunnel.
According to Marrano et al. (2015), the project was located ‘within the calcareous
rocks of the Pucara Group, consisting mainly of intercalations of massive dark grey
with black bituminous limestones, carbonaceous siltstones, limestones with chert,
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Table 5.2 Rock mass support in the Headrace Tunnel according to the Barton et al. (1974)
Q method

Rock mass class Q-value Description of the tunnel support treatment

| Q>60 7 cm thick fibre-reinforced shotcrete (crown and sidewalls)

Il 7<Q<60 7 cm thick fibre-reinforced shotcrete (crown and sidewalls);
spot bolting where required

] 064<Q<7 10 cm thick fibre-reinforced shotcrete (crown and

sidewalls); 3 m long passive bolt (diameter = 25 mm) at
2 m spacing in the crown; spot bolting where required
v 0.08<Q<0.64 |5 cm thick fibre or steel mesh-reinforced shotcrete
(crown and sidewalls); 4 m long passive bolts
(diameter = 25 mm) at 2 m centres in the crown and

sidewalls
V-A (very poor Q<0.08 20 cm thick steel mesh-reinforced shotcrete (crown and
weathered rock) sidewalls); steel rib or lattice girder spaced at | m centres;

forepoles if necessary (crown)

V-B (very altered rock) 20 cm thick steel mesh-reinforced shotcrete (crown and
sidewalls); steel rib or lattice girder spaced at | m centres;
forepoles (crown); reinforced invert if necessary

Source:  After Marrano et al,, 2015, used with permission from the Tunnelling Journal, the authors and Odebrecht
Peru.

carbonaceous breccias and also white and very competent dolomites’. The strength
of the rock ranged from 85 to 100 MPa. The size of the tunnel was 7.85 m high and
8.50 m wide (~67 m?), with a maximum cover depth of 880 m.

Table 5.2 shows the support requirements for the various rock classes determined
for this particular tunnel (also refer to Table 2.17 and Equation 2.16 for the conver-
sion of RMR to Q-value). Table 5.3 shows typical times associated with each of the
excavation and support tasks for the tunnel construction. This produced an average
cycle time for each advance for the drill and blast excavation of approximately 11 h.
The 14.38 km Headrace Tunnel took 951 days to complete, working in two shifts. The
average advance rates per day within each of the different rock classes encountered were
Class II 6.82 m, Class III 5.18 m, Class IV 3.23 m and Class V 1.65 m. For additional
information on this project, including the challenges encountered during the tunnel
construction, refer to Marrano et al. (2015).

5.6.9 The Norwegian method of tunnelling (NMT)

The two key components of the NMT are the use of fibre-reinforced sprayed concrete
as the final lining and the use of the Q-system (Section 2.4.4.3) for selecting the final
support (e.g. Figure 2.25b). There is also a need for a flexible contract system to ensure
that these two components are used to their maximum advantage (and hence ensure
cost and time efficiency, as well as ensuring safety). In addition, the quality of all the
components making up the support and lining has to be high, as they form part of the
permanent design (Barton and Grimstad 2014a,b).

Grov et al. (2011) provide an overview of Norwegian drill and blast tunnelling,
which, owing to the topography of the country and its geology, has evolved into a
highly efficient technique, with an approximate annual yield of 4 Mm? of excavated
rock, equivalent to 45 km of 100 m? cross section road tunnels. The article provides
an example advance rate of 89 m/week for a 3 km, 60 m? cross-sectional road tun-
nel through a rock of strength 150 MPa and ‘medium’ blastability (89 drill holes per
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Table 5.3 Average time for a complete excavation cycle for the Headrace Tunnel

Operation Elapse time (hours, h and minutes, min) Comments
Topographical settingup 0 h |5 min Theodolite or laser
of the blastholes
Drilling I 'h 30 min (rock mass class Ill) Drilling jumbo; 2 boomers; Tecad
I h (rock mass class IV) system; bits of 41 and 51 mm
0 h 45 min (rock mass class V) diameter for the production holes
and |10 mm diameter for relief
holes
Loading I ' h 30 min (rock mass class Ill) Emulsions at 65% and 80%, 1 1/2 inch
I h (rock mass class IV) (38 mm) x 12 inch (305 mm) for
0 h 45 min (rock mass class V) inner contour; emulsions at 65%,

I inch (25 mm) X 8 inch (203 mm)
for outline contour

Evacuation of staff 0h 15 min -
(to a safe location)
Blasting 0h 10 min -
Ventilation break 0 h 30 min -
Mucking out 3h I5min Dump truck and Haggloader?
Scaling 0 h 45 min Telehandler
Topographical and 0 h 30 min Theodolite or laser

geological mapping
(definition of the
support included)
Installation of support I ' h 30 min (rock mass class Ill) Shotcrete sprayed by robot; jackleg
2 h (rock mass class V) drill for the bolts; telehandler
02 h 30 min (rock mass class V)

Incidental lost time (~10%) ~45 minto | h -

Source:  After Marrano et al., 2015, used with permission from the Tunnelling Journal, the authors and Odebrecht
Peru.

a ‘Higgloader’ is a continuous loader made by Atlas Copco.

advance and emulsion explosive). Parallel cuts are used in Norway, with fan cuts not
being used. This is because parallel cuts are easier to use with drilling jumbos. There
are also no round length limitations to the drill holes, a good pull, less throw and
spreading of the muck and there is good fragmentation.

According to Groev et al. (2011), these days nearly all drill and blast tunnels in
Norway use emulsion explosives. The Norwegian tunnelling practice utilises the sta-
bility of the rock mass in a drained condition, that is, it is assumed that there is no
water pressure build-up behind the lining and so drainage is important. The tunnel
support is adapted to the ground conditions encountered and normally involves rock
bolts (Section 4.2.4.2) and fibre-reinforced sprayed concrete (Section 4.3.2) in a single-
shell arrangement.

Barton (2012) shows that the NMT involving the pre-injection of micro- or ultra-
fine cements under high pressure (5-10 MPa) to control water entering the tunnel can
reduce overbreak during blasting and hence can lead to the requirement for less sprayed
concrete support. Further information on pre-injection can be found in Barton (2011),
where it is suggested that a typical pre-injection regime consists of an array of 30-70
holes projecting forwards of the tunnel face 20-30 m (i.e. 3—4 advances plus overlap)
at an angle all around the tunnel periphery, with a centre-to-centre hole spacing of
0.5-1.0 m depending on the tunnel diameter.



Tunnel construction techniques 179

(b)

Figure 5.52 The rib reinforcement system (RRS), (a) the reinforcement bar-based ribs prior to spray-

ing with concrete, (b) diagrams showing the RRS (see main text for description of the
numbers) and (c) the final sprayed system, which can be covered with a final lining if
required from an architectural point of view. (Used with permission of N. Barton.)

The rib reinforcement system, involving sprayed-in reinforcement bar-based ‘ribs’
bolted into the rock mass, is used in Norway (Figure 5.52a—c), and is an important
component of the Q-system recommendations for supporting very poor rock mass con-
ditions, that is, 0.01 < Q < 0.1 (Barton and Grimstad 2014a,b). The components of the
system shown in Figure 5.52b are as follows (courtesy of N. Barton):

1.

2.

F’\

First layer of fibre-reinforced sprayed concrete, accelerated with a non-alkali
additive

Build up locally to form a smooth, but not necessarily circular, arch (or arches)
of non-alkali accelerated fibre-reinforced sprayed concrete

Drill bolt holes at, for example, 1 m centres around the arch, and install end-
anchor bolts with prefabricated welded cross bars

Attach 6 x 16 mm diameter reinforcing bar ‘steel arches’ to each bolt head
cross bar, prefabricated in bundles for easier attachment, Figure 5.52a

Spray over reinforcing bars with concrete, to complete the arch and provide the
foundation for 6

Bolts and washer, tensioned (bolt thread pre-protected with plastic caps)
Spray over bolt heads to complete the RRS arch (Figure 5.52¢)
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Further details of how tunnels are constructed in Norway, and particularly rock sup-
port methods, can be found in Norwegian Tunnelling Society (2010) and other publica-
tions at the Norwegian Tunnelling Society website (http:/tunnel.no/).

The key issue in the use of a methodology such as NMT compared to NATM (Section
5.7) comes down to the specification requirements of the client, for example, water
tightness requirements and the final internal appearance of the tunnel. The NMT
allows a certain amount of water to drain into the tunnel over the lifetime of the tunnel
and often does not include a smooth aesthetic appearance to the inside of the tunnel,
which is not accepted in some other countries in Europe.

5.6.9.1 Example of a Drill and Blast project in Norway (Greeman 2014)

The Solbakk tunnel is one section of the Ryfast highway tunnel project (due for com-
pletion in 2019) in western Norway. It reaches a depth of 290 m below sea level and
this section of tunnel is 14.3 km long. The Solbakk tunnel consists of twin 8.5 m
wide tunnels (inner dimension) and is constructed using drill and blast excavation.
The tunnels are approximately 12 m apart and cross-passages are provided between
the two bores every 250 m. Each tunnel bore accommodates two 3.25 m wide traffic
lanes. The ground conditions consist of hard gneiss and softer phyllite claystone. An
extensive site investigation was conducted, particularly where the tunnel runs under
the North Sea, as there were concerns of potential fractures running from the sea bed
down to the tunnel level. TBMs were considered for the project during the feasibility
study; however, owing to the hardness of the rock, local constraints and time issues,
drill and blast was chosen as more effective and flexible in this case. Interestingly, most
of the estimated 3.8 million tonnes of spoil excavated from the tunnels is being used
in land reclamation works.

The construction methodology uses blasting, mucking, with shotcrete and bolting
for support. A sprayed concrete safety layer is applied to the rock immediately after
blasting and mucking, although this could be placed after two or three blasting rounds
depending on the rock conditions. Bolting is done after assessing the rock condition
and usually involves 3 m long bolts, but in bad ground conditions these could be 4 m or
even 5 m long. A typical blast in the hard gneiss rock involves 142 holes with a pull (face
advance) of approximately 5.2 m. The holes are drilled to 6 m and are approximately
65 mm in diameter. In the softer phyllite claystone, the drilling is quicker, but more
holes are required due to its softer behaviour when blasted. An emulsion explosive,
and associated detonators, are being used on the project. Probe drilling is required on
the project to assess the ground conditions ahead of the tunnel (particularly important
when the tunnel is passing under the sea) and this consists of four 24 m long holes
drilled after every three blasting rounds. If water is detected over a certain minimum
flow, then a roof pipe umbrella (Section 4.2.7) is installed ahead of the face. The tunnel
advance is approximately 100 m/week. Further details of this project and the associated
tunnels can be found in Greeman (2014).

5.6.10 Drill and blast versus TBM excavation

Tunnelling Journal (2012) presented an interesting debate on drill and blast versus TBM
for hard rock tunnels, with issues being raised on both sides such as: the potentially
long procurement times for TBMs; the likely variability of the geology and groundwa-
ter issues along the tunnel route; the versatility of drill and blast excavation to cope
with a variety of ground and water conditions and variations in cross-sectional area;
and recent improvements in TBMs in hard rock conditions. However, the main message
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is that drill and blast and TBMs are both methods for tunnel excavation that exist in
the tunneller’s toolbox, and all options should be considered carefully, with the final
decision being project dependent.

Section 5.5.2.3 also highlights that in some circumstances a combination of both
drill and blast and TBM tunnelling approaches might be appropriate (Barton 2012).

5.6.10.1 Example of choosing between TBM and drill and blast excavation

Many tunnels are not as glamorous as new road, rail or metro tunnels, but are equally
important. These include tunnels for sewerage and other utilities, which are the life-
blood of cities and urban areas. Thomas (2010) described the Victoria Harbour sewer-
age treatment scheme in Hong Kong and presented the decisions taken with respect to
the choice between mechanised (TBM) tunnelling and conventional tunnelling using
drill and blast excavation, and why ultimately drill and blast excavation was chosen in
this project. The tunnel sizes on this section of the project ranged from 3.5 m x 3.5 m
to 4.6 m x 4.6 m horseshoe shaped tunnels at depths up to 160 m below sea level, with
lengths of tunnel sections from approximately 900-4600 m. However, it must be
realised that the factors affecting the choice of tunnelling technique will be very project
dependent. In this case, the factors included:

1. Previous experience in a particular type of ground: In the mid-1990s, Stage 1
of the sewerage project used TBMs and had a number of problems; therefore,
even with the improvements made in TBM technology since then, there was
some nervousness about using TBMs, particularly due to the high 16 bar water
pressures.

2. Advance rates: Based on the advance rates on Stage 1, the average excava-
tion rate using the TBM was approximately 50 m/week for one TBM. Using
drill and blast, the advance rates were calculated based on two faces being
progressed at once. It was expected that two blasts could be undertaken in
each face per day and with one blast contributing 2—-3 m of advance, this gave
approximately 12 m/day for both faces, and approximately 50 m/week, that is,
similar to the TBM. One concern was that even though TBMs are fast, if they
had got stuck, this could have caused huge problems.

3. Water inflow and ground settlement: A further issue was water inflow and the
need to prevent this and avoid settlement. On Stage 1, it was found that settle-
ment occurred 1.5-2 km away from the tunnelling due to the faults within
the ground and the drainage effects on the reclamation areas. The need for
pre-grouting was absolutely critical to keep the allowable ingress to less than
15 litres/min/100 m, and owing to the size of the tunnels and hence the size of
the TBMs that would have been required on the project, they provided lim-
ited space inside them for providing the necessary probe drilling and grouting
holes. Therefore, the client was prepared to accept potentially slower advance
rates to provide easier and safer tunnelling using drill and blast excavation.

4. Variable ground conditions: The ground conditions along the tunnel route
ranged from good to difficult, and could change between these conditions very
quickly. Conventional tunnelling using drill and blast allows for a more flexible
approach to tunnel support, with options such as ribs, sprayed concrete and
rock bolts.

This is just one example demonstrating the sort of issues that could be consid-
ered, other than cost, when choosing between drill and blast or TBM excavation, but



182 Introduction to tunnel construction

obviously every tunnelling project is different and, indeed, this is what makes tunnel-
ling such an interesting and exciting area of the construction industry. The choice of
one type of tunnelling technique over another has to be conducted on a case-by-case
basis and, where possible, utilise the experience of previous tunnelling projects in a
particular location.

An extensive site investigation was conducted as part of the Victoria Harbour
sewerage project to create a 3D geological and hydrological model. The site investiga-
tion included the use of a horizontal directional coring technique (HDCT), which is
based on HDD principles (Section 5.12 describes HDD), to investigate the ground and
obtain continuous 47 mm diameter rock cores (the longest single length of coring was
1247 m). The HDCT was used to drill down to the required tunnel level at an angle of
45° and then steered to follow the proposed horizontal alignment of the tunnel, collect-
ing cores.

The 21 km of tunnelling for this project was completed in October 2014 (the works
commenced in July 2009).

5.7 NATM and SCL
5.7.1 New Austrian Tunnelling Method

NATM was developed by the Austrians Ladislaus von Rabcewicz, Leopold Miiller and
Franz Pacher in the 1950s. The name was introduced in 1962 (Rabcewicz 1963) to
distinguish it from the ‘Austrian Tunnelling Method’, today referred to as the ‘Old
Austrian Tunnelling Method’, an old timbering method along with the Belgian, German
and English Tunnelling methods.

Although Rabcewicz, Miiller and Pacher used techniques and knowledge which were
already well known, this was the first time these techniques had been put together in a
new and almost revolutionary tunnelling method. Instead of fighting the overburden by
a thick lining, they acknowledged that the ground, not the lining, is the main support
of the tunnel. Consequently, they reduced the lining thickness radically, down to a mere
20 cm, and they used sprayed concrete instead of the brick lining, which was common
at the time. This gave the benefit of a tight and firm coupling between the lining and
the ground, whereas the brick lining left a space between the support and the surround-
ing ground. Furthermore, it was important that the SCL was supported by systematic
anchoring. Rabcewicz, Miiller and Pacher used a flexible approach with respect to the
excavation sequence and amount of support. They observed the reaction of the ground
as a result of the tunnelling process and used this information to determine the required
support and construction sequences. The calculation techniques available at that time
could not confirm the stability of this thin lining. Therefore, they used displacement
monitoring to prove the efficiency of their support (Schubert 1999).

Miiller and Fecker (1978) published 22 principles to fully describe NATM. The main
principles can be summarised as follows.

¢ The ground offers the main support to the excavated tunnel. The sprayed concrete
has only a secondary supporting function (principle 1).

e The original strength of the ground should be preserved. Loosening of the ground
deteriorates its strength (principles 2 and 3).

e The support must not be installed too early or too late. It should not be too stiff or
too weak (principle 6).

e Force-transfer coupling between the lining and the ground, and the installation of
the support at the right time, is essential (principles 7 and 9).
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e The choice of support and construction sequence is made on the basis of displace-
ment monitoring (principles 8 and 12).
The method uses a thin SCL (principle 10).
Increasing the support is not achieved by a thicker lining, but by the use of girders,
steel reinforcement and anchors (principle 11).
¢ The tunnel is to be seen as a composite system consisting of the ground, and the
support and stabilising measures, for example, sprayed concrete, anchors, steel ribs
or similar (principle 13).
e Installation of a structurally acting invert closure (if necessary) will give the ground
arch the structural function of a closed tube (principles 14 and 15).
Full face excavation should be used whenever possible (principle 16).
The excavation sequence is important for the overall stability (principle 17).
Maintaining a rounded shape for the tunnel profile (principle 18).
The inner lining should also be thin. In addition, it should have a force-transfer
coupling with the sprayed concrete, but no friction-transfer coupling (principle 19),
for example, by using a plastic membrane containing air bubbles between the outer
and inner lining.

Some explanation of these principles is required. When excavating an underground
void, the existing (primary) equilibrium condition of the ground is transformed through
a series of stages in which stress redistribution occurs, resulting in a new, stable (sec-
ondary) equilibrium condition. NATM has the aim of directing these processes and
letting them occur in an economic and technically safe way. In order to achieve this, the
level of deformation in the ground should be (principle 6):

1.  On the one hand kept small so that the ground does not lose more of its initial
stability than unavoidable

2. On the other hand must be large enough in order to activate the support of the
ground as a closed arch and to optimise the usage of the support measures and
the excavation

In order to prevent a reduction in strength of the ground, it is important to avoid
over-excavation. If using drill and blast, it is important to blast carefully to maintain
an accurate tunnel profile, and to protect the ground outside this profile, and so keep
any loosening of the ground to a minimum. This results in a suitable tunnel lining and
guarantees its desired slenderness (principles 2 and 3).

Continuous monitoring and visual observation of the ground and the support mea-
sures is an integral component of the method (principles 8 and 12). This serves as a
proof of stability, a check on the design calculations and the final dimensioning of the
support measures during construction, the optimisation of the lining thickness as well
as the optimisation of the construction methods and sequence. The monitoring also
takes into account the geological information.

The thickness of the SCL, if used purely to seal the excavation, is normally between 5
and 15 cm. However, if the lining is to act as a structural element, then the thickness is
of the order of 15-30 cm. The thickness of the lining can of course be greater, but this
is not considered to be a ‘thin’ lining according to principle 10.

If the long-term stability of the sprayed concrete is likely to deteriorate due to aggres-
sive water conditions and/or if there is a requirement for a 100% watertight lining, an
inner lining is necessary (principle 19).

Many of the principles are undoubtedly key elements of most of the tunnelling meth-
ods used today. Nevertheless, the principles have been heavily discussed since the strict
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adherence to some of them reduces the flexibility of the method. Some proved not
to be of practical use (principle 6), and some did not consider the ground conditions
(principles 12, 15 and 16) or the size of the tunnel (principle 16) (Schubert 1999). The
principles were supported by the official definition of NATM which was published by
the Osterreichisches Nationalkomitee ‘Hohlraumbau’ (1980):

The New Austrian Tunnelling Method (NATM) follows a concept which makes
the ground (rock or soil) surrounding the void a supporting construction element
through the activation of a ground supporting arch.

Unfortunately, this definition did not prove to be unique to NATM since nearly
every excavation method tries to preserve the supporting ability of the ground. Rokahr
(1995) gave a definition which summarises the original intention of Rabcewicz, Miiller
and Pacher and makes it easy to distinguish NATM from other tunnelling methods:
‘NATM is a support method to stabilize the tunnel perimeter by means of sprayed con-
crete, anchors and other support, and uses monitoring to control stability’.

According to this definition, NATM involves:

Support by sprayed concrete

Support by systematic anchoring if necessary

Using measurements to control the effectiveness of the support

A flexible approach to support measures, that is, increasing or decreasing the sup-
port according to the geological conditions

It is not NATM when:

Excavation is by TBM

Support is by segmental lining (steel, SGI, concrete)
There is no support at all

The full overburden is supported

No flexible approach is adopted for the support

A tunnelling method which does not match these NATM features but uses sprayed
concrete as a support should be more generally called ‘SCL’ (which is widely used as a
synonym for any tunnelling method using sprayed concrete as a support, see Section 5.7.2).

In order to use NATM, the ground has to be capable of supporting itself over the
length of each advance section, which means that the ground must have a stand-up
time. Depending on the philosophy of NATM, the limit of this construction technique
is reached when the stand-up time of the ground has to be improved by artificial mea-
sures, such as freezing or grout injection. Strictly speaking, NATM assumes that the
ground has sufficient stand-up time itself for the construction cycle. The tunnel advance
can be achieved using blasting, a partial face boring machine or simply using an excava-
tor, depending on the ground conditions. Generally, the advancement is spatially and
timely staggered in the crown heading, bench heading and invert heading (Figures 5.53
and 5.55). Figure 5.54 shows an example of an NATM crown and bench heading.

The length of the advance in the crown can, for example, lie between 0.8 and 4.0 m.
As a rule of thumb, the length of the advance in the bench is approximately twice the
value of the crown.

The construction process is as follows (see also Figure 5.55):

1. Excavation.
2. Sealing the exposed ground if necessary.
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.1 Bench

ca.12m

Figure 5.53 Example cross section through a tunnel constructed using NATM.

Figure 5.54 Example ofa NATM crown and bench excavation during the construction of the Katschberg
Tunnel, Austria.
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Figure 5.56 Example of mucking equipment used during the construction of one of the emergency
cross-passages of the Katschberg Tunnel, Austria.

3.  Mucking (Figure 5.56).

4. Installation of lattice girders and the first layer of reinforcing bars or mesh
reinforcement, and application of sprayed concrete. Depending on the quality
of the ground, the support might be installed first before the spoil is removed
completely.

5. Potential installation of a second layer of reinforcement and application of
more sprayed concrete.

6. If required, installation of anchors and, if necessary, tightening of anchors a
day later and spray concreting of the anchor heads.

7. Construction of inner lining.

5.7.2 Sprayed concrete lining

In 1994, three NATM tunnels collapsed at Heathrow airport. The reasons were exten-
sively discussed (Anon 2000, HSE 2000, Rokahr and Mussger 2001). Following the
collapse, ‘NATM’ became disreputable. The HSE started an investigation throughout
the United Kingdom into the ‘NATM’ technique used at that time and, as a result,
published the guideline Safety of New Austrian Tunnelling Method (NATM) tunnels
(HSE 1996). At the same time, the ICE published Sprayed concrete linings (NATM) for
tunnels in soft ground (ICE 1996). This led to the use of the term SCL.

Although the words ‘sprayed concrete lining’ do not include a construction method
(they only refer to the support), the term ‘SCL’ is, together with ‘NATM’, used widely
nowadays in many countries as a synonym for any tunnelling method using sprayed
concrete as a regular support. Unlike NATM, SCL is not related to a specific construc-
tion method or to specific principles. SCL is the more general term rather than NATM.
However, HSE (1996) and ICE (1996) give recommendations on how to safely con-
struct tunnels using SCL as the support. The following gives a short overview.

SCL as used in soft ground in the United Kingdom uses many construction tech-
niques related to NATM. It uses sprayed concrete as a primary support, followed by the
installation of a permanent lining at some later date. There are attempts to remove the



188 Introduction to tunnel construction

need for the inner lining, for example, the LaserShell™ technique (Section 5.7.3), but
there are issues related to watertightness at the joints in the SCL.

SCL uses an incremental excavation sequence and sprayed concrete as a primary sup-
port with, or without, weldmesh, fibres, lattice arches, dowels, anchors and bolts (as
described in Section 4.2.4). The primary support details are determined in advance of the
construction by the designer and are validated during construction by instrumentation
and monitoring. The control of convergence and settlement is principally achieved by
limiting the length of advance per stage and by providing early invert closure (ICE 1996).

The term sequential excavation method (SEM) is also used to refer to NATM and
SCL type tunnel construction methods, particularly in the United States (FHWA 2009).

A number of methods have been used for subdividing the face. In a stiff ground, such as
London Clay, full face excavation is possible up to 30 m? in cross section, although water-
bearing ground or ‘sensitive’ structures adjacent to the tunnel construction may dictate
otherwise (ICE 1996). Full face excavation would normally be advanced in a stepped
profile of heading and bench (and possibly invert) as shown previously in Figure 5.53.

For larger cross-sectional areas, the face must be subdivided. The objectives of this
subdivision are (ICE 1996):

¢ Reduction of the exposed face area to provide better control of face stability, con-
vergence and settlement

e Reduction of the quantities of excavation, reinforcement and sprayed concrete per
increment of advance thereby providing earlier support

e Early invert closure in each of the subdivisions

e Improved access for plant and operatives

ICE (1996) recommends four basic excavation sequences as illustrated in Figure 5.57.
It should be noted that these divisions of the cross-sectional area can also be used with
the traditional NATM approach.

The use of sprayed concrete has been developed far beyond the early applications.
There is nearly no limit to the ground conditions or tunnel size and geometry, which
cannot be safely excavated and supported with the use of sprayed concrete (except a
high water table in soft ground). The range of use for NATM/SCL covers:

Short tunnels

Non-circular tunnels or tunnels of varying geometry
Caverns

Heterogeneous or varying geology

High ground pressure

The choice of NATM/SCL is, however, very project specific; for example, ‘short’ can
be as long as 5§ km or more. The benefit of using sprayed concrete is still its flexibility.

5.7.3 LaserShell™ technique

The LaserShell™ technique was developed to meet the requirement of the Health and
Safety Executive in the United Kingdom (HSE 1996, statement 310), which states that
‘no person should be allowed to approach the heading until all exposed ground has
been supported’. Although the technique was specifically developed for tunnelling in
London Clay, it is equally applicable to other types of soft ground. The method is
described in Section 8.2.5 as part of the case history on the PiccEx Junction tunnels at
the London Heathrow Terminal 5 project. A detailed description of this method is also
given in Eddie and Neumann (2004) and Jones et al. (2008).
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Figure 5.57 Possible excavation sequences for SCL (and NATM). (After ICE 1996, used with permis-
sion from ICE Publishing.) (Continued)
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Figure 5.57 (Continued) Possible excavation sequences for SCL (and NATM). (After ICE 1996, used
with permission from ICE Publishing.)

5.8 Cut-and-cover tunnels
5.8.1 Introduction

The cut-and-cover method for constructing tunnels offers an alternative approach to
underground construction techniques. This method involves constructing the tunnel
structure in a braced or anchored, trench-type excavation (‘cut’) and this is subsequently
backfilled (‘covered’). Pipelines, such as sewers, vehicular tunnels and metro tunnels,
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are often constructed using this technique. In locations with no important constraints
on, or close to, the ground surface, using the cut-and-cover method is often cheaper
and more practical for shallow tunnels (10-15 m) compared to underground tunnelling
methods. However, depths of 30 m are quite common for metro tunnels, which have
been helped by advances in construction techniques, such as the use of diaphragm walls
(Section 5.8.4) (Kuesel and King 1996).

Using the cut-and-cover method can also reduce the risk compared to underground
construction, particularly with respect to the health and safety aspects of working
underground. The approaches to immersed or bored tunnel sections will often be con-
structed as cut-and-cover tunnels. It is also common for metro stations to be constructed
as cut-and-cover tunnels if there is suitable access from the ground surface. However, in
urban areas, cut-and-cover tunnel construction can be very disruptive as access to the
ground surface over extended areas and for long periods of time is difficult. Even find-
ing suitable sites for access shafts for bored tunnels can be extremely problematic and
this can dictate the alignment of a tunnel.

An overview of the different aspects related to the construction of cut-and-cover tun-
nels is covered in the subsequent sections. However, further details on the construction
of deep excavations can be found in specialist texts such as Puller and Puller (2016).

5.8.2 Construction methods

Two basic forms of cut-and-cover tunnel construction are available.

1. Bottom-up method: An excavation is made from the ground surface and the
sides are supported. The tunnel is then constructed within this excavation. The
tunnel may be of in situ concrete, precast concrete, precast arches and corru-
gated steel arches. The excavation is then backfilled, and the surface reinstated.
This method has the benefit of allowing good access to the construction area,
but means that the surface reinstatement happens last, which in congested
urban areas may be unacceptable.

2. Top-down method: From the ground surface level, the support walls and cap-
ping beams (beams constructed on top of the side walls) are constructed. These
walls can be constructed using diaphragm walls, contiguous or secant piled
walls or another method (these techniques are described later in this section).
The roof of the tunnel structure is then constructed close to the ground surface
in a shallow excavation. Access openings are left in this roof structure, but
otherwise the ground surface can be reinstated. The remaining construction
then takes place beneath this roof structure via the access openings. Since some
of the surface reinstatement can happen relatively early on in the construction
process, the potential disruption in urban areas can be minimised. However,
the working conditions are more restricted.

Cut-and-cover construction is often used for underground metro stations, for exam-
ple, Canary Wharf Station on the Jubilee Line in London, UK. Modern stations con-
structed using cut-and-cover techniques can offer more open areas compared to those
constructed using bored tunnel techniques. This construction form generally has two
levels, which allows economical arrangements for ticket halls, station platforms, pas-
senger access and emergency egress, ventilation and smoke control, and staff and equip-
ment rooms. The original excavation for Canary Wharf Station was 35 m wide, 280 m
long and 26 m deep (Figure 5.58). In this case, anchored steel sheet piles provided tem-
porary support to create the initial 11 m deep excavation, 8 m below the groundwater
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Figure 5.58 Canary Wharf Station during construction on the London Underground Jubilee Line
Extension, UK.

table. Diaphragm walls were used below this level. Extensive pumping was utilised in
order to keep the excavation dry.

5.8.3 Design issues

A cut-and-cover structure must be designed to take the various loading conditions it
is likely to experience over the life of the structure. Under normal situations, these are
likely to be: the development of water and earth pressures, dead loads including the
weight of the fill cover, surcharge load and live loads. There may also be requirements
for earthquake loading considerations.

An example of the possible loadings for the design of cut-and-cover subway struc-
tures is shown in Figure 5.59. An indication of how to calculate vertical and horizontal
earth pressures and water pressures with depth is provided in Section 3.2.

When the groundwater table lies above the bottom of the invert or base slab of a sub-
surface structure, an upward pressure (buoyancy) on the bottom of the base slab equal
to the piezometric head at that level must be accounted for. This can be countered by
the weight of the tunnel section, which can be increased by thickening the walls, roof
and base slab or increasing the width of the base slab. Alternatively, tension piles or tie-
down anchors can be provided.

The design of the excavation side supports (shoring systems) must minimise move-
ments and hence subsidence to adjacent structures and services. Any temporary or per-
manent lowering of the groundwater must also be considered in terms of the effects on
adjacent structures and services.

An example of how to design a cut-and-cover tunnel based on a reinforced concrete
box structure can be found in FHWA (2009).
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Figure 5.59 Example of design loadings in the short- and long-term for a concrete box structure.

(After Kuesel and King 1996.)

5.8.4 Excavation support methods (shoring systems)

for the sides of the excavation

There are many methods that can be used to support excavations and only some of
these will be described in this section. For further details on this subject, the reader is
directed to Macnab (2002) for instance. The design of the excavation support system
will depend on many factors, which include (after Kuesel and King 1996):

The physical nature of the ground in which the excavation is to take place, includ-
ing below the final excavation level
The position of the groundwater table during construction
The width and depth of the excavation
The configuration of the subsurface structure to be constructed and whether the
excavation supports will be incorporated into this structure or not

The proximity of the excavation to adjacent structures
The number, size and type of utilities crossing the proposed excavation and also
adjacent to the excavation
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The surcharge loading adjacent to the excavation from traffic or construction
equipment
* Noise restrictions in urban areas

The excavation support methods described in this section are

Sheet piles with walings and struts, or ground anchors

Ground anchors

Soldier or king piles and horizontal poling boards (lagging)

Slurry trench walls

Large diameter bored piles, contiguous or overlapping (‘secant’ piles)

5.84.1 Steel sheet piling

This provides a relatively simple solution to excavation support in soft ground as long as
there are no obstructions in the ground, such as boulders or existing foundations. The
sheet piles are driven into the ground to the required depth and they interlock with their
neighbouring piles, as shown in Figure 5.60. Since the excavation takes place on one
side of the sheet piles, walings (horizontal supports positioned along the wall) and struts
(supports positioned across the excavation) are placed to brace the excavation and reduce
movements of the sheet piles. Struts across the excavation can make access to the excava-
tion difficult and so ground anchors may be used as an alternative (ground anchors are
described below). The spacing between struts or anchors, as well as the number of rows
of struts and anchors for the depth of the excavation, must be carefully considered at the
design stage with respect to minimising lateral movements in the sheet piles and, there-
fore, resulting surface settlement. In order to reduce the lateral movements in the sheet
piles, imposed loads in the struts or prestressing in the anchors can be used.

5.8.4.2 Ground anchors

Ground anchors can be used with sheet piles or other excavation support systems to
remove the need for struts. This removes obstructions from within the excavation area.
They can also be prestressed to help reduce deflections in the earth-retaining wall.
Figure 5.61 shows a typical ground anchor arrangement. One of the issues with ground
anchors, however, is the fact that they extend far behind the line of the wall and hence
potentially outside the limits of the land acquisition for the current project. In this
case, care must be taken to ensure that there is no impact on adjacent basements or
other underground structures and that appropriate permissions are obtained from the
landowners of the adjacent land. There are a number of anchor types and the choice is
based on the ground type.

Interlock configuration varieSJ\
with manufacturer

Figure 5.60 Sheet pile excavation support. (After Kuesel and King 1996.)
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Figure 5.61 General arrangement of an anchored retaining wall. (After Megaw and Bartlett 1982, used
with permission from John Bartlett.)

The construction must ensure that a stable hole is created so that the anchor tendon
can be inserted and grouted. The hole can be created by rotary percussive drilling
and casing in granular soils or hollow-stem augering in fine grained soils. The hole
size is usually twice the diameter of the tendon, typically 100-250 mm (Woodward
2005). The grouting operation can be carried out by a tremie technique, that is, grout
is pumped down a tube to the end of the hole and fills the void by displacing any air
or water towards the open end of the anchor hole. The anchors are stressed by using
calibrated hydraulic jacks attached to the top end of the tendon, or if it is a bar anchor,
a torque wrench, and this acts against the anchor head.

For more information on the design of ground anchors for retaining walls as well as
the type of anchors and their choice based on the ground type, the reader is directed to
BSI (2013, 2015b).

5.8.4.3 King piles and poling boards

King (or soldier) piles are regularly spaced heavy steel sections lowered into a predrilled
hole. If bedrock is present at a suitable depth, then the toe of the king pile can be
grouted into the rock. The piles require strutting or ground anchors as the excavation
proceeds. Between the king piles, the ground is supported by horizontal poling boards
(wooden planks). Figure 5.62 shows the general arrangement of a king pile and poling
board retaining wall. As an alternative to poling boards, the ground between the king
piles can be excavated and a slurry trench wall constructed.

5.8.4.4 Diaphragm walls (slurry trench walls)

Diaphragm walls are reinforced concrete walls, usually cast iz situ but may be precast
panels, constructed in a trench supported by bentonite slurry. They are usually part of
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Figure 5.62 General arrangement of a king pile and poling board retaining wall. (After Megaw and
Bartlett 1982, used with permission from John Bartlett.)

the permanent load bearing foundations or perimeter wall (Woodward 2005). Figure
5.63 shows the general principle behind the construction of a cast in situ diaphragm
wall. The concrete is tremied in at the bottom of the slurry filled panel, displacing the
slurry. Typical panel lengths in soft ground are 2—-3 m, but in stronger ground the panel
length can be 6 m. There are a number of excavation techniques available to remove
the ground through the slurry. Figure 5.64a shows an example of a grab or clam bucket
excavator and Figure 5.64b shows a hydrofraise, which is equipped with two cutter
drums with tungsten carbide-tipped cutters rotating in opposite directions.

The support slurry consists of a bentonite slurry and relies on the thixotropic and gel
strength properties of the bentonite. Thixotropic means that when the material is not
agitated it becomes a solid, whereas in an agitated state it is a liquid. As the excavation
process is carried out, the bentonite slurry can be screened off the excavated ground
and can be reused.

Diaphragm walls can also be constructed as individual panels and used as support-
ing columns (Chapter 8, Figure 8.8). Diaphragm walls have been constructed to 120 m
depth. The main limitation is the construction tolerance with respect to verticality.
The hydrofraise offers the most accurate method for constructing very deep diaphragm
walls. Further details of diaphragm wall construction can be found in BSI (2010a).

5.8.4.5 Large diameter bored piles

An alternative retaining wall construction uses large diameter bored piles at close cen-
tres concreted in situ. The piles are constructed down to the required foundation level
and can be reinforced. The piles may be contiguous or overlapping (‘secant’ piling).
Contiguous pile walls involve successive unconnected piles bored in close proximity in
a line (Figure 5.65a). Secant pile walls involve interconnecting piles. The construction
sequence uses alternate unreinforced piles. These are then infilled with a reinforced
pile which cuts into the unreinforced pile (Figures 5.65b and 5.66). Alternatively, the
unreinforced and reinforced piles can be constructed slightly off-line from each other
(Figure 5.65c¢). This configuration provides considerably more strength to the wall.
Further details on bored pile construction can be found in BSI (2010b).
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Figure 5.63 Typical construction process for a cast in situ diaphragm wall, (a) primary panels and (b)
secondary panels. (After Woodward 2005.)

Figure 5.64 (a) Grab or clam bucket excavator and (b) hydrofraise used for diaphragm wall construc-
tion. (Courtesy of Bachy Soletanche Ltd.)
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Figure 5.65 General arrangements for bored pile retaining walls, (a) contiguous pile wall and (b)
secant pile wall (After Woodward 2005.) and (c) off-set bored pile wall. (After Kuesel
and King 1996.)

5.9 Immersed tube tunnels
5.9.1 Introduction

Although a majority of tunnel construction occurs within the ground, for example,
TBM and NATM tunnelling, there are techniques, most notably immersed tube tunnels,
which are constructed differently. An immersed or submerged tube tunnel is a type of
cut-and-cover tunnel (Section 5.8), but located underwater using prefabricated elements
constructed in the dry at some distance from the tunnel location and made watertight
with temporary bulkheads. These elements are then floated into position, lowered into a
dredged trench on the river/sea bed and joined together. These stages of construction are
described in detail in Section 5.9.2. One of the key design criteria for this type of tunnel,
in contrast to bored tunnels, is the need to ensure adequate stability against uplift.
Immersed tube tunnels are ideal for crossing rivers and estuaries in urban areas.
Owing to the location just under the river/sea bed, this method can be considerably
cheaper than excavating or boring (TBM driving) through the ground under the river/
sea bed. The surface infrastructure (roads, railtrack) needs to connect to the tunnel but
is constrained by limits on gradients that are suitable for cars or trains. Therefore, the
deeper the tunnel, the longer this lead in section needs to be. Since bored tunnels are
generally constructed at a greater depth, which is necessary for ground stability during
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Figure 5.66 Secant pile wall as used as part of the jacking pit for a jacked box tunnel at Owen Street,
Tipton, UK (see Section 5.10 on jacked box tunnels). The photograph also shows the steel
sheet pile headwall with its waling and horizontally raking struts transferring the headwall
loading into one of the secant piled sidewalls. (Courtesy of BAM Nuttall Ltd. and John
Ropkins Ltd.)

construction, they are often longer than immersed tube tunnels and hence more costly.
Bored tunnels may also be technically more challenging due to the high water pressures,
which can be a problem during construction.

The first immersed tube tunnel was built in the United States for conveying water
across the Shirley Gut in Boston Harbour in 1894. The first transportation immersed
tube tunnel was the Michigan Central Railroad Tunnel under the Detroit River in the
United States which was completed in 1910. Since then, there have been many immersed
tube tunnels constructed around the world for both service and transportation, and
some examples are given in Section 5.9.7.

This section provides an overview of the immersed tube construction technique;
however, for more detailed information, the reader is referred to more specialist texts
such as Lunniss and Baber (2013).

5.9.2 Stages of construction for immersed tube tunnels

The main features of the method for immersed tube tunnel construction are (construc-
tion ‘Stages’ refer to Figure 5.67):

e Tunnel elements with a complete cross section and of convenient length (usu-
ally 100-180 m) are fabricated in a shipyard, in a dry dock or in a casting basin,
depending on the type of construction and available facilities (see Figure 5.71).

e These elements, closed by temporary bulkheads, are then floated and towed to their
position in the tunnel alignment (Stages 2 and 3). For the moderate water depths
normally experienced for immersed tunnel projects, alignment control is achieved
via surveying techniques using two towers attached at either end of each tunnel
element. The surveying is normally done by theodolite and Global Positioning
System (GPS), and final alignment/realignment towards the previous element can
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Figure 5.67 Typical sequence for the construction of an immersed tube tunnel. (Courtesy of COWI
A/S)

be controlled by hydraulic jacks across the joint. For very large water depths, sub-
sea positioning and survey systems have been applied.

® The elements are sunk (Stage 4) into a pre-dredged trench (Stage 1) by filling tem-
porary water ballast tanks inside the elements, then joined together and watertight
connections are formed.
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¢ The tunnel foundation is prepared by either constructing a levelled gravel bed prior
to the element immersion, or by placing the elements on temporary foundation pads
and subsequently jetting sand into the gap between the elements and the trench
bottom (Stage 3).

e The tunnel is then protected by backfilling the excavation and placing rock pro-
tection on the top (Stage 6). Sufficient ballast is placed inside and/or on top of the
tunnel to provide safety against uplift for the permanent tunnel.

e The tunnel is then sealed and the water ballast pumped out.

The side slope of the tunnel trench should be sufficient to ensure the stability of
the trench during the period from dredging and until the backfill has been placed. In
harder materials such as rock, these side slopes can be near vertical, but can be as shal-
low as 1:4 in soft material. Typically, a slope of 1:1.5 is feasible. Dredging is normally
done in several stages. These consist of bulk dredging initially, with fine dredging to
the final dimensions being conducted a few element lengths ahead of the elements
being placed in order to keep the time interval between this operation and the final ele-
ment placement to a minimum. Before the foundation course is constructed, the trench
is checked for any sediment accumulation and this is removed as required (Kuesel and
King 1996).

The top of the tunnel should preferably be at least 1.5 m below the original bottom
to allow adequate top protection. If this is not possible, the tunnel may sit proud of the
bottom and be protected by backfilling extending, for example, approximately 30 m on
each side of the tunnel or more, depending on the conditions regarding ship navigation
and associated risks of accidental impact. The fill must be protected against erosion by
currents with a rock blanket or similar means.

Another consideration is that there must be sufficient time during the tidal cycle when
the current is small enough, preferably less than 1 m/s over a 2-h period, to permit low-
ering of the elements.

Immersed tube tunnels are very different from bored tunnels and this is illustrated
by the following design and construction aspects that need to be considered at the early
design stage (after Ingerslev 1990):

Topography, geology, hydrology and meteorology.
Alignment criteria.

e Conceptual design as steel or concrete tunnel, including a method of waterproofing
by either watertight concrete or an external membrane.

e Steel fabrication yard in case of a steel tunnel and dry dock location and layout in
case of a concrete tunnel (see Section 5.9.3).

e Schedule for construction as well as for design, including constraints on the con-
struction sequence.

e Choice of location with adequate facilities for outfitting of elements.

e Access to the interior after placing in case of very large water depths where stan-
dard solutions are not applicable.

e Towing method and route.
Survey methods during sinking and placing.
Navigation, fairway requirements, and the method of sinking (including plant,
equipment and temporary ballast) and of joining the tunnel elements. These con-
siderations combined may limit the practical tunnel element lengths.

¢ Foundation method and the associated stability for the tunnel elements, both
immediately after sinking and in the longer term. For example, temporary supports
and screeded gravel foundation and sand flowing (see Section 5.9.4).
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e Methods, and cost, of excavation and disposal of the tunnel trench materials which
might include gravels, sands, silts, clays or even rock and boulders. It could be that
a longer, shallower tunnel on a different alignment may be cheaper than a shorter,
deeper tunnel, especially if rock excavation is involved, as this can be expensive
below water.

e Source, type and method of placing backfill around the tunnel after positioning.
Special backfill may be required for seismic conditions.

e Protection against accidentally dropped or dragged anchors, and ship grounding.

e Construction methods and sequence for the immersed tunnel approach structures.
This would also include excavation support and methods for dewatering, cut-and-
cover tunnels, approach ramps and ventilation buildings.

e Drainage of the interior, including sumps at low points of the alignment and at
portals.

e Electrical, mechanical, operational and maintenance aspects, as these are often on
the critical path and can often delay the opening of tunnels.

In addition, once the overall length of the immersed tunnel has been agreed, the
length (and hence number) of the individual tunnel sections needs to be chosen. This is
based on a number of factors including (Lunniss and Baber 2013):

¢ The hydrodynamic loads during towing and placement, which increase as the sec-
tions get longer.

e  The capacity of the casting basin, as this could dictate the size/number of elements.

e The number of placements, which are expensive, and hence the more sections that
are required to be towed and sunk, the higher the construction costs. The fewer
placements that are used, the more the risk is reduced for this aspect of the con-
struction process.

e If the tunnel has a highly curved geometry, then shorter sections are often
preferred.

e The effects of earthquake loading are reduced if the sections are shorter, although
there is a balance between the section length and number of joints, which are sus-
ceptible to leaking at higher movements.

e Navigation constraints may dictate shorter sections to aid towing and placing.

5.9.3 Types of immersed tube tunnel

There are two distinct types of immersed tube tunnels, steel shell and concrete. The
steel shell type is traditionally preferred in the United States, and the concrete type in
Europe.

5.9.3.1 Steel shell

Steel shell immersed tube tunnels can be built using either a single- or double-shell con-
struction. In a single-shell construction, there is actually an internal concrete lining and
an outer steel shell plate that has been stiffened internally. This outer steel shell acts as
a permanent watertight membrane, as the formwork for the internal concrete lining and
as the structural element to carry the flexural forces before and after placement. In the
double-shell construction, there is an additional outer steel shell. The area between the
two steel shells provides a convenient space for additional ballast. The steel structure
and part of the concrete is normally constructed at a shipyard, either in a dry dock or
launched from a slipway. Unlike concrete elements which are sensitive to settlement,
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Figure 5.68 Typical cross sections for steel shell immersed tube tunnels (all dimensions in mm). (After
ITA 1997)

shrinkage and creep effects, steel shelled elements have sufficient flexibility and ductil-
ity so that these features do not control the design. However, the structural analysis
of a steel element must consider each stage of construction separately: fabrication and
launching, outfitting and iz situ loading.

Typical cross sections for steel shell immersed tube tunnels are shown in Figure 5.68.

5.9.3.2 Concrete

Rectangular reinforced concrete elements are generally used for tunnels with four or
more traffic lanes, particularly where concrete is more economical than steel, as they
are better suited for the rectangular traffic clearance gauge than the semicircular shape
of the steel tunnel cross section.

Some typical cross sections for concrete immersed tube tunnels are shown in
Figure 5.69.

WATER TIGHTNESS AND CRACK CONTROL: Early-age cracking during element construction
is the major cause of cracking in concrete structures. This can be alleviated by the use of
cooling pipes to control temperature-induced cracks during curing above the construc-
tion joints between the walls and top and bottom slabs. Alternatively, temperature cracks
can be avoided by continuous casting of the full cross section. Cracking of the structure
after placing can be avoided by introducing dilation (expansion) joints every 15-20 m
along an element to accommodate settlement and temperature movements. Use of low-
permeability concrete and quality control of the concrete placement on site during ele-
ment construction is also very important.
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ELEMENT WEIGHT: The concrete tunnel element may not be heavy enough for sinking.
In this case, it will be buoyant during towing and equipped with internal temporary
water ballast tanks. During immersion, the tanks are filled with water and the element
position is controlled by wires from the element to a number of anchor points and to
winches mounted on pontoons on the surface. In case the element is not buoyant, it may
be supported by pontoons for floating into position.

5.9.4 Immersed tube tunnel foundations and settlements

Immersed tube tunnels are founded at the base of the trench. Therefore, it is vital
that appropriate foundations are constructed to ensure stability and minimise settle-
ments of the tunnel. Two of the commonly used methods for providing a suitable
foundation are briefly described in this section, together with the more rarely used
method of pile foundations. In addition, brief comments are made with respect to
settlement issues.

5.9.4.1 Gravel bed foundation course

The trench is excavated up to 1.5 m below the bottom of the final tube position. A layer
of coarse sand or well-graded gravel is then placed in the trench and accurately levelled.
The levelling may be done by dragging a heavy ‘screed’ made up of a grid of steel beams
over the surface in successive passes.

5.9.4.2 Sand flow foundations

Sand flowing involves a sand—water mixture being jetted under the tunnel tubes via
a pipe system in the bottom slab while they are accurately positioned on temporary
supports.

5.9.4.3 Pile foundations or ground improvement

Only in unusual circumstances where the soil beneath the tunnel is too weak to sup-
port it and cannot be economically excavated and replaced with better material are
immersed tube tunnels placed on pile foundations. Different methods can be consid-
ered, including steel piles, stone columns and cement deep mixing (CDM) piles.

5.9.4.4 Settlement

Under normal conditions, immersed tube tunnels will not suffer significant soil settle-
ments because their buoyant weight is designed to differ only slightly from that of the
soil which it replaces. However, if there are changes in soil types and loading conditions
along the tunnel, then differential settlements will take place. These are particularly
important for concrete tunnels as they are brittle and more susceptible to cracking
compared to steel. Further details on the settlement of immersed tube tunnels from case
studies can be found in Grantz (2001).

5.9.5 Joints between tube elements

Since the tunnel is made up of individual elements, joining these elements together is
critical to ensure a watertight seal. There are many types of jointing system for immersed
tunnels, a couple of example jointing methods which are as follows.
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5.9.5.1 Tremie joints

Tremie joints can be used for joining steel elements. This involves joining circular steel col-
lar plates projecting from the tunnel elements. The tunnel elements are jacked together and
curved steel sections are inserted externally into the collar plates at the edge of the tunnel
elements. The area between the collar plates and the curved steel sections is then filled with
tremied concrete (‘tremied’ concrete is a technique for placing concrete under water and
involves pumping the concrete into a submerged space where it displaces the water).

5.9.5.2 Rubber gasket joints

An example of this type of joint is shown in Figure 5.70. The initial seal between the
elements is provided by the compression of rubber gaskets (Gina gasket) attached to
the face of one tunnel element bearing onto a smooth surface on the adjoining element.
Hydraulic coupling jacks extending from one of the elements are attached to the ele-
ment to be positioned. The jacks pull the elements together and compress the gaskets.
This initial compression of the gasket provides a good enough seal for the joint area to
be drained from the inside. This brings the full hydrostatic pressure onto the far end of
the element, and further compresses the gasket. After dewatering of the tunnel element,
the joint area can be entered via doors in the bulkhead and a permanent connection can
be made by a gasket mounted from the inside (Omega seal).

Special joints are required for seismic areas. These must typically allow for displace-
ments in any direction of up to 100 mm. Alternatively, the rubber gasket joints shown
in Figure 5.70 may be fitted with tension bars to limit the movements.

5.9.6 Analysis and design

The analysis and design of immersed tube tunnels differs significantly from tunnels
constructed through the ground, for which it is essential to determine the stability of
the ground, especially its stand-up time. The engineer has to decide what percentage
of overburden acts as a load on the tunnel and how much self-supporting capacity the
ground has. The tunnel is then designed to cope with the load both during construc-
tion and operation. Although the design loads for immersed tube tunnels can also be
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Figure 5.70 Example of rubber gasket joint. (Courtesy of COWI A/S.)
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classified as construction and final in-place loads, they differ significantly in their type.
Construction loads include those imposed during the fabrication, launching, towing,
outfitting and placing operations. Final in-place loading conditions include normal and
accidental/extreme loads. Normal loads include the dead load, water pressure (by far
the most dominating load), earth pressure and superimposed live loads that the tunnel
is expected to encounter during normal working conditions. Accidental loads include
additional loads produced by unexpected events such as earthquakes, floods, anchor
dropping, sunken vessels and vessel grounding, and possible explosion loads.

One of the issues related to seismic loading is the effect on the granular material and
the possibility of liquefaction of the backfill around and underneath the tunnel. While
the backfill at the sides of the tunnel can be loaded to increase its relative density and
prevent liquefaction, this is not possible with the sand fill under the tunnel. Since the
tunnel is lighter than the soil it replaces, its foundation is relatively lightly loaded. To
overcome this on the Conwy Tunnel (North Wales, UK), even though it is in a relatively
low-risk seismic area, a percentage of cement clinker was added to the sand foundation
material in order to stabilise it (Stone et al. 1990). This had previously been used suc-
cessfully in areas of much greater seismic activity, such as Japan and the Far East.

The structural analysis is carried out for the cross section and in the longitudinal direc-
tion by two separate FE models. The cross section FE analysis addresses the ability of
the structure to carry the loads by using a frame model to describe the slabs and walls.
Compliance with crack width criteria is normally done through dimensioning of the rein-
forcement. In the case of earthquake loading, the cross section should also be analysed for
racking, that is, distortion due to horizontal forces. The longitudinal FE analysis addresses
the ability to carry the imposed loading particularly at the joints due to differential settle-
ments, an uneven foundation, temperature movements and, if relevant, movements due
to earthquakes. The calculations will normally consider scenarios with tunnel element
installations in summer and in winter in order to consider the axial force in the joints,
which depends on the temperature movements of the elements following installation.

5.9.7 Examples of immersed tube tunnels

Table 5.4 shows details of a few recent immersed tube tunnels and includes information
on their construction method and dimensions. Only a small selection of immersed tube
tunnels is listed in Table 5.4, as this is intended to provide an indication of the scale of
the tunnels associated with this type of tunnel construction. For further examples of
immersed tube tunnels, the reader is directed to the report by the ITA (1997) and an
updated list in Lunniss and Baber (2013), which includes details of over 180 immersed
tube tunnel constructions from around the world.

To demonstrate the scale of a future planned immersed tube tunnel, it has been announced
that the Fehmarnbelt immersed tube tunnel link between Germany and Denmark will be
constructed after many years of debate (Miller 2016). The tunnel will be up to 40 m below
sea level and approximately 18 km long. It will be 42 m wide and will be a combined road
and rail tunnel. Each tunnel element will be 217 m long and weigh over 70,000 tonnes.
Owing to the complexity of the ground conditions in this area, the site investigation was
extensive, with geophysical surveys, offshore boreholes, advanced laboratory testing and a
high resolution seabed elevation model, enabling a 3D ground model to be produced from
the investigations. There was also a 1:1 scale instrumented field trial excavation conducted
in the Palaeogene Clay, a high plasticity clay, off the German coast to understand the likely
swell potential of this material, as this is critical to controlling the differential movements
of the tunnel. In fact, the trial showed that the swelling of the ground was less of a problem
than first anticipated. The tunnel is expected to be opened in the mid to late 2020s.
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Figure 5.71 Construction of one of the elements for the Limerick immersed tube tunnel in Ireland.
(Courtesy of COWI A/S.)

Two examples of existing immersed tube tunnels are briefly described here in slightly
more detail: the Limerick immersed tube tunnel and the Ted Williams immersed tube
tunnel, Boston, USA.

The Limerick immersed tube tunnel is constructed from five 100 m long tunnel ele-
ments, that is, the total length is 500 m, and was opened in 2010. The total length of the
tunnel, including the cut-and-cover sections at each end, is 675 m. The width and height
of the tunnel cross section is 22.75 m x 8.45 m, respectively (Figure 5.71). In addition,
the bottom slab is extended 1.25 m outside the walls. These ‘toes’ allow the backfill soil
above to act as ballast, providing safety against uplift, and is in addition to the ballast
concrete cast inside each of the elements. Figure 5.72 shows one of the elements being
towed into position ready for sinking.
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Figure 5.72 One of the elements for the Limerick immersed tube tunnel being towed into position
ready for sinking. (Courtesy of COWI A/S)
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Figure 5.73 One of the tunnel elements for the Ted Williams Tunnel being towed prior to additional
outfitting work. (Vanderwarker 2001.)

Figures 5.73 through 5.75 show various aspects of the construction of the Ted
Williams immersed tube tunnel, Boston, USA (see Table 5.2 for details). Figure 5.73
shows one of the double steel shell binocular elements being towed. Prior to place-
ment, a trench was excavated across the harbour using a floating crane with a grab
bucket (Figure 5.74). Approximately 680,500 m? of material was excavated to make
this trench. Figure 5.75a shows one of the elements being fitted out with a reinforced
concrete lining. The tunnel elements were berthed during the outfitting, and as the
outfitting took place, the elements sank lower into the water. In order to connect the
immersed tube tunnel into the land-based tunnels, cut-and-cover tunnel sections were
constructed at either end (Figure 5.75b).

5.10 Jacked box tunnelling
5.10.1 Introduction

Jacked box tunnelling involves pushing a precast tunnel section (box) through the
ground while carrying out excavation at the front face within a shield. Although the
technique is not new and has been around for many decades, recent advances in the
technique have made it possible to install large section boxes under ‘live’ highways
and railways. The cover depth for these tunnels can be very small, down to a couple of
metres (see examples in Section 5.10.3). The uses for jacked box tunnelling have tradi-
tionally been for pedestrian subways and portal bridge foundations, with later develop-
ments including small boxes being jacked one on top of another and filled with concrete
to form bridge abutments (Clarkson and Ropkins 1977).

It is important, as with all tunnelling operations, that a project specific comprehen-
sive site investigation is undertaken to determine the ground conditions, in particular
their strength and stability characteristics, essential for the system design. Running
parallel must be a survey of overlying infrastructure within the zone of influence of the
box installation and the identification of any mitigation measures considered necessary.
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Figure 5.74 The trench was excavated using floating cranes with grab excavators. (Courtesy of
Massachusetts Turnpike Authority.)

According to Ropkins and Allenby (2000), the principal benefits of jacked box tun-
nelling are

A nonintrusive construction method

Minimal disturbance to surface infrastructure

Traffic flows maintained throughout the construction period

Traffic flows maintained with only minor restrictions during box installation
An efficient structural form incorporating a low bearing pressure foundation
A high quality maintenance free structure

5.10.2 Outline of the method and description of key components

The key components of a jacked box tunnel are a jacking pit, reception pit (as required),
jacking base, shield, box, anti-drag system (ADS), jacking equipment and face support
system (Allenby and Ropkins 2004). The functions of these key components and the
stages involved in constructing a jacked box tunnel can be seen in Figure 5.76 and are
described below.

Stage 1: A jacking pit is constructed adjacent to the point where the tunnel is
required using traditional excavation and support techniques based on the
ground conditions. A reception pit may also be required at the point where the
jacked box finishes. Within the jacking pit, a jacking base is constructed. The
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Figure 5.75 (a) Internal fitting out of one of the tunnel elements (a reinforced concrete lining
was placed inside the steel shell) and (b) the binocular immersed tube emerging into
the cut-and-cover section of the Ted Williams Tunnel. (Courtesy of Massachusetts
Turnpike Authority.)

jacking base needs to be slightly longer than the box sections to be used. This
jacking base is crucial to the success of the jacked box operation as this provides
the reaction for the jacking rig pushing the box forwards. In addition, the jack-
ing base provides a stable base on which to construct the reinforced concrete
box and must be smooth and level. It must be accurately constructed to satisfy
the launch and installation requirements of the box section. Generally, the box
is made up of one element, but if space is limited for the jacking pit, then smaller
multiple box sections can be used. Along with the box construction, a shield is
built at the front face. The box and shield are generally rectangular in cross sec-
tion (Figure 5.76a).

The required number of jacking rigs is installed at the rear end of the box
reacting against the jacking base. Jacks are used to advance the box section for-
ward and also to provide some steering capabilities as required.



Tunnel construction techniques 213

(a) Top ADS ropes

Temporary berm Box structure

Jacking rigs

R
R

R

e
N\

55

S5

%
R
2

SOSSSNS

e

« é&@“@@@@@&“&@@&; > .
X QMQVVVVVVVVVVVVVVK JQ
ssssssssssssssssssssss, A
AR A R R A A AR ]

Bottom ADS ropes 'Jacking base

Top ADS ropes
(b) P P Jacking spacers

Spoil kentledge

e

Bottom ADS ropes

(c)

TGRSR
SBAAAAAAARG

(d)
Wing wall Wing wall Road surface
RIEIT
N S N N 7N 7 S ——————— 7.\ RS
N N N N N N A N N N R R R R A AR SRR
N N N N N L AN I N S R SR S N ERINTNERERINOSERERIRIILRININS
ZRIATRENG I RIIERENE RN RN R RIS RN I RIS IR LRI ORI RGO LRI NI R
R A A A A A R R R R N N A A A A A A R R N A N A A R A N R AR

Figure 5.76 Jacked box tunnel installation, (a) box ready for installation, (b) box partially installed, (c)
box fully installed and (d) completed structure. (Allenby and Ropkins 2007, courtesy of
BAM Nuttall Ltd. and John Ropkins Ltd.)

Stage 2: The box is then jacked into the ground (often, this is part of an embank-
ment below a highway or railway) in a carefully controlled and phased
sequence. Tunnelling commences by carefully excavating 150 mm of the face
and jacking the box forward a corresponding amount, this sequence being
repeated many times. One of the main issues with this construction technique
is the friction between the outside of the box and the surrounding ground.
If these friction forces are not reduced, then the ground, particularly imme-
diately above the box, is likely to be dragged along the box. An anti-drag
system (ADS) has therefore been developed to cope with this situation and
is described in more detail on page 203. As the box is jacked forwards, the
friction between the box and the surrounding ground increases, but at the
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same time the vertical load on the base from the box reduces. In order to
maintain the necessary reaction resistance between the jacking base and the
ground, the excavated material can be used to provide an additional vertical
load (kentledge) (Figure 5.76b and c¢).

Stage 3: In order to provide stability of the ground at the exit portal, a berm, or
portal structure, is constructed. Once the box has reached its final position, the
interface between the box and the ground is fully grouted. The shield and jack-
ing arrangement are then dismantled and the finishes made to the box, portal
structures and approach roads (Figure 5.76a, ¢ and d).

Further details on the face support (shield), jacking equipment and ADS are provided
below.

Face support system: This is typically an open face shield generally made up of
separate compartments (cells) similar to Brunel’s Thames Tunnel shield described
in Section 1.3, with a cutting edge at the front. The excavation within these com-
partments is carried out either by traditional hand techniques or excavators, or a
combination of each, depending upon the ground conditions, sensitivity of adjacent
structures, overlying infrastructure and contractor’s preference. Each shield is pur-
pose designed to suit the ground conditions determined from the site investigation
and to provide the face support necessary to maintain the integrity of the overlying
infrastructure. Figure 5.77 shows an example of the front face of a jacked box tunnel
shield for a project in Lewisham, London and the excavation techniques used on this
project. Further details of shields are provided in the jacked box examples in Section
5.10.3.

Jacking equipment: The required jacking forces are calculated based on the fric-
tional resistance between the box surfaces and the ADSs, the frictional resistance
and/or adhesion between the exposed box surfaces and the ground, and from the
shield embedment loads. Figure 5.78 shows all the components associated with the
jacking process. The hydraulic jacks only have a limited extension, and hence spac-
ers between the hydraulic jacks and the cross beam are used to transfer the forces
into the jacking base. Once the jacks have reached their full extension, they are
retracted and spacers inserted. It should be noted that in this case, the jacking forces
are transmitted through the jacking base, whereas in pipe jacking (Section 5.11)
the jacking forces are generally transmitted through a thrust wall at the rear of the
jacking pit.

ADS: A number of anti-drag measures have been developed, including lubrication
with bentonite slurry and the use of thin steel sheets, and reinforced rubber ‘drag sheets’.
Although these systems had some success, it was not until 1986 when Ropkins™ devel-
oped its highly successful proprietary wire rope ADS that it became possible to effec-
tively control ground drag (Allenby and Ropkins 2007). This proprietary Ropkins ADS
uses an array of closely spaced wire ropes rolled out from within the front of the tunnel
section in the direction of the drive, both at the top and bottom, as the tunnel section
is jacked forwards (Figure 5.79). The ropes are stored on cable drums within the box,
and one end of each rope is fixed outside the box (Figure 5.79 and also Figure 5.88 in
Section 5.10.3.2). As the box moves forward, the ropes are fed off the cable drums.
In this way, the ropes effectively form a stationary layer between the ground and the
moving box section. The drag forces are absorbed by the ropes and transferred back to
the jacking base, effectively isolating the ground from the drag forces. It is important
to lubricate the ropes prior to installation and to keep them well lubricated during box
installation using strategically positioned injection points. At the end of the jacking
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Figure 5.77 Example shield as used on a jacked box tunnel as part of the Docklands Light Railway,
Lewisham, London, UK (box size 17 m wide, 6.2 m high and 48 m long), (a) composite
steel and reinforced concrete shield, (b) hand mining in a top compartment through very
weak, loose sand and silt and (c) rear view of the face during excavation. (Courtesy of
BAM Nuttall Ltd. and John Ropkins Ltd.)

process, the anti-drag ropes are left in situ because their removal would cause voids
and induce additional unnecessary settlement. Grouting of the box/ground interfaces
subsequently takes place using cement-based grouts commencing at the invert, gradu-
ally working up the sidewalls and finally over the roof. Further details of the ADS used
on the vehicular under-bridge in the United Kingdom are described in the example in
Section 5.10.3.1.

5.10.3 Examples of jacked box tunnels

Table 5.5 shows a list of jacked box tunnel projects using the Ropkins system. The
Boston, USA and M1 Junction 15A, UK jacked box tunnel projects are described in
more detail in the following sections. In addition, the use of non-circular EPBMs used
on a jacked box project in China is described in Section 5.5.5.
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Figure 5.78 Example of jacking equipment and how the reaction forces are passed into the jacking
base. (Allenby and Ropkins 2007, courtesy of BAM Nuttall Ltd. and John Ropkins Ltd.)

Figure 5.79 Top ADS as used in the proprietary Ropkins™ system. (Ropkins and Allenby 2000,
courtesy of BAM Nuttall Ltd. and John Ropkins Ltd.)
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Figure 5.80 Details of the jacked box under-bridge at Junction I5A, Ml motorway, UK, (a) plan
on completion of tunnelling and (b) longitudinal section during tunnelling. (Allenby and
Ropkins 2004, courtesy of BAM Nuttall Ltd. and John Ropkins Ltd.)

5.10.3.1 Vehicular under-bridge, Ml motorway, JI5A, Northamptonshire, UK

The vehicular under-bridge, M1 motorway, J15A was constructed by BAM Nuttall
Limited in association with John Ropkins Limited and opened in 2003 (details from
Allenby and Ropkins 2004).

This project involved jacking a 45.0 m long, 14.0 m wide, 8.5 m high reinforced con-
crete monolithic box under a live motorway (Figure 5.80). The ground conditions of the
original motorway embankment consist of an engineered clay fill overlying a natural
boulder clay. The cover depth for the box section was 2.2 m under the main carriage-
way and 1.6 m under the hard shoulders.

The face was supported via a shield consisting of an open face reinforced concrete
cellular structure divided into three working levels, each with seven compartments.
The top-level compartments were designed for hand excavation, and the lower and
middle-level compartments for machine excavation, with an option of hand excavating
inside the middle-level compartments should the need arise. Substantial steel-plated
cutting edges were attached to the shield perimeter, the horizontal working decks and
the vertical dividing walls, permitting the face material to be penetrated and buttressed.
Figure 5.81 shows a rear view of the shield, annotated with the approximate levels of
the ground strata.
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Figure 5.81 Rear view of the cellular-reinforced concrete shield (annotation indicates the ground
strata). (Allenby and Ropkins 2004, courtesy of BAM Nuttall Ltd. and John Ropkins Ltd.)

The ADSs for this project comprised lubricated wire ropes, as previously described
in Section 5.10.2, at the top and bottom of the box section. The top ADS ropes were
spaced at 26 mm centres and covered the full width of the box section. The ropes were
anchored to a steel beam within the shield roof and passed through slots in the shield
roof. The bottom ADS comprised two rope tracks, each 3.5 m wide with the ropes
laid touching. These ropes were attached to the lead edge of the jacking base, passing
through the base of the box section and stored under a false floor. The ground drag
from the sides of the box was further reduced by lubricating with bentonite slurry.

Four jacking rigs were installed to give a total working capacity of 4800 tonnes. The
excavation and jacking took place in alternate small increments of 150 mm, while main-
taining a minimum penetration into the ground at the front of the shield of 450 mm.
Seven miners excavated the top-level compartments using pneumatic clay spades and
mechanical excavators removed the material from the middle and lower compartments.
The installation of the box section took 4 weeks, working 24 h/day, 7 days per week.

Figure 5.82 shows the box section during the jacking process and Figure 5.83 shows
the successful completion of the operation and the front of the shield.

Immediately following the box installation, low-pressure, high volume grouting
using a blended PFA/cement grout mix was carried out to the floor, side walls and roof
of the box to fill the overcut annulus and surround the ADSs in order to prevent further
settlements.

Settlements of the motorway were carefully measured using instruments located on
9 m high towers monitoring the carriageway on a 5 m grid and giving displacements in
3D coordinates in real time, as shown in Figure 5.82. With careful jacking and excava-
tion, the maximum recorded settlement was 26 mm.
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Figure 5.82 Rear view of the box during the jacking operation. (Allenby and Ropkins 2004, courtesy of
BAM Nuttall Ltd. and John Ropkins Ltd.)

Figure 5.83 Completion of the jacking process showing the shield. (From Allenby D. and Ropkins
JW.T. 2004. The use of jacked-box tunnelling under a live motorway. Proceedings of the
Institution of Civil Engineers, Geotechnical Engineering. Courtesy of BAM Nuttall Ltd. and
John Ropkins Ltd. used with kind permission from ICE Publishing and Dr. Douglas Allenby,
2004, Figure 3 (p. 232); Figure 5 (p. 234); Figure 9 (p. 237) and Figure 10 (p. 237).)
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Figure 5.84 An overview of the jacked box sites in Boston showing the railroad lines and Fort Point
Channel. (Courtesy of Massachusetts Turnpike Authority.)

5.10.3.2 1-90 Highway Extension, Boston, USA

The massive Central Artery highway reconstruction in Boston (the so-called ‘Big Dig’
project) involved major improvements to the road infrastructure and, in particular, the
I-90 highway. As part of this project, the I-90 had to pass beneath 11 active railroad
tracks, which carry commuter and mainline trains into Boston’s busiest rail terminal,
South Station. The railroad operation had to remain in service throughout the construc-
tion project. In order to achieve this, tunnels were jacked underneath these railroad tracks.
The jacked tunnels formed a link between the immersed tube tunnel under the Fort Point
Channel and the cut-and-cover sections (Figure 5.84). The cover depth between the top
of the tunnel sections and the railroad tracks was approximately 6.1 m (20 ft).

The 1-90 Highway Extension in Boston was constructed by the Slattery, Interbeton,
J.F. White, Perini Joint Venture with the jacked box tunnelling design, planning and
installation services provided by Edmund Nuttall Limited in association with John
Ropkins Limited. The jacked box tunnels were constructed in 2001.

Three concrete jacking pits were constructed as part of the jacking operations. In each
of these jacking pits, tunnel box sections approximately 24 m (80 ft) wide and 12 m
(40 ft) high were constructed. The lengths of the three tunnels were approximately 50 m
(150 ft), 79.2 m (260 ft) and 115 m (380 ft), respectively. The two shorter tunnels were
constructed in two section lengths and the longest in three sections. Intermediate jacking
stations were positioned between each box section, similar to pipe jacking operations,
with the main thrust jacks at the rear of the last box. This allowed each of the boxes to
be jacked forwards in sequence, thus reducing the thrust required by the main jacks (the
intermediate jacks acted as intermediate jacking stations as described in pipe jacking,
Section 5.11). The sections were jacked at a rate of between 1 and 2 m (3 and 6 ft) per
day. Figure 5.85 shows one of the jacked box tunnels during the jacking process.

The ground conditions consisted of Boston Blue Clay, sands, gravels and organic
material, and had to be stabilised prior to excavation. In order to increase the stabil-
ity of the ground during the tunnel jacking operation, and hence reduce the resulting
ground movements, ground freezing was utilised on this project (see Section 4.2.1 for
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Figure 5.85 One of the jacked box tunnels during the jacking process, note the cover depth above
the tunnel and rail road lines at the ground surface. (Courtesy of Massachusetts Turnpike
Authority.)

more information on ground freezing). The freezing process used a closed system of
recirculating brine as the coolant. The brine was passed down vertical freeze tubes into
the ground from the ground surface (Figure 5.86).

Each tunnel had a rectangular shield divided into six compartments on two levels.
The excavation machines were sized to excavate a compartment face typically 4.02 m
wide by 5.4 m high (Figure 5.87a). A maximum of four machines were used at any
one time in a carefully controlled sequence (Clayton et al. 2001). Figure 5.87b shows
the Webster Schaeff excavating machines purposely designed for this project. These
machines excavated the soil around the freeze pipes, which were then cut away.

The Ropkins system proprietary ADS using steel cables was employed on this project
to reduce the friction above and below the jacked sections (Figure 5.88).

A further jacked box tunnel case study can be found in Smith (2011a), which describes
the construction of the Cliffsend underpass in the United Kingdom. This project con-
sisted of a 126 m long, 12 m wide jacked box tunnel under a live railway.

5.11 Pipe jacking and microtunnelling
5.11.1 Introduction

Pipe jacking, often referred to in the smaller diameters as microtunnelling, is a tech-
nique for installing underground pipelines, ducts and culverts, and utility corridors,
generally up to 2.4 m diameter. Larger diameters and rectangular sections can also be
jacked with site handling being a limiting factor. Its major applications include sewer
installation, in particular gravity mains where engineering accuracy is a fundamental
requirement, and for crossings under rail, road, river and canals where the inherent
strength of the pipe and minimal settlement is used for the installation of a range of util-
ities. Pipe jacking is one of a number of trenchless technologies that can be considered
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Figure 5.86 Breakthrough of two of the jacked tunnels, showing the freezing operation at the ground
surface. (Courtesy of Massachusetts Turnpike Authority.)

for installing utilities in urban areas. Pipe jacking and other trenchless solutions can
provide a cost-effective alternative to disruptive open-cut utility installation, carbon
emissions are considerably reduced, and long-term damage to the highway infrastruc-
ture is minimised.

One of the issues with the use of pipe jacking over conventional open-cut trenching
operations on more routine pipeline installations is generally its higher direct costs.
However, if account is taken of the social costs, such as disruption and traffic con-
gestion, then pipe jacking is often ‘cheaper’, but these social aspects are difficult to
calculate. An alternative comparator is to use carbon dioxide production during a
construction project. The UK Pipe Jacking Association in conjunction with the UK
Transport Research Laboratory (TRL) has produced a ‘carbon calculator’ for com-
paring pipe jacking operations with more conventional trenching construction (http://
www.pipejackingco2calculator.com/); example projects given in Table 5.6 show that
significant carbon saving can potentially be made using pipe jacking and microtunnel-
ling operations.


http://www.pipejackingco2calculator.com/
http://www.pipejackingco2calculator.com/
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Figure 5.87 (a) Excavating the lower half of a 10 m high face through frozen, water-bearing sands and
gravels and (b) Webster Schaeff excavating machines used on the Boston jacked box tun-
nels. (Clayton et al. 2001; Courtesy of BAM Nuttall Ltd. and John Ropkins Ltd.)

A brief description of the pipe jacking technique is provided in this section. More
extensive details on this, and other trenchless techniques, can be found in more spe-
cialist books on this subject, for example, Thomson (1995), FSTT (2004), Najafi and
Gokhale (2004), Stein (2005) and PJA (2017).

In contrast to larger diameter tunnels where the tunnel lining is constructed directly
behind the excavated face, in pipe jacking the complete tunnel lining sections are pre-
cast and are pushed into place from a shaft. This forms a string of pipe sections which
are all moved through the ground until the desired length of tunnel has been reached.
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Figure 5.88 The inside of one of the tunnel box sections showing the proprietary ADS cable system.
(Courtesy of Massachusetts Turnpike Authority.)

Mechanised excavation methods are similar to those employed in other forms of
tunnelling. Shields, excavation and face support can be provided for a wide variety of
ground conditions. Remote shield control is exercised using electronic guidance systems
with a combination of lasers and screen-based computer techniques. For microtunnels,
the guidance system is located above ground, and for larger diameters can be located
within the tunnel. There are a number of key issues when using the pipe jacking tech-
nique, in particular, the fact that the tunnel lining sections are all pushed through the
ground. This means that these lining sections have to take considerable axial compres-
sive forces, which consequently dominate their design (Milligan and Norris 1999). In
addition, during the installation, large friction forces can develop between the lining
sections and the ground, and hence the force required to push them through the ground
increases as the length of the tunnel increases. These frictional forces can be reduced in
a number of ways. The tunnelling shield or machine is made a few centimetres larger in
diameter than the installed tunnel sections. This creates a gap into which lubricant can
be pumped. The gap and the lubricant help to reduce the friction forces. This gap can
close up, however, as the ground moves onto the tunnel lining and this can cause dis-
placements in the surrounding ground (Chapman 1999). Although the lubricant helps
to stabilise the ground, this gap is often grouted at the end of the pipe jacking process.
An alternative way of reducing the jacking forces is to introduce intermediate jacking
stations at intervals along the tunnel. This means that lengths of the tunnel in front of
the intermediate jacking station can be jacked forwards, followed by others behind,
that is, a reduced length of tunnel is being jacked at any one time, in a caterpillar like
operation. These issues are described further in the following sections.

5.11.2 The pipe jacking construction process

Figure 5.89 shows a schematic representation of the typical components of a pipe jack-
ing or microtunnelling operation. The pipe jacking technique requires two shafts to be
constructed to a depth just below the proposed tunnel invert. The jacking pit is where
the construction operations happen, with the reception pit really only being required to
remove the tunnelling machine at the end of the drive. The jacking pit is therefore essen-
tial to the pipe jacking process. The jacking rig is installed at the base of the jacking pit
and normally consists of two or four hydraulic jacks (typical jacking rigs can be seen
in Figure 5.90a—d). Owing to the large jacking forces required during the construction
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Figure 5.89 lllustration of a pipe jack under a canal. (Courtesy of A. Royal.)
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Figure 5.90 (a) View from the bottom a the jacking pit, (b) a microtunnelling machine being lowered in

the jacking pit
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Figure 5.90 (Continued) (c) a microtunnelling machine set up at the bottom of the jacking pit and
(d) a concrete jacking pipe being lowered into the jacking pit. (All photographs
courtesy of Herrenknecht or the Pipe Jacking Association.)

operation, the rear wall of the jacking pit, that is, where the loads are transmitted from
the jacking rig, must be designed to take these loads and a thrust wall has to be con-
structed. The jacking pit must be large enough to enable the tunnelling machine, pipe
sections and excavated material to be handled safely.

Once the jacking pit has been constructed and fitted out with the jacking rig, the tun-
nelling machine is lowered to the bottom and carefully positioned (Figure 5.90b and ¢).
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(b)

Figure 5.91 (a) Concrete pipes being jacked forwards, (b) a schematic representation of a pipe jacking
operation (Courtesy of Herrenknecht.) (Continued)

The machine is jacked forwards and initially excavates through the side of the jacking
pit (normally, there is a weakened area incorporated into the pit wall, or alternatively
an area is cut into the wall to allow the machine to pass). Once the jacks have reached
their full extension they are retracted, and the first tunnel lining section is lowered into
the jacking rig and located onto the rear of the tunnelling machine (Figure 5.90d). This
lining section and the machine are then both jacked forwards out of the jacking pit
(Figure 5.91a). Once the jacks are fully extended, they are again retracted and another
pipe section lowered into place and the process repeated. All electrical conduits, pres-
sure hoses, water services and communication lines and other service utilities must be
disconnected, extended and reconnected as the tunnel advances. Schematic representa-
tion of pipe jacking and microtunnelling schemes are shown in Figure 5.91b and c.

As the jacking process is continued, lubrication, which can be clay-based, such as
bentonite, or a polymer, is pumped into the gap on the outside of the tunnel sections to
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Figure 5.91 (Continued) (c) schematic representation of a microtunnelling operation (Courtesy
of Herrenknecht.) and (d) an intermediate jacking station. (Courtesy of
Herrenknecht AG/NoDig Media Services.)

reduce the friction with the ground. At certain intervals during the jacking operation,
intermediate jacking stations (also known as interjacks) are lowered into the jacking
pit. These consist of two steel sections connected together with hydraulic jacks (Figure
5.91d). These can be used to relieve the forces on the jacks in the jacking pit if the forces
get too high, that is, they are used in addition to the lubrication. They are useful to have
along the jacked tunnel as a precaution even if they are not used. Construction rates vary
greatly depending on the ground conditions, but are typically between 7.5 and 20 m/day.

For most pipe jacking and microtunnelling operations, the tunnelling machine is
controlled remotely with the equipment and controls usually set up either at ground
level directly over, or adjacent to, the jacking pit or for larger diameters within the
tunnel itself (Figure 5.92a shows a typical pipe jacking site layout). For short or simple
pipe jacks, where the diameter permits, traditional surveying equipment can be used
(an example of traditional theodolite guidance is shown in Figure 5.90a). The shield is
normally made up of sections, which can articulate. Steering of the machine is possible
using jacks incorporated between these articulated sections. These allow vertical and
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Figure 5.92 (a) A typical pipe jacking site arrangement and (b) a control panel for a pipe jacking or
microtunnelling machine. (Courtesy of Herrenknecht and the Pipe Jacking Association.)

horizontal adjustment of the tunnel during construction. An example of a control panel
for a pipe jacking and microtunnelling machine is shown in Figure 5.92b, and this has
information on, among other things, the extensions of the steering jacks and the laser
guidance system.

The tunnel lining sections can be made of different materials, but are commonly
made from reinforced concrete, glass fibre reinforced plastic (GRP), steel and vitrified
clay. In order to help spread the load at the joints and reduce stress concentrations dur-
ing the jacking process, it is essential that a number of measures are implemented by the
installer. These include inserting strips of material/packers, commonly medium density
fibreboard (MDF), as specified by the pipe manufacturer, into the joints; adopting steel
banded joints (as can be seen in Figure 5.91a); ensuring that regular checks are made
on line and level in order that the manufacturer’s specified draw and deflection limits
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Figure 5.93 Equipment used to separate the excavated material from the slurry, (a) primary screen,
(b) hydro-cyclones and (c) centrifuge. (Courtesy of Herrenknecht/the Pipe Jacking
Association.)

for the pipes are not exceeded and ensure that pipe handling procedures are followed
on-site.

If a slurry system is used by the TBM (slurry TBMs are described in Section 5.5.3.2)
to support the face and transport the excavated material to the ground surface, a sepa-
ration process is required to remove the spoil before the slurry is recirculated to the face.
The slurry is initially passed through a primary screen that removes the larger particles
(6 mm or above) (Figure 5.93a). This significantly reduces the potential for blockages
in the subsequent processes. The next process is to pass the slurry through de-sanding
and de-silting hydro-cyclones (Figure 5.93b). These hydro-cyclones work by spinning
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the slurry and forcing the solids to separate from the fluid. The final stage is to pass the
slurry through a centrifuge (Figure 5.93c). The centrifuge works on a similar principle
to the hydro-cyclones, but spins the slurry at a much higher speed, imparting greater
forces to the solids and removing particles down to 0.002 mm. A flocculent, such as a
polymer, can be introduced to the centrifuge to help bind the particles together, thereby
aiding their removal and improving the efficiency of the centrifuge.

5.11.3 Maximum drive length for pipe jacking and microtunnelling

Recent recommendations by the Health and Safety Executive in the United Kingdom
provide guidance on construction methods for a range of tunnel diameters (Table 5.7a),
and also limits on the maximum drive (tunnel) lengths between shafts for pipe jacking
and microtunnelling operations (Table 5.7b). The recommendations generally propose
that hand excavation requiring man entry should be avoided in all but exceptional cir-
cumstances (also refer to PJA 2006).

5.11.4 Examples of pipe jacking and microtunnelling projects

In order to demonstrate the diversity of pipe jacking projects, a few example projects
are presented in Table 5.6. The table provides some key information on the scope of
each of the projects; however, further details of these projects and other projects can be
found on the UK Pipe Jacking Association webpages (www.pipejacking.org).

5.12 Horizontal directional drilling

HDD is one of a number of techniques that have successfully been used over the past
20 years to install, or refurbish, pipelines with minimal surface disruption and was
originally developed in the oil industry. HDD is a versatile tunnelling technology and is
commonly used for installing pipelines and cables under rivers with drive lengths of up
to 3000 m. Brief details of this technique are given in this section, but further informa-
tion can be found in Bayer (2005) and also the other references mentioned in Section
5.11 on pipe jacking.

The construction procedure for HDD is shown in Figure 5.94. HDD uses surface-
mounted drilling rigs to cut a pilot bore between two points (~100-200 mm in diam-
eter, depending on the size and length of the final tunnel). The bore is then enlarged
with reamers (drill heads pulled back through the original pilot bore) until the required
diameter is achieved to allow the installation of the final pipeline, which is then pulled
into place by the drilling rig. Normally, the bore is enlarged to 1.2-1.5 times the diam-
eter of the final installed pipe to reduce the friction on this pipe during the pullback
operation. Throughout the process, the bore is stabilised and flushed of cuttings (i.e. the
excavated material is removed) by using drilling mud that is pumped into the bore from
the surface via the drill head or reamer.

HDD requires large volumes of drilling mud (two to four times the volume of the bore,
depending upon the soil conditions). This mud exiting the bore can be reused, but must
be cleaned of cuttings first. Mud mixing and pumping equipment is required on site to
ensure a continuous supply of the drilling fluid. These may form part of the drilling rig on
small projects, or require substantial plant alongside the drilling rigs for larger projects
(Figure 5.97). The mud tends to be based on bentonite slurries. However, add-mixtures
and polymers may be incorporated to improve performance. In granular soils, polymers
are essential in order to prevent loss of drilling fluid into the surrounding ground because
of the high permeability and also to prevent collapse of the material into the bore.
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Figure 5.94 Typical HDD installation, including pilot drilling, pre-reaming and pullback operations (the
central section of each stage is enlarged for clarity). (Courtesy of Herrenknecht.)

Figure 5.95 shows an example of a medium-sized HDD rig, including the drilling
head used for the pilot bore. One of the key issues with HDD is to know the position
of the drill head during the pilot bore. This can be monitored using a ‘sonde’ that is
placed just behind the drill head and transmits its position wirelessly. The signal can be
received at the ground surface by a person walking the route of the bore with a detec-
tor. Alternatively, when access to the ground surface is difficult or for very long drive
lengths, the signal can be sent via a wire from the sensor directly to the drilling rig
along the drill pipe.

HDD can be used to install pipelines through most soil or rock conditions both
above and below the water table if the cutting tools, drilling rate, fluid pressure
and flow rate are configured correctly. One of the key differences between drilling
through soft ground and hard rock is the drilling head configuration and reaming
devices. When drilling in soft soils, ‘chisel’ type drill heads are used (see Figure
5.95b) and the drilling rig provides thrust and rotational forces to the head. In order
to drive in a straight line, the rods are continuously rotated as they are pushed for-
wards. To navigate curves, or to change alignment, the rotation is stopped and the
drill rods are just pushed forwards (in this case, the forces on the angled drill head
cause the head to deviate from its current direction). When drilling in rock, drill-
ing bits are used (Figure 5.96). The drilling rig again provides thrust and rotational
forces to the head, but, in addition, a mud-motor behind the drilling bit powers the
cutting tool. A mud-motor uses the force of the drilling mud being pumped to the
head to turn the drill bits. In order to navigate curves, once again the rotation is
stopped and the drill rods are pushed forwards. However, in this case, a bent-sub
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Figure 5.95 (a) An example of an HDD rig (note an example of a ‘reaming’ device beside the rig on
the left) and (b) a close-up of the pilot drill head (note the ‘chisel’ type drill head with an
angled face).

arrangement located behind the cutting tool causes the drill head to deviate in direc-
tion (Figure 5.97).

Generally, the achievable drive length with HDD is related to the diameter of the
installed pipe; the greater the diameter of the pipe the shorter the achievable drive
length. Some typical installation values are

¢ 1 m diameter pipes can be installed for lengths of up to 1200 m
Longer drive lengths can be achieved for smaller diameter pipes (<1 m)
* 2 m diameter pipes can be installed for lengths of up to 500 m

HDD is also commonly used for installing smaller diameter pipes (cable ducts) over
shorter distances (<0.5 m diameter over 200 m).
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Figure 5.96 (a) Rock drill bit and (b) rock pre-reamer. (Courtesy of Prime Drilling HDD-Technology.)

5.12.1 Examples of large HDD installations

In terms of longer HDD drives, some typical examples from China and elsewhere dur-
ing 2007 include (Ma and Najafi 2008): the Wei River Crossing in China involving a
drive length of 2873 m to install 660 mm diameter and 114 mm diameter steel pipes; the
Modao Gate Crossing in China involving a drive length of 2630 m to install a 660 mm
diameter steel drainage pipe; the Elbe River Crossing, Germany involving a drive length
of 2626 m to install a 350 mm diameter high density polyethylene (HDPE) pipe and the
Athabasca River crossing, near Fort MacKay, Alberta, Canada involving a drive length
of 2195 m to install a 1070 mm diameter steel pipe (Mueller and O’Donoghue 2016).
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Figure 5.97 Schematic view of a typical bent-subassembly. The sensors for locating the drill head are
spaced behind the motor to reduce magnetic interference. (After Riggall 2008.)

Figures 5.98 and 5.99 show an example of a larger HDD rig and pullback operations.

Herrenknecht have combined microtunnelling (as described in Section 5.11) and
HDD technology to produce their Direct Pipe® pipe installation method. This tech-
nique can be used for installing pipelines under rivers and also for sewer outfalls.
The method can install pipes ranging in diameter from 0.8 to 1.5 m and involves
using a slurry-based microtunnelling machine attached to a prefabricated pipeline.
The microtunnelling machine and prefabricated pipeline attached to the back of the
machine are pushed into the ground using a pipe thruster, which has a 5 m stroke
length (Figure 5.100). The slurry pipes used to remove the excavated spoil are located
inside the prefabricated pipe. The technique only uses one shallow access pit at the
start of the drive, with a small reception excavation to retrieve the microtunnelling
machine at the end of the drive as the machine arrives close to the ground surface.
Since the job site is only based at the starting end of the pipeline, it is a suitable tech-
nique for constructing sewer outfalls as the machine can be retrieved from the sea bed
at the end of the drive. The method can cope with a range of ground conditions from
soft ground to heterogeneous ground and rock.

Figure 5.98 Example of a large HDD rig and associated facilities, pumps and mud recirculation system.
(Courtesy of Prime Drilling HDD-Technology.)
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Figure 5.99 (a) Pullback operations showing back reamer and (b) final pipe. (Courtesy of Prime Drilling
HDD-Technology.)
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Figure 5.100 Example of Herrenknecht’s pipe thruster as used in their Direct Pipe method for the
North-South gas pipeline in the Netherlands. (Courtesy of Herrenknecht.)

e

Figure 5.101 One of the worksites on the North-South gas pipeline in the Netherlands, using the
Direct Pipe method of construction. (Courtesy of Herrenknecht.)
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Figure 5.102 Example of the shallow starting pit required with the Direct Pipe method as used on the
North-South gas pipeline in the Netherlands. (Courtesy of Herrenknecht.)

Figures 5.100 through 5.102 show an example of the Direct Pipe method being used
as part of the Netherland’s North-South gas pipeline. The project used a 1295 mm
AVN microtunnelling machine to install a 1219 mm (48 inch) polypropylene-clad steel
pipeline for a number of different drive lengths from 362 to 1400 m. The ground condi-
tions on this project included sands, gravels, silts and loam.



Chapter 6

Health and safety, and risk management
in tunnelling

The health and safety of personnel carrying out the construction work as well as that of
the general public is of paramount importance. This chapter introduces this important
subject and the topic of risk management.

6.1 The health and safety hazards of tunnel construction

Contribution written by Dr. D.R. Lamont MBE, CEng, FICE, Director of Hyperbaric
and Tunnel Safety Ltd. and formerly Head of Tunnel and Ground Engineering, Civil
Engineering Specialist Team, Health and Safety Executive, UK.

6.1.1 Introduction

Tunnelling has become recognised as an environmentally friendly way of providing
road and rail capacity in an increasingly congested world. However, not all tunnels are
of large diameter and the many small diameter water, sewage and cable tunnels which
are built every year by the utility providers should not be forgotten. Many hazards are
common to soft ground and hard rock tunnels.

The risk to health and safety is not confined to those directly undertaking tunnel
excavation as members of the public can also be affected. Over the past few years,
there have been a number of spectacular tunnel collapses around the world which have
resulted in both workers and members of the public being killed. With mechanised tun-
nelling (see Section 6.1.7), the risk to the workforce from ground collapse has largely
been removed, except for those entering the cutterhead for inspection and maintenance
purposes. When a collapse does occur with a shield driven tunnel in an urban area, it is
probably those on the surface, likely to be the public, who are at greatest risk.

Tunnels are high value assets both in terms of their intrinsic worth and their value
within the national infrastructure. Massive social and disruption costs can arise when
a tunnel ceases to be available for operational use such as after a major fire. In these cir-
cumstances when the tunnel has become unfit for operational use, it is almost inevitable
that attempts will be made to recover and repair the tunnel and this has safety-related
implications for those involved in the recovery operations. The two major fires in the
Channel Tunnel of 1996 and 2008 illustrate this. Consequently, the use of appropriate
measures to protect the tunnel lining from fire is one aspect that should be considered
at the design and construction stage.
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6.1.2 Hazards in tunnelling

All the health and safety hazards of normal civil engineering construction can be found
in tunnelling along with a few which are specific to tunnelling. In most cases, the risks
arising from these hazards present more severe consequences in tunnelling than with
surface construction. This increase in severity is due to a number of factors including

e The degree of uncertainty over the nature and variability of the ground through
which the tunnel is being driven

e The confined space of the tunnel environment, particularly in small utility tunnels

e A safety culture at all levels in the workforce which improved markedly in recent
years but still has room for improvement

* A lack of commitment from all parties to the project in addressing occupational
health and safety

e Failure of the industry to learn from the experiences and mistakes of others

® Poor communication or confrontational approach between parties to the project

e Work in compressed air

Comprehensive guidance on the hazards of tunnelling and on mitigating the risks aris-
ing from these hazards can be found in the current version of British Standard 6164 ‘Code
of practice for health and safety in tunnelling in the construction industry’ (BSI 2011).

6.1.3 Techniques for risk management

The management of health and safety risk is no different to the management of other
project risks. The hazards which arise in tunnelling should be identified from experi-
ence and by reference to relevant technical publications (Lamont 2006a). It is rarely
necessary to use formal hazard identification techniques, such as hazard and operabil-
ity studies. Once the hazards have been identified, the risks which could arise should
be assessed in terms of their likelihood of occurrence during the life of the project and
their consequence. Although risk assessment techniques used in tunnelling extend from
the use of simple likelihood/consequence matrices to numerical quantified risk assess-
ment techniques, the 5 x § likelihood/consequence matrix is probably the most appro-
priate and commonly used technique. The use of sophisticated numerical techniques
is only possible where appropriate input data exist and this information is not readily
available in tunnelling.

Risk assessment in tunnelling is likely to identify low-frequency high consequence
events. It is particularly important to consider events such as collapse and plan for
them, as in practice they happen more frequently than many realise. Such risks should
always be subject to mitigation. This mitigation should focus on reducing the conse-
quence rather than on reducing the frequency which for high consequence risks will
already be very low. Risk management is described in more detail in Section 6.2.

6.1.4 Legislation, accidents and ill health statistics

Occupational health and safety in tunnelling is normally subject to the same legisla-
tion as surface construction. Over the past three decades, a considerable amount of
legislation aimed at establishing common standards of occupational health and safety
has emanated from the European Parliament. In theory, standards should be similar
throughout Europe; however, levels of compliance and enforcement do vary between
Member States.
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The principal statute in the United Kingdom is the Health and Safety at Work Act
1974, which sets out generic goal setting requirements applicable to all work activ-
ity. This is supported by the Management of Health and Safety at Work Regulations
and industry-specific regulations such as the Construction (Design and Management)
Regulations. Hazard-specific regulations relevant to tunnelling include the Work in
Compressed Air Regulations. A comprehensive description of health and safety legis-
lation relevant to construction was published in Appleby and Lamont (2009). In this
author’s experience, the UK tunnelling industry has taken occupational health and
safety very seriously in recent years and the fatal and major accident rates have reduced
significantly. However, although accident statistics are frequently used to measure the
effectiveness of a safety management system, they are a poor measure as they are nega-
tive indicators, that is, indicators of failure in the safety system. In addition, they are
subject to significant error, due to underreporting of incidents and ill health. In gen-
eral, few regulatory authorities or contractors publish detailed statistics on tunnelling
accidents and ill health. One exception to this is with decompression illness which
arises from work in compressed air. Engineers have had an interest in the causes of and
cures for decompression illness since compressed air work was first undertaken in the
mid-nineteenth century and many have published their thoughts and experiences. The
Proceedings of the Institution of Civil Engineers contain a comprehensive selection of
relevant papers which were summarised by Lamont (2006b).

Most countries have some form of labour inspectorate which is ultimately respon-
sible for occupational health and safety and which, though not in the United Kingdom,
can also have responsibility for enforcement of employment law relating to industrial
relations and conditions of employment. A number of countries control occupational
health and safety through statutory social insurance organisations. These directly link
premiums to health and safety performance and often provide training along with com-
pensation and rehabilitation services for injured workers.

In recent years, the major global reinsurance companies have taken a direct interest
in tunnel construction works particularly seeking to reduce their exposure to claims by
raising standards of ground risk management in the industry. Initially, they worked with
the British Tunnelling Society to produce a code of practice for the United Kingdom,
but this document has now been extended to be applicable internationally (ITIG 2012).

6.1.5 Role of the client, designer and contractors

Clients and designers, as well as contractors, have a contribution to make in ensur-
ing good health and safety performance in tunnelling, and their responsibilities are
set down in legislation and guidance in many countries. In Europe, this is the sub-
ject of the Temporary or Mobile Construction Sites Directive. The United Kingdom
has implemented this Directive through the Construction (Design and Management)
Regulations. In their current incarnation, these lay down a statutory framework within
which clients, designers and contractors must acquire and share safety-related infor-
mation coordinated during the design phase of the project by a ‘principal designer’.
Designers have specific duties to consider the health and safety of those affected by
the building of a project and those working in the completed structure as part of their
design activity. For the construction phase, the regulations require a ‘principal contrac-
tor’ to be appointed to oversee cooperation and coordination in matters relating to
health and safety, between all contractors working on a project.

The client should set a framework for project procurement covering both design and
construction, which should include requirements for the health and safety strategy for
the project. In addition, the client should ensure that those whom they, directly or
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indirectly, employ to design and construct the tunnel works, in turn make available ade-
quate resources, including finance and time, in order to address health and safety issues.

Designers can strongly influence health and safety, although in the past they have
sometimes shown little inclination to do so. The fundamental safety-critical aspects
of tunnel design are diameter, alignment, shaft size/positions and portal location and
once these have been fixed, the rest of the design process becomes more one of detail.
Examples of how a designer can influence health and safety include choosing an align-
ment which facilitates the use of a TBM by avoiding a rock/soil interface or routing
a tunnel away from, rather than through, contaminated land. Where this is not pos-
sible, the designer should consider the impact on those building the tunnel and pass on
relevant information to the contractor along with advice on risk mitigation measures.

In small utility tunnels, the lack of working space contributes directly to the health
and safety risk to the workforce; hence, the primary factor in determining the mini-
mum tunnel diameter may be the need to provide adequate working space to build the
tunnel safely (HSE 2006). Designers can use the specification to eliminate techniques or
materials which are hazardous and should consider ‘buildability’ as well as structural
robustness when designing openings in the tunnel and changes of cross section.

It is good practice to include requirements for fire-fighting, atmospheric monitoring
systems, communication and ventilation systems in the contract documents and to con-
sider how to integrate what is required during tunnel construction with what the client
requires in the finished tunnel. It can be argued that during construction these are the
contractor’s responsibility, as they are part of the temporary works: however, the client
pays for them anyway through the contractor’s overheads.

Any contractual arrangement which brings together design and construction exper-
tise such as partnering, joint ventures or early contractor involvement can help miti-
gate risk in the tunnel during construction through sharing experience and improving

buildability.

6.1.6 Ground risk

This has the potential to affect all parties in the event of a tunnel collapse. Those
affected by a collapse include the client who suffers financial loss, the designer and con-
tractor who may suffer reputational damage, financial penalties or prosecution, those
building the tunnel who are at risk of death or injury and the public who may also be
at risk of death or injury, along with the insurers. Spectacular tunnel collapses, such
as that at Heathrow in 1994 in the United Kingdom (HSE 2000), do occur with disap-
pointing regularity worldwide; hence, engineers should always consider them in their
risk assessments and plan their emergency measures accordingly. When they occur, the
consequences will most likely be so great that there will be political repercussions in
addition to any disruption to the works.

For all tunnel projects, adequate site investigation is essential. The designer must
know the geology and hydrogeology in order to adequately address all the risks from
the ground. The most comprehensive site investigation possible is required to identify
ground parameters, discontinuities, water, gas and contamination (see Chapter 2).

Designers of both temporary works and permanent works should liaise closely with
contractors to ensure the stability of the tunnel under construction. This liaison must
go beyond just the stability of the permanent works to include the stability of the tunnel
at all stages of construction. In rock tunnels, the stability of the ground through which
the tunnel is being driven has to be considered along with the stability of the ground
around the tunnel intrados.
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Often a primary sprayed concrete lining is classed as temporary works and considered
to be the contractor’s responsibility; however, it is also the primary means by which the
tunnel is supported during construction which makes it of fundamental importance
for the safety of all those in the tunnel (and also for safeguarding the client’s asset).
The sequencing of the excavation process, particularly in complex tunnel layouts, can
be crucial in ensuring safety. Designers should always ensure that the construction
sequence which they envisaged in their design is adhered to.

Contractors should have a proper appreciation of the engineering principles behind
the design and ensure that they adhere to the design and specification and do not sac-
rifice quality of materials and workmanship to achieve cost savings or productivity.
Quality assurance schemes have a place in tunnelling, but are no substitute for good
engineering practice and competent supervision. It is important to learn from the mis-
takes of others.

6.1.7 Excavation and lining methods

The International Tunnelling Association (ITA) classifies tunnelling as ‘mechanised
tunnelling’” when TBMs are used and as ‘conventional tunnelling’ for other methods
of construction. The method of tunnel excavation and lining has a direct influence on
safety.

In soft ground, mechanised tunnelling involves the use of a TBM with a segmental
lining. Conventional soft ground tunnelling techniques increasingly involve excavation
by a tunnel backacter or roadheader followed by some form of sprayed concrete lining.
In rock, mechanised tunnelling is by TBM with rock support as required by rock condi-
tions while conventional tunnelling involves excavation by a roadheader or the use of
drill and blast techniques. A full tunnel lining can be unnecessary in good rock.

6.1.7.1 Mechanised tunnelling

TBMs have become highly sophisticated but complex machines, and there are many
hazards associated with their operation. There are sufficient similarities in soft ground
and hard rock TBMs for both to be covered by a single machinery safety standard EN
16191 (BSI 2014a).

All machinery for use at work within Europe must conform to the ‘Essential Safety
Requirements’ of the Machinery Directive (2006/42/EC) normally through self-certifi-
cation by the machine manufacturer of conformity with a relevant European standard.
In this case, EN 16191 sets requirements for safety of shielded and unshielded TBMs.
EN 12110 (BSI 2014b) covers the requirements for airlocks and bulkheads.

BS EN 16191 addresses a wide range of topics such as access to the cutterhead, han-
dling of heavy components, rotation/stability, walkways and access openings, visibil-
ity, control systems, hydraulic and electrical systems and fire protection. The standard
applies equally over the full range of machines which are currently manufactured, and
extending from microtunnelling machines of under 1 m diameter to the largest TBMs
currently being made of over 17 m diameter. Hence, the requirements have to be some-
what general in nature.

One of the most hazardous areas of a TBM is the segment build area within which
the erector operates. Here, heavy segments are handled while visibility for the erector
operator can be poor. Miners are expected to place packing between segments as well
as bolting up the segments to secure them in position. The risk of serious personal
injury is always present.
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The power consumption of large TBMs can vary from 5 to over 10 MW and supply
voltages of 22 kV are now being used. High standards of electrical engineering safety
are necessary if electrical accidents are to be prevented. The problems of working in a
wet metallic environment, potentially explosive atmospheres, possible oxygen enrich-
ment and compressed air, all add to the complexity of the electrical engineering prob-
lems in tunnelling.

Although TBMs for rock tunnelling, being unshielded, are somewhat different in
design and layout from shielded soft ground TBMs, the mechanical and electrical haz-
ards are sufficiently similar for the machinery safety requirements of both types of
TBM to be covered by one standard (EN 16191, BSI 2014a). Hazards more commonly
encountered with hard rock TBMs include unstable or loose rock and dust from the
excavation process. Some hard rock TBMs incorporate rock bolting and sprayed con-
crete lining capability on the backup equipment.

6.1.7.2 Conventional tunnelling

Excavation in conventional soft ground tunnelling is normally undertaken by a road-
header or by a hydraulic (‘tunnel’) excavator. Roadheaders are covered by EN 12111
(BSI 2014c¢). ‘Tunnel’ excavators are 360° slew hydraulic excavators modified for tunnel
use with a more robust boom and dipper arm as well as with greater articulation in the
boom. As with all mechanical plants being used underground, they require to be fit-
ted with onboard fixed fire suppression and use low flammability fluid in the hydraulic
systems.

Lining of conventional tunnels is now predominantly done with sprayed concrete
(shotcrete) lining. Among other parameters, concrete mix design should address the
minimisation of dust emissions at source. Nevertheless, even with the use of wet-
mix techniques and spraying by a robot, ventilation to control dust will be required.
Extraction ventilation with de-dusting capability should give the most effective results.
The health hazards of concrete additives and waterproofing materials which are used
as part of the lining and waterproofing process should be addressed and the risks miti-
gated as necessary.

Freshly sprayed shotcrete can fall without warning. Care should be taken to ensure
consistent material properties and a uniform thickness of application. No one should
work under freshly sprayed shotcrete for at least 30 min after spraying has been com-
pleted and it has been demonstrated by in situ testing that the most recently sprayed
material has gained the predetermined minimum strength required.

For conventional tunnelling in rock, excavation can be by a roadheader or excava-
tor where rock characteristics permit. More likely excavation will be by drill and blast
methods. Drilling should be done by mechanised equipment such as tunnel drilling
rigs or ‘jumbos’. All mechanical plant used underground should be purpose-built for
the underground environment by specialist suppliers or customised conventional sur-
face construction plant suitable for use in the underground environment by having on
board, for example, fire suppression, low flammability hydraulic fluid and travel and
task lighting.

Hand tunnelling and its associated hazards of manual handling, noise, vibration and
heat strain has largely been replaced by mechanisation. Where still required, the appro-
priate mitigation measures should be put in place.

So-called ‘observational methods’ can be used in conventional tunnelling. These
require considerable engineering input if proper management of the ground risk is to be
achieved. Designs must be developed for both the most probable and the most unlikely
ground conditions along with a number of incremental steps in between. Action or
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trigger limits in terms of relative values, for example, differential movement between
measuring stations, absolute values, for example, total deflection, and rates of change
must be determined. Throughout construction, monitoring must be carried out and
results compared with the alarm or trigger limits (see Section 7.3.2).

It is very important that contingency plans, whose impact has been predicted in
advance, should be in place during construction. It should be possible to put these into
effect sufficiently quickly when alarm/trigger limits are exceeded to allow an effective
recovery of the situation. In addition, emergency plans should be in place which can
be put into action when the worst happens and the contingency plans have not been
effective.

6.1.8 Tunnel transport

Tunnelling often requires the transport of large numbers of personnel and considerable
quantities of materials over long distances. For many years, railway systems were the
main means of transport in mechanised tunnelling; however, conveyors or slurry sys-
tems for spoil removal are becoming increasingly common. This has led to the use of
specialised wheeled vehicles for the transport of segments, other tunnel materials and
personnel.

Wheeled or tracked plant can be used in conventional tunnelling. Much of the plant,
for example, tunnel excavators, is of a specialised nature because the restricted space
in the tunnel prevents suitably modified surface construction plant and vehicles from
turning or slewing.

A tunnel is a confined space in which visibility is often poor due to lack of lighting.
Consequently, there is a high risk of collision between personnel and machines which
has been one of the principal causes of fatal and serious injury accidents in recent years.
The provision of vehicle and pedestrian routes which are adequately separated and lit,
the maintenance of vehicle lights in a serviceable condition, the provision of camera
systems to enhance driver visibility and the provision of high-visibility clothing are all
important means of mitigating these risks.

The use of slurry systems and conveyors for spoil removal both give major safety
benefits by significantly reducing the number of transport movements required in the
tunnel. An added benefit is that neither method utilises diesel engines, which generate
contaminants for the tunnel atmosphere. Conveyors must be guarded but the method-
ologies for that are well established.

6.1.9 Tunnel atmosphere and ventilation

The quality of the tunnel atmosphere is very important and contaminants in the tunnel
atmosphere affect everyone working in it. The most common atmospheric hazards and
contaminants are oxygen deficiency and the presence of harmful gases such as carbon
monoxide, the oxides of nitrogen and carbon dioxide, and potentially explosive gases
such as methane, and radon, which is radioactive. Other atmospheric contaminants
include dusts containing silica and particulates from diesel engine exhaust emissions.
None of the atmospheric contaminants can reliably be detected without the use of mon-
itoring equipment. Fixed monitoring systems linked to the tunnel data system are now
the norm for almost all tunnels. Handheld monitoring units can be required to provide
additional local monitoring capability.

In all cases, the risks arising from atmospheric contaminants should be mitigated by
ventilation. Waste heat from plant and equipment also builds up in the tunnel atmo-
sphere and can be controlled by ventilation.
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Frequently, the tunnel ventilation systems fail to function effectively due to poor
design or maintenance. Ducting can be wrongly positioned and thus fail to supply fresh
air to the correct part of the workings or it may not pass the required quantity of air
if it has been blocked or joints and leaks in it have not been sealed. As a general rule,
forced ventilation is preferred; however, for dust, extraction ventilation can prove more
effective in removing contamination and in preventing secondary exposure from the
accumulation of surface deposits of dust.

6.1.10 Explosives

In conventional rock tunnelling, extensive use is made of drill and blast techniques.
Tunnelling-specific drilling equipment capable of drilling a number of holes simulta-
neously, often under computer control, is used. The main hazards are dust, noise and
vibration and the risks associated with storing and using explosives. The safe use of
explosives is essential and procedures for storage, transport, charging, firing and deal-
ing with misfires should be developed. Other risks from using explosives include prema-
ture detonation and atmospheric contamination from the dust and blast fume generated
by the blast. There should be a comprehensive blasting plan in place covering every
blast. Guidance on explosives safety is given in BS 5607 (BSI 1998) and also in the HSE
publication L118 (HSE 2013).

6.1.11 Fire, flood rescue and escape

Among the most significant safety hazards of tunnelling, to which the workforce is
exposed in the event of emergencies, are fire and smoke. In particular, it is the spread
of smoke through the tunnel system, rather than radiant heat generated by a fire, which
can lead to fatalities. As recent fires in the Channel Tunnel have shown, the tunnel lin-
ing can also be severely damaged by fire.

In most tunnels under construction, the main sources of fuel for a fire are the large
quantities of plastic, rubber and other flammable materials found on plant, and equip-
ment, along with the significant quantities of hydraulic fluid and diesel fuel under-
ground. Reduced flammability hydraulic fluids are available and should be used in all
underground plant along with flame retardant grease around the TBM. All hydraulic
systems should be well engineered.

Equally important is the need for effective fixed onboard fire suppression systems on
all plant and equipment including major items of electrical equipment. These should be
supplemented by handheld extinguishers. In tunnels where significant non-vehicular
fuel sources such as timber for shuttering are present as in an underground station fit
out, a fire main with hydrants and hose reels should be provided.

Fixed systems have the advantage of allowing personnel to evacuate the tunnel and
not requiring someone to remain in a position of danger to fight a fire. Good house-
keeping is another vital precaution in minimising the build-up of flammable rubbish,
which typically in tunnelling includes timber, plastic bottles, paper, discarded hoses
and cables.

In all tunnels, there should be an underground alarm system as well as one or more
communication systems. In large or complex tunnels, these should be linked into the
main tunnel control systems along with a comprehensive fire detection system.

It is normal practice to issue oxygen self-rescuers to everyone going underground.
These should be worn on the belt in order to be readily accessible in an emergency.

In every tunnel, there should be adequate arrangements for rescue. This can either
be based on a team made up from the contractor’s own work force or from the local
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fire and rescue service. Sometimes it is in the contractor’s interest to provide the local
emergency rescue services with specialised equipment such as long duration breath-
ing apparatus in order that they can undertake tunnel rescue. To facilitate escape
and rescue, a clear and well-signed walkway should run throughout the length of
the TBM and from its outbye end to a place of safety. The main place of safety is on
the surface.

Refuge chambers have become an important feature of emergency planning. They
are not a substitute for escape to the surface but can provide a place of relative safety
underground if escape to the surface is not possible. The ITA (2014) has produced com-
prehensive guidance on their use in tunnels under construction. EN 16191 (BSI 2014a)
and BS 6164 (BSI 2011) both make reference to the need to provide refuge chambers. In
long tunnels, a dedicated emergency train may be required.

6.1.12 Occupational health

Occupational health is seldom allocated the priority it should be, given that the number
of days lost to ill health in the construction industry is considered by many experts to be
at least twice that lost through injury. The overriding principle of occupational health
to which all should subscribe is that ‘no one should arrive home from work less healthy
than when they left home to go to work’. The reasons for occupational health provision
are twofold:

e To ensure fitness for work
e To address ill health due to work

6.1.12.1 Fitness for work

This is in effect a safety issue as unfitness for work can lead to injury incidents affect-
ing others. Working in tunnels requires a degree of physical fitness. Occupations such
as plant, crane and transport operators need to be fit and have adequate hearing and
eyesight. Members of the site rescue team need a high level of physical fitness. Illness
such as epilepsy, uncontrolled diabetes and severe heart conditions can all result in
unexpected loss of consciousness which in plant operators can lead to a safety incident.
Everyone working underground should be subject to preemployment screening along
with periodic reassessment.

Exposure to certain hazards attracts a statutory requirement for medical fitness for
work. No one can work in compressed air without first undergoing a medical exami-
nation to ensure their fitness for such work. Thereafter, routine medical checks are
required at intervals of 3 months or 28 days depending on the pressure to which they
are exposed.

6.1.12.2 Il health due to work

One reason that the extent of the occupational ill health problem goes unrecognised
is that people suffering from ill health are often no longer able to work and disappear
from the workplace. In an industry where peripatetic workers make up a significant
proportion of the workforce, even more cases of ill health than for general construc-
tion may be going unreported. Since tunnelling workers often have no access to regular
health care when living away from home, the provision of occupational health facilities
and even basic general health facilities can become even more important on sites in
remote locations.
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Virtually all the occupational health hazards of construction are also present in tun-
nelling. They include dermatitis from the use of cementitious materials, serious respi-
ratory problems from exposure to dust, hand-arm vibration syndrome, noise-induced
hearing loss and severe musculoskeletal injury. The normal risk mitigation measures for
these hazards in surface construction are applicable in tunnelling also.

6.1.13 Welfare and first aid

The provision of basic welfare in tunnels under construction is improving. Space for
basic toilet and washing facilities is limited in small tunnels, but in larger tunnels there
is enough space for toilet and washing facilities on the TBM or in the tunnel. A system
for cleaning and maintaining the toilets is essential. The poorer the toilet facilities,
the greater the need for hand cleaning facilities. Research has shown that significant
reductions in the number of cases of minor ill health can be made by providing basic
welfare facilities. Barrier creams and skin moisturisers should be available at the wash-
ing facilities. In addition, messing facilities, with a supply of cold potable water, are also
required. A means of boiling water and heating food as part of the TBM equipment
aids welfare and reduces the safety risk from improvised electrical installations. First
aid provisions must be available to meet the requirements of the project in terms of shift
working and remote working.

6.1.14 Work in compressed air

Compressed air working was first introduced in the mid-nineteenth century and has
been a useful groundwater control technique ever since. The main occupational illnesses
arising from it in tunnelling are decompression sickness and aseptic bone necrosis — col-
lectively referred to as ‘Decompression illness’. The normal symptoms of decompression
sickness are joint pain of varying severity or occasionally neurological symptoms. It is
readily treatable by recompression and slow decompression back to atmospheric pres-
sure. Osteonecrosis, which results in the breakdown of joint surfaces and causes dis-
ability, is only treatable by surgical replacement of the affected joints.

The era when large soft ground tunnels below the water table, such as the Dartford
and Clyde Tunnels, were hand dug by miners working in compressed air has passed.
Although such working practices have virtually ceased, there is still a small legacy
of bone necrosis cases from earlier exposure. Hand excavation has been replaced by
mechanised tunnelling using slurry and earth pressure balance machines, both of which
can require the application of compressed air within the cutterhead to facilitate face
inspection and cutterhead maintenance. While the number of exposures has probably
been cut by over 95% compared to hand digging the tunnel, some work under pressure
can still be required. There is also a trend for tunnels to be dug even deeper in more
challenging geological conditions, thus increasing the working pressures.

With air-only decompression, the incidence of decompression illness can exceed
2% for some pressure/time combinations. This is unacceptable for the twenty-first
century. Many countries, including the United Kingdom, have now adopted routine
oxygen decompression to reduce the incidence of decompression illness. Guidance on
good working practice in compressed air can be found on the website of the British
Tunnelling Society (BTS 2015).

Until very recently, the compressed air tunnelling industry lagged far behind the
diving industry in its hyperbaric engineering practices. However, in recent years, a
very small number of tunnels have utilised high-pressure compressed air techniques
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(ITA 2015a) involving saturation exposures and the use of mixed gas breathing as in
offshore diving. Working pressures of over 10 bar have been recorded. The use of satu-
ration exposures not only reduces the number of decompressions undertaken but also
decompressions from saturation are normally slower and hence safer than decompres-
sion following non-saturation exposures at the same pressure.

Not only does hyperbaric working present a health hazard, but also it presents a
safety hazard as fire risk is a function of pressure and oxygen concentration. Oxygen
leakage during decompression can also raise the oxygen concentration with a resulting
increase in fire risk. Work at pressure can lead to increased risk from heat strain and an
increased risk when exposed to contaminants.

Further information can be found in Lamont (2006b).

6.1.15 Education, training and competence

The traditional image of tunnel workers, and one which they have been reluctant to
change, is of a hardworking, hard living, macho culture. Concern for one’s safety
and health has not been a priority. It is vital if health and safety standards are to be
improved, for more resources to be put into raising the general competence of all those
in the industry as well as their competence in health and safety matters. There are
training initiatives in some countries for tunnel operatives and first-line supervisors.
Around five universities worldwide offer postgraduate courses in tunnelling but the
number is growing. Competent supervision of tunnelling works is vital and front line
supervisors play a key role in fostering greater awareness of health and safety issues
among the workforce. Large tunnelling projects may need to set up their own training
facilities; for example, Crossrail in the United Kingdom supported the ‘Tunnelling and
Underground Construction Academy’ to train the large number of workers required
for the project and this initiative has more recently been taken forward by Thames
Water.

Behavioural safety techniques in which considerable resources are put into modify-
ing individuals’ behaviour to enhance their safety awareness and hence reduce incidents
have become industry standard practice on large sites. While such schemes can prove
effective in reducing minor safety incidents, they are not a substitute for engineering
measures to reduce risk at source. There is little evidence of any benefit in occupational
health performance and in countering low-frequency high consequence events.

All new employees in the industry should undergo comprehensive induction train-
ing. Site-specific training, even for experienced employees who are new to a site, is also
necessary. Engineers and managers now undertake training in health and safety mat-
ters as part of their professional education and continuing professional development.
This training extends beyond what is required for personal safety to what is required to
ensure the safety of those affected by their professional activities.

6.1.16 Shafts

Shafts are often left out of publications on tunnelling. They have become much more
challenging structures in recent years. From being segmentally lined concrete structures
10-15 m in diameter by around 30-40 m deep at most, large diameter (>50 m), deep
(~100 m), circular and non-circular structures are now being built using a variety of
caisson sinking, diaphragm walling and segmental lining techniques, often in chal-
lenging urban locations. Many of the problems of tunnelling are also found in shaft
construction and most of the text above is equally applicable.
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6.1.17 Concluding remarks

There is still scope for improvement in standards of health and safety in tunnel con-
struction. Experienced practitioners should share knowledge, guidance and good
practice with those entering the industry. Good standards of health and safety require
the commitment of resources in terms of time and money but a productive workforce
can only be sustained if working conditions are healthy and safe. Respect for people
through respect for their health and safety must be our goal in the twenty-first century.

6.2 Risk management in tunnelling projects
6.2.1 Introduction

This section provides a brief introduction to the concept of risk management in
civil engineering and particular tunnelling projects. This can only be regarded as
an overview and the reader is encouraged to consult more detailed reference materi-
als such as Eskesen et al. (2004), Clayton (2001), and also the Code of Practice for
Risk Management of Tunnel Works (ITIG 2012) and the Joint Code of Practice for
Risk Management of Tunnel Works in the United Kingdom (BTS 2003). A Technical
Guidance Note on Geotechnical Risk Management for Tunnel Works has also been
produced by the Geotechnical Engineering Office of the Hong Kong Government
(TGN25 20095).

The concept of risks and risk management is not new in construction, and back in
1993 Sir Michael Latham stated when reporting on construction procurement methods
for the UK Government, ‘No construction project is risk free. Risk can be managed,
minimized, shared, transferred, or accepted. It cannot be ignored’. With respect to tun-
nelling operations, the late Sir Alan Muir Wood stated, ‘Uncertainty is a feature that is
unavoidable in tunnelling. But it can be understood and controlled so that it does not
cause damaging risk’.

Therefore, the management of risks within a tunnelling project is vital to ensure a
successful project. As Sir Alan Muir Wood mentioned, uncertainty in tunnelling is
unavoidable. One aspect of uncertainty in tunnelling can be attributed to the ground,
which, as described in Chapter 2, is characterised from laboratory and field tests con-
ducted on only a very small proportion of the total ground affected by the tunnelling
operation. Generally, the ground parameters are given a range of values and hence the
risk management is important, taking into account the best and worst-case scenarios
as well as values in between. However, it is not only uncertainty but also the hazards
that are involved in the overall tunnelling project which need to be considered in any
analysis.

In order to evaluate risk, an understanding of the difference between hazard and risk
is important, as well as other useful definitions given by Eskesen et al. (2004):

®  Hazard — A situation or condition that has the potential for human injury, damage
to property, damage to environment, economic loss or delay to project completion.

® Risk — A combination of the frequency of occurrence of a defined hazard and the
consequences of the occurrence.

® Risk acceptance criteria — A qualitative or quantitative expression defining the
maximum risk level that is acceptable or tolerable for a given system.

e Risk analysis — A structured process which identifies both the probability and
extent of adverse consequences arising from a given activity. Risk analysis includes
identification of hazards and descriptions of risks, which may be qualitative or
quantitative.
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Figure 6.1 Risk management and impact versus time. (After Caiden 2008, used with permission.)

® Risk assessment — Integrated analysis of risks inherent to a system or a project
and their significance in an appropriate context, that is, risk analysis plus risk
evaluation.

®  Risk elimination — Action to prevent risk from occurring.

®  Risk evaluation — Comparison of the results of a risk analysis with risk acceptance
criteria or other decision criteria.

®  Risk mitigation measure — Action to reduce risk by reducing the consequences or
frequency of occurrence.

The risk management strategy for a project must consider all aspects, from the design
life, to the durability and repair and maintenance of a structure. It is important to
realise that the opportunity to minimise risks is highest during the early feasibility
stage of a project and this opportunity decreases rapidly once the project moves into
the design and construction stages, as illustrated in Figure 6.1. The cost of change also
increases substantially the further one gets into the project.

Although risk management is often regarded as negative, it should also be seen as
providing an opportunity for doing things better. Hence, the following elements should
form part of a risk management procedure:

e Provision of an auditable framework to effectively identify, analyse, evaluate and
treat risks on projects

Ensuring that the correct people with the most subject knowledge are involved
Keeping budgetary and programme creep under control by preempting problems
Ensuring insurability

Provision of the necessary checks and balances to satisfy financiers or funding
agents

The process of risk management involves a number of steps which can be illustrated
as shown in Figure 6.2. Figure 6.2 indicates that risk management is not a linear process
and several aspects have to be considered. The key steps that need to be processed are
identification of the risks; assessment of the risks and addressing the risks. It is impor-
tant to realise that the risks include political, financial, legal, regulatory, contractual,
technical and operational risks, that is, are not just restricted to the actual construction



256 Introduction to tunnel construction

Review
Start options
. Identify
measures
What could o Quantify o Mitigation
go wrong? °Rank °Management
< Control Yes
RISK AND OPPORTUNITY REGISTER  |[e=
¥ |
Implement Update risk I
control > Monitor |== == = = = =
measures register

Figure 6.2 Risk and opportunity management flowchart. (After Caiden 2008, used with permission.)

operation. When assessing the risks and trying to understand these, it is essential to iden-
tify: the potential hazards/impacts; potential consequences; likelihood of occurrence;
data/information sources; interested and affected parties; uncertainty, variability and
unknowns. Once the risk analysis has been carried out, the risks need to be addressed
and accepted, avoided, mitigated or transferred. Further, it is critical that the risks are
monitored during all stages of the project including, for example, cost estimates, labour
issues, site and weather. Ultimately, it is important to react to any risks that may occur.

6.2.2 Risk identification

The process of risk identification may rely upon: (a) a review of worldwide operational
experience of similar projects with written submissions from partner companies, (b)
the study of generic guidance on hazards associated with the type of work being under-
taken and (c) discussions with qualified and experienced staff from the project team and
other organisations around the world. It is important to identify the potential hazards
in a structured process (Eskesen et al. 2004).

The identification and classification of the risks is best carried out through brain-
storming sessions with risk screening teams consisting of multidisciplinary, techni-
cally and practically experienced experts guided by experienced risk analysts. The aim
should be to identify all conceivable hazardous events threatening the project including
those risks of low frequency but high possible consequence.

In Section 6.2.1, it was mentioned that uncertainty in a project is one significant con-
tributor to risk (although not the only one), with the uncertainty related to the ground
characteristics being one of the key contributing factors. However, examples of other
common areas of uncertainty affected by any civil engineering project include political
and economic environment; planning, regulatory and approvals procedures; environ-
mental and sustainability requirements; construction and buildability issues; safety;
project delivery and implementation requirements.

Once the risk has been identified, it is important to register this risk properly. This
is particularly important during the construction process. The Risk Register provides
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current details on identified risks and opportunities. Without a formalised mechanism
for registering risks, it would not be possible to keep a track record of any risks that
have occurred and mitigate the risks. For the mitigation of the risk, it is important to
nominate a person(s) responsible for the specific risk treatments and associated time-
frames for implementation.

6.2.3 Analysing risks

Risks can be analysed by qualitative and quantitative methods. Qualitative-based anal-
ysis is generally a word-based process that involves setting priorities and is used as a
decision-making tool. Qualitative analysis is an essential prerequisite to quantitative
analysis.

Quantitative analysis is number based and often involves probabilistic analysis tech-
niques such as those developed in the 1990s (e.g. for the Adler tunnel, Einstein et al.
1994). It can provide an aggregate view of risks and is focussed on targets and con-
tingencies. This can be conducted using Monte Carlo type simulations, which involve
fitting probability distributions to the risks according to surrounding conditions of the
variable and then running a large number of analyses taking random variables from
each of these probability distributions to assess the overall risks (Rubinstein and Kroese
2007). There is also scheduling and estimating software available based on methods
such as fault, event or decision tree analysis or multirisk analysis. However, all these
quantitative analysis methods rely on input parameters and hence the expertise of the
person doing the analysis.

6.2.4 Evaluating risks

When evaluating the risk, it is critical to look at the identified risks and determine the
frequency with which these may occur. Table 6.1 shows an example of what type of risk
frequency can be utilised.

Once the frequency of a risk has been identified, the consequence of such a risk needs
to be determined, which could range from insignificant to catastrophic (Table 6.2).
It is now important to develop a matrix to determine a risk rating (e.g. from low to
extreme). This can be achieved qualitatively by combining the likelihood of an event
occurring with the resulting consequences. An example of such a matrix is shown in
Table 6.2. It should be noted that Table 6.2 is only an example and the likelihood—con-
sequence matrix has to be developed for each project.

Table 6.1 Example of risk evaluation

Descriptor Description of frequency

Rare May occur only in exceptional circumstances — can be assumed not to
occur during the period of the project (or life of the facility)

Unlikely Event is unlikely to occur, but it is possible during the period of the
project (or life of the facility)

Possible Event could occur during the period of the project (or the life of the
facility)

Likely Event is likely to occur once or more during the period of the project
(or life of the facility)

Frequent/almost certain Event occurs many times during the period of the project (or the life of
the facility)

Source:  After Caiden 2008, used with permission.
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Table 6.2 Example of qualitative risk rating

Consequence
Insignificant Minor Moderate Major Catastrophic
Probability Rare Low Low Low Medium Medium
(likelihood) Unlikely Low Low Medium Medium High
Possible Low Medium Medium High High
Likely Medium Medium High High High
Frequent Medium High High Very high Extreme

Source:  After Caiden 2008, used with permission.

6.2.5 Risk monitoring and reviewing

After identification of the risks, their likelihood of occurring and the consequence
of them occurring, it is vital to determine various ways of treating these risks. It is
always desirable to avoid the risk. Options here include changing the project plan/
scope of the works to eliminate the risk. However, in the event that this is not pos-
sible, ways have to be considered to mitigate the risk with either a reduction in prob-
ability of occurrence or reduction in consequence if something happens. If this is not
possible, then the option of risk transfer or sharing needs to be considered. Finally,
if all else fails, the risk needs to be accepted, but a contingency needs to be created.
This option involves agreeing to accept the consequences of a risk. It is important
that accepted risks are considered carefully and the consequences of these risks are
prepared for in advance and appropriate contingency or fallback plans developed. It

is also important that these risks are continually monitored carefully and reviewed
(after Caiden 2008).

6.2.5.1 Example

The risk assessment carried out as part of the Piccadilly Extension at TS5, London, UK
included: confined working space, hot works, use of electrical equipment, working at
height, plant operations, manual handling and lifting, dust, noise, tunnel construction,
COSH survey, shotcreting overhead and others (details of this case history are provided
in Section 8.2). Each of these were analysed with respect to the hazard they posed, for
example, the hazards related to tunnel construction in this case were

¢ Excavation

e Face collapse

®  Vault collapse

e Unforeseen ground conditions

e Application of sprayed concrete

e Failure of sprayed concrete due to insufficient strength
e Excessive deformations causing failure of the lining

Each of these hazards were analysed, identifying the level of risk (high or medium),
and the persons at risk, which included employees, the public, subcontractors and
others. Control measures were established to address these key issues. Examples of
the control measures for the excavation hazards included applying an initial layer of
sprayed concrete to the face, using an inclined face where possible and monitoring
ground conditions. Control measures for the application of sprayed concrete included
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Table 6.3 Example headings for risk assessment table

Key issues
addressed  Residual
Risk (control risk

No. Operation Hazard Personsatrisk  (H/M) measures) (H/M/L)

Subcontractors

Employees
The public
Others

having quality control measures in place, systematic testing to assess strength gain,
monitoring of the structure and establishment of trigger levels. Based on this analysis
and the control measures, the residual risks could be determined, which were assessed
as high (H), medium (M) or low (L). Assuming that all the control measures were imple-
mented correctly and all the key issues addressed, the residual risk should be low in all
cases. The headings used in the risk assessment table are shown in Table 6.3.



Taylor & Francis
Taylor & Francis Group

http://taylorandfrancis.com


http://taylorandfrancis.com

Chapter 7

Ground movements and monitoring

This chapter introduces the topics of how to estimate ground movements caused by the
construction of tunnels in soft ground, the importance of these ground movements with
respect to their effects on adjacent structures and how these movements are monitored
during the construction process. In addition, the important topic of in-tunnel monitor-
ing is introduced for assessing the stability of the tunnel during the construction of
open-face tunnels, such as NATM.

7.1 Ground deformation in soft ground

When tunnelling in hard ground (rock), ground movements are not normally a prob-
lem, except in squeezing ground conditions, and ground movements propagating up
to the ground surface as a result of the excavation are unlikely unless the cover depth
of the tunnel is relatively small, that is, in portal areas, or where the groundwater in
the overlying soft ground may be affected. In soft ground, however, displacements can
occur due to a number of reasons and these are shown for a shield tunnel in Figure 7.1.
These components are (after Mair and Taylor 1997):

1. Deformation of the ground towards the face due to stress relief

2. Radial ground movements due to the passage of the shield, possibly due to an
overcutting edge (bead) used to help steering, or while trying to maintain align-
ment of the shield (pitching and yawing angles)

3. Tail void due to the difference in diameter of the tail of the shield and the
installed lining, and hence the tendency for the ground to move into this gap

4. Distortion of the tunnel lining as it starts to take the ground loading

5. Time-dependent consolidation in fine-grained soils

Component 1 is particularly important with open-face tunnelling methods. However,
if TBMs with pressurised faces, such as EPB and slurry TBMs, are used, this compo-
nent can be negligible if good face control is achieved. It should be noted that over-
pressurisation at the face can lead to outward movements and heave at the ground
surface. ‘Ravelling’ or re-compaction due to local loss of ground at the face can also
contribute to this component. Component 2 can result if there is difficulty keeping
the tunnelling shield on the correct alignment, or if there is a need to tilt the shield up
slightly to prevent it from diving into the ground. Component 3 can be minimised by
immediate grouting of the void. Component 4 is usually small compared to the other
components once the lining ring is completed. Component 5 can be important for soft
clays, and results from the fact that the construction process changes the stress regime
locally around the tunnel. This causes changes in the water pressure within the pores
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Figure 7.1 Primary components of ground movements associated with shield tunnelling. (After Mair
and Taylor 1997, from Cording 1991, used with permission from Professor E.]. Cording.)

between the soil particles. As these excess pore water pressures equilibrate over time,
the ground will change volume and consolidate (see Section 3.2 for more information
on stresses around tunnels). It should be noted that when tunnels are constructed with
no shield, for example, NATM, Components 1, 4 and 5 are still applicable.

These components can result in displacements reaching the ground surface, which
can be particularly significant in urban areas, where they can influence overlying or
adjacent structures such as buildings, other tunnels and services. In contrast, if there
are no ground-structure interaction effects, these ground movements are termed ‘green-
field” movements.

It is important to estimate these ground movements so that tunnelling techniques can
be optimised in order to control the movements of overlying or adjacent structures. In
addition, other measures can be implemented to control these movements, for example,
the use of compensation grouting (see Section 4.2.8 for further details). These ground
movements can be estimated using numerical methods, as described in Section 3.6, or
semiempirical methods as described below.

7.1.1 Surface settlement profiles

Although these days enormous advances in computer-based numerical methods for cal-
culating ground displacements are being made, there are still some advantages of using
simple empirical-based methods in soft ground (Devriendt 2006):

®  These methods allow a rapid initial appraisal of ground displacements and can use
established risk assessment criteria.

® They provide a conservative risk assessment of the potential damage to structures.

e For “flexible’ structures such as long masonry walls at the ground surface, interac-
tion effects may be minimal and hence semiempirical approaches based on assum-
ing greenfield conditions can give realistic results.

There are also other approximate methods such as the one proposed by Puzrin et al.
(2012), where the ground displacements can be estimated for an undrained anisotropic
elastic soil.

A number of reviews have been conducted of this subject, for example, Mair and
Taylor (1997), BTS/ICE (2004) and ITA/AITES (2007). However, a brief overview of
the subject is provided in this section.

Schmidt (1969) and Peck (1969b) established, via case history data, that the ground
surface settlement ‘trough’ above tunnels, that is, normal (or ‘transverse’) to the direc-
tion of the tunnel, can be described by an inverted normal probability (or ‘Gaussian’)
curve (Equation 7.1 and Figure 7.2).
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Figure 7.2 Gaussian curve for representing the transverse settlements above a tunnel in soft ground.
(After Dimmock and Mair 2007a, used with permission from ICE Publishing and Professor
Lord R.J. Mair.)
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where S(y) is the vertical settlement at pointy, S, is the maximum settlement directly
above the tunnel centreline, y is the transverse horizontal distance from the tunnel cen-
treline of the trough and i is the trough width parameter, which represents the point of
inflection on the transverse profile, equivalent to one standard deviation in a normal
probability distribution. This has subsequently been confirmed by numerous authors
from other case history data, for example, O’Reilly and New (1982) and Attewell et al.
(1986).

By integrating Equation 7.1, the volume of the surface settlement trough (per metre
length of tunnel), Vg, can be approximated by Equation 7.2.

Equation 7.2 can be rearranged to calculate the maximum vertical settlement, S
directly above the tunnel.

max?

Vs = 271 S s (7.2)

The geometry of the settlement trough is uniquely defined by selecting values for the
volume, Vi, and the trough width parameter, i. The choice of these values is discussed
later in Sections 7.1.1.1 and 7.1.1.2.

It should be noted that other methods have also been proposed for describing the
transverse settlement profiles above tunnels, as the Gaussian curve does not appear
to fit some field observations. One such method described by Celestino et al. (2000) is
called the yield—density curve (Equation 7.3).

Smax
b
1+pw] (7.3)

ol

Sly) =

where S(y) is the vertical settlement at point y, S, is the maximum settlement directly
above the tunnel centreline, y is the transverse horizontal distance from the tunnel cen-
treline of the trough and o (dimensions of length) and b (dimensionless) are parameters
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related to the trough width and the shape of the curve, respectively. Expressions were
proposed in Celestino et al. (2000) for the coefficient o as shown in Equations 7.4a
and b.

% = 0.39(2/D) +0.31 (stiff clay) (7.4a)

% =0.46(z/D)+ 0.37 (porous clay) (7.4b)

where z is the depth to the tunnel axis and D is the tunnel diameter.

The parameter b was found to range from 2 to 3 for porous clay and 2 to 2.8 for stiff
clay, and it was noted that b should always be greater than 1.

This yield—density curve has three degrees of freedom, whereas the Gaussian curve
has only two, and Celestino et al. (2000) showed that this could provide better esti-
mates for the settlements in some types of ground, particularly those that demonstrate
more ‘chimney’ type settlements, that is, where there is a flatter central section to the
settlement curve, which can occur in more porous (drained) soils.

In the longitudinal direction to the tunnel construction, it has been found that the
vertical displacements can be estimated, following examination of a number of tunnel
construction case histories in clays (Attewell and Woodman 1982, Attewell et al. 1986),
by a ‘cumulative probability curve’ as illustrated in Figure 7.3. For tunnels constructed
in stiff clays without face support, the surface settlement directly above the tunnel face
corresponds to 0.5S .. For tunnels in soft clays with face support, for example, in EPB
or slurry TBMs, the surface settlement directly above the tunnel face is much less than
0.5S,... (Mair and Taylor 1997 suggested 0.25-0.30S,.,,). In these cases, the major
source of the ground movement is further back from the face and this leads effectively
to a translation of the cumulative curve (Ng et al. 2004).

The transverse and longitudinal ground displacement profiles can be combined to
represent the full 3D surface displacement as shown in Figure 7.4.

max

Translated longitudinal settlement

Original ground level profile — with face support
l
] N =
Sa ™y
. ¥ o : Longitudinal settlement profile
: (cumulative probability curve) —
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/ Advancing tunnel ——» :
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/

Figure 7.3 Longitudinal settlement profile above tunnels in soft ground, showing the difference in
distribution for open-face tunnelling and where there is significant face support. (After Mair
and Taylor 1997)
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Figure 74 3D representation of the surface settlement as a tunnel is constructed in soft ground.
(Attewell 1995, after Yeates 1985.)

7.1.1.1 Estimating the trough width parameter, i

There are a number of empirically derived methods for estimating the trough width
parameter, i, used in Equation 7.1. It has been shown by various researchers on the
basis of case history data, for example, O’Reilly and New (1982), that the trough
width parameter at the ground surface is an approximately linear function of the
depth of the tunnel, H, and is largely independent of the tunnel construction method
and tunnel diameter (except for very shallow tunnels where the tunnel depth to
diameter ratio is less than one). Therefore, the relationship shown in Equation 7.5
can be used.

1=KH (7.5)

where H is the depth from the ground surface to the tunnel axis level and K can be
estimated as shown in Table 7.1

In the urban environment, there are often situations where tunnels are constructed
close to existing subsurface structures and hence there is a need to estimate the settle-
ments below the ground surface. Mair et al. (1993) analysed subsurface data from
various tunnel projects in stiff and soft clay, together with centrifuge model test data
in soft ground. They showed that subsurface settlement profiles can also be reasonably
approximated in the form of a Gaussian curve in the same way as surface settlement

Table 7.1 Typical K-values

Soil type K

Stiff fissured clay 0.4-0.5
Glacial deposits 0.5-0.6
Soft silty clay 0.6-0.7

Granular soils above the water table 0.2-0.3
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profiles. For subsurface regions greater than one diameter away from the tunnel, the
trough width parameter can be expressed as shown in Equation 7.6.

i=KH-2) (7.6)

where z is the depth from the ground surface to the level being considered, H is the depth
of the tunnel axis from the ground surface and K is given by Equation 7.7. Equation
7.7 yields shallower, wider and more realistic subsurface settlement troughs at depth
compared to those obtained when K is kept constant.

~0.175+0.325 (1-z/H)
B (1-z/H)

K

(7.7)

It should be noted that only one method of estimating the subsurface trough width
parameter is presented here and other methods exist (e.g. Heath and West 1996, Moh
et al. 1996). Further research into the ground displacements around tunnels in sand
using centrifuge model tests (Marshall et al. 2012) has shown that predicting these
displacements is complex and that a Gaussian curve does not always provide a good fit
to the vertical settlements. Marshall et al. (2012) also derived a new relationship for K
based on these tests for tunnels in sand.

In the previous equations presented in this section, the assumption is that the ground
is homogeneous. However, tunnels are often constructed in layered ground comprising
fine- and coarse-grained soils. Selby (1988) and New and O’Reilly (1991) suggested
that the trough width parameter for the surface settlement trough could be estimated
from the trough width factor K for each layer and the relative thicknesses of each layer.
Hence, for a two layered ground, i would be calculated as shown in Equation 7.8

i:Klll +K2Z2(+"') (7.8)

where K, is the trough width factor for soil type 1 of thickness z, and K, is the trough
width factor for soil type 2 of thickness z,. Field evidence suggests that for sands over-
lain by clays, wider surface settlement profiles are obtained than if tunnels were in sand
alone (Ata 1996, Atahan et al. 1996). However, there is less evidence for coarse-grained
soils overlying fine-grained soils. For example, Grant and Taylor (1996) and Grant
(1998) used centrifuge physical model tests to investigate the ground displacements
associated with a layer of soft clay is overlain by a layer of sand. In this case, they found
that the trough was wider than would be expected if there was only soft clay and does
not reflect the narrowing predicted by Equation 7.8. This is probably due to the overly-
ing sand layer being significantly stiffer than the soft clay (Mair and Taylor 1997).

7.1.1.2 Volume loss

The volume of the surface settlement trough, V¢, must be estimated, together with
the trough width parameter, in order to determine the magnitude of the settlements.
This trough volume derives from the various short-term components that cause ground
movements to develop around tunnels during construction, as listed in Figure 7.1, that
is, Components 1-4. These occur mainly in the region close to the tunnel and the term
‘volume loss’, V,, (sometimes referred to as ground loss), is used to describe the accumu-
lation of these components, that is, the volume of ‘lost’ ground that can propagate up
to the ground surface causing the surface settlement trough.
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The choice of the volume loss value is fundamental to all the methods of estimating
tunnelling displacements. Volume loss (V) can be defined as the ratio of the estimated
volume ‘losses’ (V,) over the excavated volume of the tunnel (V,). It is usually defined
in the 2D sense as a percentage of the excavated face area, that is, volume per metre
length of tunnel (Equation 7.9). If the tunnel is circular, then V, = (rD%/4), where D is
the tunnel diameter.

Vi(%) = Vi/V, -100% (7.9)

When tunnelling in drained conditions, for example, in coarse-grained soils such
as dense sands, the volume of the surface settlement trough Vj is less than V, because
of volume changes that occur within this type of ground as it moves (Cording and
Hansmire 1975). However, when tunnelling in a fine-grained soil, such as clay, the
ground movements usually occur undrained (constant volume) and hence V¢=V..

The selection of the volume loss value (V) is based on engineering judgement and
experience from previous projects in similar ground, or where similar tunnelling tech-
niques were used. Various authors suggest possible values in different ground con-
ditions and/or for different tunnelling methods (O’Reilly and New 1982, Ng et al.
2004). Mair and Taylor (1997) concluded the following based on projects conducted
at that time:

*  Volume losses in stiff clays such as London clay using open-face tunnelling are
generally between 1% and 2%.

e Recent projects in London Clay using SCLs produced volume losses between 0.5%
and 1.5%.

e EPB and slurry machines can achieve a high degree of settlement control, particu-
larly in sands with volume losses as low as 0.5%. In soft clays, short-term volume
losses of only 1%-2% have been reported.

¢ Inmixed face conditions, volume losses may be higher for EPB and slurry machines.

As shown on many recent tunnelling projects involving TBMs, if good control of
the face pressures can be achieved, volumes losses of less than 0.5% are achievable.
On the CTRL project through London in the United Kingdom, volume losses of less
than 0.5% were commonly recorded using EPBMs (ITA/AITES 2007, Standing and
Selemetas 2013) and this was also typical for the Crossrail project in London, although
where twin tunnels were constructed, slightly higher values were recorded for the sec-
ond tunnel due to the reduction in stiffness of the soil caused by the ground displace-
ments from the first tunnel (Wan 2014). Keeping the volume loss small means smaller
ground displacements (refer back to Equation 7.2) and hence less impact on overlying
and adjacent structures (see Section 7.2).

Dimmock and Mair (2007b), after work by Macklin (1999), proposed a relationship
between volume loss and load factor (LF) for tunnels constructed in overconsolidated
clay. This relationship, shown in Equation 7.10, was derived empirically from field mon-
itoring data. It is recommended that for design purposes a range of values should be
considered for these parameters.

V(%) =0.23e*¥"  (for LF >0.2) (7.10)

where LF is defined as the ratio of the stability number (N) over the stability number at
collapse (N,) (stability numbers are described in Section 3.3).
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7.1.2 Horizontal displacements

From the point of view of damage to structures and services, it is important to determine
not only vertical displacements within the ground, but also the horizontal movements
as these influence the horizontal strains induced in structures and services (Burland
et al. 2001b). In the transverse direction to the tunnel construction, the surface (and
subsurface) horizontal displacements can be estimated by various assumptions. The
simplest is to assume that the ground movements are radial, that is, directed to the tun-
nel axis (Equation 7.11 and illustrated in Figure 7.5a).

S, =S,y/H (7.11)

where S, is the vertical ground displacement, S, is the horizontal ground displacement
and y is the transverse horizontal distance from the tunnel centreline. The horizontal
strains can be derived from the horizontal displacements by simple differentiation. If
the horizontal displacements are plotted, it can be found that the maximum horizontal
displacement occurs at the point of inflection, i, of the surface settlement plot (assuming
a Gaussian form, Equation 7.1 and Figure 7.2). It is also worth noting that for the hori-
zontal strains, these are compressive in the region i >y < -i and tensile in the regions
outside this range, and that it is the tensile strains that tend to be most damaging to
structures (Section 7.2.2). The maximum horizontal tensile strain occurs at y = i3.

There is evidence that the focal point for the ground displacements could also be
below the tunnel axis or above the tunnel axis. For example, Mair et al. (1993) demon-
strated that in London Clay the radial movement assumption can overestimate the hori-
zontal movements, particularly those close to the tunnel, and proposed the relationship
shown in Equation 7.12. This assumes that the displacements are directed to a point
0.175H/0.325 below the tunnel axis (Figure 7.5b).

Sy = S,y/(1+0.175/0.325)H (7.12)

New and Bowers (1994) developed the idea of the cumulative probability distribution
model to provide a full array of equations for the prediction of ground movements in
three dimensions, and validated this approach on monitoring data from the Heathrow
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Figure 7.5 Direction of the ground displacement vectors above tunnels in clay (After Mair and Taylor
1997.), (a) vectors directed towards axis (Attewell 1978, O’Reilly and New 1982.) and
(b) vectors directed towards point O. (Taylor 1995b.)



Ground movements and monitoring 269

Express trial tunnel in London. Rather than assuming a point focus for the displace-
ments, these authors proposed a ‘ribbon’ sink or line focus at the tunnel invert to which
the displacements were directed. This approach has been shown to give significantly
improved predictions in the vicinity of the tunnel (BTS/ICE 2004).

Wan (2014) and Wan et al. (2016) conducted a detailed monitoring programme asso-
ciated with the Crossrail project in London and found that the focal point of the ground
movements at this site (in predominantly London Clay) was above the tunnel axis and
even above the tunnel crown. Similar observations were made by Nyren (1998) as part
of monitoring associated with the Jubilee Line Extension project in London.

As with many aspects of tunnelling, there does not appear to be a consistent answer
to where the focus is for these ground displacements and it depends on ground condi-
tions and the tunnel construction technique being used. Therefore, if possible, it is pref-
erable to base the decision on previous experience in the particular ground conditions
to be encountered and the tunnel construction technique to be used.

7.1.3 Long-term settlements

Long-term settlement is a phenomenon predominantly associated with fine-grained
soils and is associated with component 5 in Figure 7.1. As described previously, it is the
result of the equilibrium of excess pore water pressures within the soil over time and the
associated volume changes that occur. Other contributory factors to the total long-term
settlements could be (after Devriendt 2006):

¢ The tunnel acting as a drain (depends on the permeability of the tunnel lining rela-
tive to the ground)

¢ Time-dependent distortion of the tunnel lining

¢ Time-dependent dissipation of excess pore water pressures due to grouting behind
the lining or due to mitigation measures such as compensation grouting

e Creep and secondary consolidation processes in soils

e Time-dependent closure of the grouted annular gap due to bleeding and curing
(hardening and shrinkage) of the grout, insufficient grout or loss of grout

As well as the maximum settlement increasing in the long-term, these effects cause
the settlement trough to widen (Burland et al. 2001a). For soils such as soft clays and
silts, the component of volume loss due to initial ‘undrained’ movements may be small
compared to the time-dependent processes. The maximum settlement may range from
2 to 4 times the short-term value, and the trough width parameter at the surface from
1 to 2.5 times the short-term value. Fang et al. (1993) proposed a hyperbolic time
settlement relationship to describe the increase in maximum settlement with time for
EPB tunnelling machines commonly used in these soils. Alternatively, when tunnel-
ling with traditional compressed air methods, a number of authors have suggested that
long-term settlements in soft soils increase linearly per logarithm of time (Devriendt
2006). Work in this area is continuing; for example, Wongsaroj et al. (2007, 2013)
investigated the long-term ground movements in London resulting from the construc-
tion of the Jubilee Line Extension, which opened in 1999, and the Heathrow Express
trial tunnels, finding that the tunnel lining and the hydraulic conductivity of the
ground are important for the long-term prediction of the ground movements.

If the long-term ground movements result in wider troughs, this will mean that poten-
tially more surface structures are influenced by these movements. However, owing to
the shallower curvature of the trough in the long term, the damage is likely to be less
compared to the short-term conditions.
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7.1.4 Multiple tunnels

The previous work described in this chapter has related to single tunnels. However, in many
situations, rather than constructing a single large tunnel, twin tunnels are constructed.
This has to be taken into account when determining the ground movements generated by
the tunnel constructions. New and O’Reilly (1991) proposed equations for the prediction
of cumulative displacements for parallel tunnels with a given separation based on the prin-
ciple of superposition. However, Attewell et al. (1986) discuss the ‘interference volume’
effect where the volume loss is commonly greater when a second tunnel is excavated adja-
cent to the completed tunnel (asymmetric effect in the final settlement trough will occur
for two side-by-side tunnels of the same cross section and depth) (Devriendt 2006).

Addenbrooke and Potts (2001) considered this phenomenon numerically and found
it to be due to the accumulation of shear strain adjacent to the first tunnel. This results
in a lower stiffness and hence greater displacements where subsequent tunnels are con-
structed close to the first tunnel (Devriendt 2006). This has also been investigated by
Cooper et al. (2002), Hunt (2005) and Chapman et al. (2007), with observations from
case history data, numerical analyses and small-scale physical modelling, respectively.
These authors proposed a method for estimating the ground movements (both sur-
face and subsurface) above closely spaced twin side-by-side tunnel constructions in soft
ground. This method should be considered if the clear separation between the tunnels
is approximately three diameters or less.

More recently, Divall (2013) and Divall and Goodey (2015) conducted centrifuge
testing involving twin tunnel constructions in clay and found similar findings. They
demonstrated that for tunnels spaced at three diameters or less, the settlement trough
width parameter, K, above the second tunnel constructed, on the side closest to the
first tunnel, increased from approximately 0.5 to 0.7 (the trough width parameter stays
approximately the same on the side furthest from the first tunnel). They also found
that the volume loss above the second tunnel also increased by up to approximately
30% (at 2.0D centre-to-centre spacing, where D is the tunnel diameter) as the separa-
tion between the two tunnels decreased. Taking these effects into account, and using a
Gaussian distribution for estimating the vertical settlement profiles above each tunnel
(Equation 7.1), the two settlement troughs can be summated together to give a good
estimation of the surface ground displacements above closely spaced twin tunnels. The
full procedure is outlined in the papers referenced above.

1.2 Effects of tunnelling on surface and subsurface structures

One of the most important aspects of tunnelling in soft ground is assessing the effect of
any ground disturbance caused by the tunnelling operations on surface or subsurface
structures. This is particularly important in urban areas. It is important to recognise
that the ground movements, caused by the tunnelling, and the structure interact. The
impact of these movements on the structure depends on the size, shape and design of
the structure, that is, the materials used in its construction, as well as its position rela-
tive to the tunnel. It is the stiffness of the structure that is crucial when assessing the
effect of these ground displacements, as a stiffer structure can reduce the effects. Old
masonry structures tend to follow the ground displacements closely, as do structures
on pad footings. Conversely, structures constructed of reinforced concrete will experi-
ence smaller horizontal displacements than the ground, due to their higher longitudinal
stiffness, that is, they do not stretch as much. These structures also experience reduced
distortions due to their higher flexural stiffness, that is, they do not bend as much. Stiff
structures exhibit a high level of shear resistance, that is, relative movements within the
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structure are small and tend to be subject to tilt rather than distortion. The response
depends on such factors as the height of the structure, the number of openings and the
design of the structure, for example, concrete walls or beam and column construction
(ITA/AITES 2007). Dimmock and Mair (2008) provides further details of the behav-
iour of masonry structures in London subjected to ground displacements.

In addition, the location of the structure in relation to the ground deformations
influences the movements it experiences. For a Gaussian-shaped settlement trough, the
structure will experience extension and hogging over the convex parts of the settlement
trough and compression and sagging over the concave parts. Figure 7.6a and b shows
the typical response of short buildings. As the tunnel approaches, the short building
rides the forward settlement wave with little significant sagging or hogging deformation
(Figure 7.6a). Furthermore, short buildings experience tilt as a rigid body, but little sig-
nificant sagging or hogging deformation across a transverse settlement profile (Figure
7.6b). Figure 7.6¢c—e shows the response of a stiff long building as the tunnel advances,
that is, it experiences progressive deformation and differential settlements. Figure 7.6f
and g shows the potential sagging and hogging of a long building across a transverse
settlement trough when it is directly above the centreline of the tunnel and also offset
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Figure 7.6 Some idealised modes of behaviour for short buildings and long buildings due to a tunnel
construction below. (2) and (b) Behaviour of a short building with respect to its position in
relation to the longitudinal and transverse ground displacements; (c), (d) and (e) behaviour
of a long building with respect to its position in relation to the longitudinal ground displace-
ments; (f) and (g) behaviour of a long building with respect to its position in relation to the
transverse ground displacements. (Attewell 1995, after Attewell et al. 1986.)
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from the centreline. It should be noted that structures are more sensitive to differential
movements, and hence it is important to assess the position of the structure in relation
to the ground deformations caused by the tunnel.

Cracking is often used as an indication of distress in structures. Several researchers
have investigated cracks and developed classification methods to assess structural dam-
age; for example, the reader is referred to ITA/AITES (2007), Burland and Wroth (1975)
and Boscardin and Cording (1989). Further information is provided in Section 7.2.2.

7.2.1 Effect of tunnelling on existing tunnels, buried
utilities and piled foundations

In addition to buildings, it is important not to forget about structures that lie beneath
the ground surface, for example, existing tunnels and buried utilities. Pipelines in par-
ticular can be vulnerable to ground displacements caused by tunnelling activities, par-
ticularly the older, more brittle cast iron gas and water pipes.

Attewell et al. (1986) provide a comprehensive investigation of pipeline response to
tunnelling displacements. They state that in the vicinity of a buried cast iron pipe-
line the greenfield ground movement is modified, since the pipe stiffness is typically
1000-3000 times the soil stiffness. The resistance of a pipeline to system disturbance
depends on the longitudinal flexural rigidity (including the flexural rigidity of the pipe-
line joints), longitudinal bending strength (including reduction in strength caused by
corrosion or service holes) and the pipe diameter. The true risk in any particular case
will largely depend on existing local stress levels due to previous disturbance, stress due
to internal pressure, stress due to external loading such as traffic, and seasonal effects
associated with ground temperature and moisture changes. Attewell et al. (1986) sug-
gest that consideration should be given to the effects of tunnelling on cast iron pipes
(grey iron) when the movement is expected to exceed 10 mm. For more flexible pipes,
consideration should be given if the movements are expected to exceed 50 mm.

The direction of the tunnelling relative to the pipeline is also an important factor.
A pipeline parallel to the tunnelling operation will expose the whole pipeline to the
maximum movement effect. Any point of weakness is found by the wave of bending
caused by the tunnel. Conversely, only a small part of a transverse pipeline is exposed
to the maximum bending, with this maximum being in the sagging mode. Attewell
et al. (1986) state that the main factors affecting the behaviour of a pipeline are the
magnitude and distribution of the ground movement, the soil-pipe stiffness (includ-
ing the effect of joints) and the yield stress of the soil. In order to assess pipelines
subject to ground deformation, the designer needs to have information on the load-
deformation characteristics of the soil around the pipe, the pipe itself and the pipe joints
(Attewell et al. 1986 provide estimates of these values for typical cases). They show that
even though the methods are essentially all based on linear elastic assumptions, they
agree well with field observations and are quite adequate for practical applications.
Bracegirdle et al. (1996) provide further guidance on the assessment of risk of damage
to cast iron pipes. These authors propose a methodology for evaluating potential dam-
age to cast iron pipes induced by tunnelling in soft ground.

Klar et al. (2005) and Marshall and Klar (2008) looked at the commonly used
approach of assuming the pipeline to be a simple beam by comparing two different
theories: the Euler—Bernoulli simple beam theory, and a more accurate representation
using the shell element theory (FLAC3D® 3D finite difference analysis). It was found
that, in general, steel and concrete pipes are well represented using the beam theory (due
to the high relative pipe-soil material stiffness for steel pipes, and large wall thickness
to diameter ratio for concrete pipes). For polyethylene pipes (which have a low value
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of relative pipe-soil material stiffness and can have both large and small values of wall
thickness to diameter ratios), predictions using the beam theory deviate significantly
from the shell element predictions. Therefore, it appears that the shell element formula-
tion is better suited for the analysis of polyethylene (or similar) pipelines, although it
should be noted that these analyses were linear elastic and did not take into account
possible ‘sliding” between the ground and the pipe (which is possibly important for the
smooth wall polyethylene pipes). Klar et al. (2008) also looked at the effects of joints on
the response of pipelines to tunnelling. Further work on the effect of tunnelling in sand
beneath pipelines has also been conducted by Marshall et al. (2010).

Wang et al. (2011) conducted a comprehensive study of the effects of tunnel construc-
tion below pipelines using finite element analysis. On the basis of the results, dimen-
sionless plots and regression equations were produced to allow the maximum bending
strain in pipelines to be determined, that is, utilising the estimated greenfield vertical
ground movements, the pipeline properties and the soil properties. These authors also
showed that the relative crossing angle of the pipeline to the tunnel construction is an
important factor to consider and, assuming that the pipeline crosses at 90°, may not be
the worst case.

In terms of understanding the effects of tunnelling on existing tunnels, an exten-
sive investigation was conducted by Cooper (2002) based on a number of case histo-
ries in London, UK, but particularly focusing on one associated with the Heathrow
Express Tunnel to Terminal 4 in 1995 (Cooper et al. 2002). The research looked at the
extensive monitoring data taken inside the London Underground Piccadilly Line tun-
nels (unbolted segmental concrete lined tunnel) as the new tunnels were constructed
underneath. It showed how the tunnels behaved in terms of potential disturbance as the
tunnelling passed underneath. It also showed that in this case, the empirical settlement
prediction method, described in Section 7.1, could be used to estimate the settlements,
rotations and deformations of the existing tunnel lining.

There are other examples in the literature of monitoring existing tunnels during
new tunnelling works. For example, Moss and Bowers (2006) describe the approach
adopted on the CTRL in the United Kingdom with respect to monitoring the effects on
London Underground lines in London. This staged approach is similar to that described
in Section 7.2.2. The overall philosophy, though, was to minimise the ground move-
ments at source, that is, using high specification EPB tunnelling machines, and to use a
risk-based engineering assessment of the effect of the tunnelling works on the existing
tunnels. There have also been studies to investigate the behaviour of existing tunnels
due to adjacent excavations, for example, Chang et al. (2001).

More recently, Standing et al. (2015) report on a comprehensive research study in
conjunction with the Crossrail project in London to investigate the effect of tunnel-
ling on existing tunnels with particular focus on cast iron lined tunnels. The approach
adopted was to monitor the greenfield ground movements at Hyde Park in London (Wan
2014, Wan et al. 2016) and also the behaviour of the existing cast iron lined London
Underground Central Line close to the greenfield monitoring site where Crossrail’s
new tunnels passed underneath (Yu 2014). There was also an extensive laboratory pro-
gramme to investigate the cast iron tunnel lining behaviour, as well as numerical stud-
ies using finite element analysis (Avgerinos 2014). At the time of writing, much of this
research is still to be published.

7.2.1.1 Effects of tunnelling on piled foundations

There have been a number of investigations into the effects of tunnelling on piled foun-
dations. These include studies using small-scale physical modelling (e.g. Lee and Bassett
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Figure 7.7 Zones of influence of pile settlement due to EPB shield tunnelling in London Clay. (After
Selemetas et al. 2006.)

2007), centrifuge modelling (e.g. Jacobsz 2002, Jacobsz et al. 2004), 3D numerical
modelling (e.g. Loganathan et al. 2001, Mroueh and Shahrour 2002, Lee and Ng 2005)
and also full-scale field monitoring (e.g. Pang et al. 2006, Selemetas et al. 2006). There
has also been work conducted into analytical analysis methods for pile groups affected
by tunnel construction, for example, Huang et al. (2009).

The findings from this research have indicated that there are ‘zones’ of influence
that affect the piles in different ways depending on their relative position to the tunnel
centreline. Figure 7.7 shows the findings of Selemetas et al. (2006), although they stress
that the boundaries of Zone B are simplified and probably are a function of the shearing
resistance of the soil and the volume loss during tunnelling and are therefore not con-
stant (see also Jacobsz et al. 2004, Lee and Bassett 2007). Piles in Zone A were found
to settle more, those in Zone B settled by the same amount and those in Zone C settled
less than the ground surface. In addition, piles in Zone A experienced a considerable
reduction in their base loads during the tunnelling and this was accompanied by dif-
ferential pile settlement. Piles in Zones B and C only experience small changes in their
base loads and actually showed a net gradual increase with time due to the ground-
induced negative shaft friction (Selemetas et al. 2006).

Loganathan (2011) discusses a methodology to predict the effects of tunnelling on
piled foundations. The method allows for both short and long piles, and also the posi-
tion of the pile in relation to the TBM. The position in relation to the TBM is impor-
tant because the pile could go through a series of ground movement zones as the TBM
passes. For example, within two TBM diameters immediately ahead of the tunnel con-
struction, the ground could experience heave or settlement depending on the TBM face
pressure control. The methodology proposed comprises (from Loganathan 2011):

* An assessment method for the various components of ground loss associated with
excavating with a TBM in soft ground

* A closed-form solution for predicting tunnelling-induced ground movements

®  Design charts for predicting tunnelling-induced effects on adjacent pile foundations

e A risk assessment flow chart that includes both shallow and pile foundations

The methodology is not reproduced here due to space limitations and so the authors
advise the reader to look at Loganathan (2011), and the associated papers, to under-
stand the details of the proposed approach.
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In addition, Dias and Bezuijen (2015) produced a detailed analysis of the published
information on pile tunnel interaction effects, and came to the conclusion that relative
position alone is not necessarily a good indicator of how a pile will behave when influ-
enced by a tunnel construction.

7.2.2 Design methodology

This section describes a methodology recommended by ITA/AITES (2007) for studying
the effect of underground works on existing structures. This methodology is broken
down into six stages and a brief summary is provided below.

Phase 1: Investigation of existing structures

This phase involves surveying and data collection on the nature, configuration and
condition of buildings and utilities together with topographic measurements and
technical expert reviews. This is essential to assess the baseline or zero condition
of each structure prior to the start of construction works.

Phase 2: Information summary
This involves a ‘typological’ classification of the structures according to, for exam-
ple, nature, function, value, size, design, age and current condition.

Phase 3: Selection of damage criteria

This is aimed at converting the objectives required in terms of damage limitation
into criteria to be used by the designer. This could be, for example, a system
based on strains, where the strains are based on the initial reference condition
and evaluation criteria are used with respect to additional strains induced during
the construction.

Phase 4: Modelling

This phase is intended to correlate the building displacements induced by ground
movements to its structural deformations. Mair et al. (1996) suggested a three
stage assessment process as follows.

Preliminary assessment. On the basis of the empirical predictive methods
described in Section 7.1 (i.e. assuming greenfield settlements), an assessment
is made on the level of ground movement and hence the effect on the surface
structures. This is often done using contours of settlement and it is considered
that any settlements of less than 10 mm cause negligible risk of damage to the
structure. In addition, it should also be checked that no structure experiences
a slope, due to differential settlements, in excess of 1 in 500. Table 7.2 shows
the damage risk assessment and suggested actions.

It should be noted that the guidelines often proposed in the United Kingdom
for estimating the greenfield settlements associated with bored tunnels, such
as those for the Crossrail and HS2 (High Speed Two railway) projects, use the
predictions based on the empirical methods described by O’Reilly and New
(1982) and Attewell and Woodman (1982), as referenced in Section 7.1, with
appropriate parameters for volume loss based on case studies, the ground con-
ditions and the method of tunnelling.

Second stage assessment. The ground deformations will comprise both sagging
and hogging zones and so, depending on the relative position of the struc-
ture to the point of inflection of the settlement trough, there will be zones of
tensile and compressive strains. The second stage assumes that the structure
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Table 7.2 Typical values of maximum building slope and settlement for damage risk assessment, and

suggested action for various risk categories

Maximum Maximum
Risk slope of settlement of
category building building (mm) Description of risk Description of action required
| Less than Less than 10  Negligible: superficial No action. Except for buildings
1/500 damage unlikely identified as particularly sensitive
for which an individual
assessment should be made
2 1/500-1/200 10-50 Slight: possible superficial Crack survey and schedule of
damage which is defects, so that any resulting
unlikely to have damage can be fairly assessed and
structural significance compensated. Identify any
buildings and pipelines that may
be particularly vulnerable to
structural damage and assess
separately
3 1/200-1/50  50-75 Moderate: expected Crack survey: a schedule of defects
superficial damage and and a structural assessment
possible structural Predict extent of structural
damage to buildings. damage. Assess safety risk.
Possible damage to Choose whether to accept
relatively rigid pipelines ~ damage and repair, take
4 Greater Greater High: expected structural ~ Precautions to control damage or,
than 1/50  than 75 damage to buildings. in extreme cases, demolish.
Expected damage to Buried pipelines at risk: identify
rigid pipelines. Possible vulnerable services and decide
damage to other whether to repair, replace with a
pipelines type less likely to suffer damage,
or divert
Source:  After Rankin 1988, used with permission of Bill Rankin and The Geological Society.
Note: The above criteria relate to near surface foundations or pipelines.

is weightless and fully flexible, that is, follows the greenfield displacements
exactly (refer to Burland et al. 1977, Boscardin and Cording 1989, Burland
19985, Franzius et al. 2006). This is usually conservative as the stiffness of the
structure will reduce the actual movements. An example of how the potential
damage can be classified according to the maximum tensile strain is shown in
Table 7.3.

Vu et al. (2015) showed that by using the surface and subsurface ground
displacement equations referred to in Section 7.1, and taking typical allowable
slope and maximum settlement values for structures, zones of ‘unsafe’, ‘inter-
mediate’ and ‘safe’ can be estimated for surface and subsurface structures,
based on tunnel diameter, tunnel depth and estimated volume loss. Although
this approach makes a number of simplifying assumptions, such as ignoring
the building stiffness and neglecting the differences between hogging and sag-
ging zones of the settlement trough, it could be a useful methodology for this
second stage assessment.

Detailed evaluation. This stage would normally be undertaken for structures

where a ‘moderate’ or greater level of damage has been predicted in stage 2.
It considers the existing condition of the structure, the tunnelling sequence,
3D aspects, characteristics of the structure and the soil-structure interaction
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Table 7.3 Classification of building damage

Damage Description of typical damage Approximate crack Limiting tensile
category (ease of repair in italics)? width (mm)® strain (%)
0 Negligible Hairline cracks of less than about 0. mm  <0.1 mm 0-0.05
are classed as negligible.
| Very slight Fine cracks which can easily be treated | mm 0.05-0.0075

during normal decoration. Perhaps isolated
slight fracture in building. Cracks in
external brickwork visible on inspection.
2 Slight Cracks easily filled. Redecoration probably 5 mm 0.075-0.15
required. Several slight fractures showing
inside of the building. Cracks are visible
externally and some repointing may be
required externally to ensure weather
tightness. Doors and windows may stick

slightly.

3 Moderate The cracks require some opening up and can  5—15 mm, or a 0.15-0.3
be patched by a mason. Recurrent cracks number of cracks
can be masked by suitable linings. >3 mm

Repointing of external brickwork and
possibly a small amount of brickwork to be
replaced. Doors and windows sticking.
Service pipes may fracture.Weather
tightness often impaired.

4 Severe Extensive repair work involving breaking out ~ 15-25 mm >0.3
and replacing sections of walls, especially
over doors and windows. Windows and
door frames distorted, floors sloping
noticeably. Walls leaning or bulging
noticeably, some loss of bearing on
beams. Service pipes disrupted.

5Very severe  This requires a major repair job involving Usually >25 mm,but  >0.3
partial or complete rebuilding. Beams lose  depends on number
bearings, walls lean badly and require of cracks

shoring. Windows broken with
distortion. Danger of instability.

Source:  After Rankin 1988, used with permission of the British Geological Society.

Notes:

a. In assessing the degree of damage, account must be taken of its location in the building or structure.

b. Crack width is only one aspect of damage and should not be used on its own as a direct measure.

c. The classification is based on ‘ease of repair’ of the visible damage.

d. The classification was developed for brickwork or blockwork and stone masonry. It can be adapted for
other forms of cladding. It is not intended to apply to reinforced concrete structural elements.

e. The classification relates only to the visible damage at a given time and not its cause or possible
progression, which are separate issues.

f. The strong temptation to classify the damage solely on crack width must be resisted. It is the ease of
repair which is a key factor in determining the damage category.

g. More stringent criteria may be necessary where damage may lead to corrosion, penetration or leakage of
harmful liquids and gases or structural failure.

effects. Protective measures (e.g. compensation grouting, Section 4.2.8) would
then be considered for structures remaining in the ‘moderate’ or higher dam-
age categories. It is possible at this stage to use numerical methods and the
method proposed by Potts and Addenbrooke (1997), updated by Franzius
et al. (2006).
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Phase 5: Determination of the allowable displacement thresholds

ITA/AITES (2007) states that the purpose of this phase is to determine the contrac-
tual threshold requirements that will have to be met during construction. The
summary, prepared as part of Phase 2, is essential to allow contractual criteria
to be developed that meet the needs, in terms of protection, of the structures.

Threshold values must never be taken as constant. They should be essentially
treated as alarm indicators and continuously reviewed based on the actual build-
ing response due to the tunnelling works. However, it is important that ‘alarm’
thresholds and ‘stopping’ thresholds exist for each project. A system based on
amber and red trigger values is often used (see Section 7.3.2 on trigger values).

Phase 6: Back analysis and calibration of models with observed data

It is essential to check the displacement estimates (Phase 4) by monitoring the
construction works and the effects on the surrounding ground and structures.
Validating the design assumptions should be a routine part of all construction
management planning.

A practical example of how the buildings along the route of a new metro in Amsterdam
(North/South Metroline) were assessed for potential damage prior to the tunnelling
works, and also how the monitoring during construction was linked to the tunnelling
operations, that is, the TBM operations, is described in van Hasselt et al. (1999). The
so-called ‘Interactive Boring Control System’ (IBCS) meant that the TBMs were not
controlled solely on the basis of tunnel and machine data, but also by using the settle-
ment monitoring data as an additional criterion. The machine parameters were used to
make virtual predictions of the subsequent excavation section (based on, among other
factors, the face control pressures and tail void grouting) and if this prediction showed
the likelihood of unacceptable damage to the overlying structures, the machine param-
eters were adjusted.

7.3 Monitoring
7.3.1 Challenges and purpose

The challenge for tunnel engineers is to achieve the completion of a tunnelling proj-
ect without the general public realising that the tunnelling operations are taking place
beneath/around them. In order to achieve this, there must be no inconvenience to peo-
ple going about their daily lives in terms of disruption, noise and dust (this is not always
possible when using cut-and-cover construction) and no noticeable effect on structures,
for example, buildings, other tunnels or utilities in the vicinity of the tunnel construc-
tion (see Section 7.2). At the current time, no tunnelling operation can completely elimi-
nate disruption or ground movements (although with modern tunnelling machines and
good quality control very small movements can be achieved) and so monitoring of
affected structures is usually required.

In tunnelling using NATM methods, monitoring inside the tunnel as construction
proceeds is an integral part of the construction process, and this is described further in
Section 7.3.4.

Monitoring can be done on a number of levels depending on the purpose. It is there-
fore important to ask the questions ‘what is the purpose of the monitoring?’, and hence
‘what information is required?’ This needs to be clearly understood prior to designing
the monitoring regime. It is also beneficial to keep the instrumentation regime as simple
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as possible for the required purpose. This does not mean that the instruments should
not be state of the art, but their arrangement should not be overcomplicated. It should
be borne in mind that the data from the instruments must be analysed regularly and it
is important that the data inform this process in the most effective way. It is also impor-
tant that there is suitable redundancy of instrumentation in critical or inaccessible areas
to insure against failures.

BTS/ICE (2004) states that instrumentation is typically installed to

Obtain ‘baseline’ ground characteristics

Provide construction control

Verify design parameters

Measure performance of the lining during, and after, construction

Monitor environmental conditions (e.g. settlement, air quality and effects on the
groundwater regime)

Carry out research to enhance future designs

e Monitor mitigation measures, for example, compensation grouting and ground
freezing

Further details on how to design a successful monitoring scheme for underground
construction projects can be found in BTS/ICE (2011). ITA (2011) also provides guid-
ance and information on monitoring and control during tunnel construction.

It is important to understand the quality of the data received from instrumentation.
For this reason, some important definitions related to monitoring and instrumentation
are given below (after Dunnicliff and Green 1993):

e Conformance: the presence of the measuring instrument should not alter the value
of the parameter being measured. The degree by which the parameter is altered by
the instrument is known as its conformance.

®  Accuracy: this is the closeness of a measurement to the true value of the quantity
measured. Accuracy is synonymous with degree of correciness. The accuracy of an
instrument is evaluated during calibration to a known standard value. It is custom-
ary to express accuracy as a number.

®  Precision: this is the closeness of each of a number of similar measurements to the
arithmetic mean. Precision is synonymous with reproducibility and repeatability.
The number of significant figures associated with the measurement indicates preci-
sion. For example, +1.00 indicates a higher precision than £1.0.

The difference between accuracy and precision is illustrated in Figure 7.8.

@

Precise but Not precise but Precise as well
not accurate average is accurate as accurate

Figure 7.8 Accuracy and precision. (After Dunnicliff and Green 1993.)
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e Resolution: this is the smallest division on the instrument readout scale.

e Error: this is the deviation between the measured value and the true value, that is, it
is mathematically equivalent to accuracy. Errors can occur due to human careless-
ness, fatigue or inexperience, or can be due to improper calibration, poor installa-
tion procedures or environmental conditions such as heat, humidity or vibration.

The data from the instrumentation and monitoring programme need to be appropri-
ately managed to ensure that they are in a suitable form to be clearly understood. They
should be regularly reviewed by qualified people, experts in monitoring so that unex-
pected trends can be identified easily and appropriate actions taken. It should be routine
on any project that comparison is made between the predicted and the observed values
in order to understand the behaviour of the structure and the ground being monitored.

7.3.2 Trigger values

It is common practice to establish ‘trigger values’ for key measurement parameters asso-
ciated with a project, for example, displacement. If these values are exceeded during the
tunnelling project, then certain actions need to be clearly defined. Two trigger values
are normally established (BTS/ICE 2004):

o Amber or warning value: this could be a predetermined value or a rate of change in
a parameter that is considered to indicate a problem.

® Red or action value: this could be where threshold values for safe operation are
exceeded. This should initiate an immediate check of the instrument function and
a visual inspection, and initiate predetermined action, for example, temporary ces-
sation of the tunnel work.

The determination of trigger levels is often specific to the project. A widely used
approach is, for example, amber trigger value = the calculated displacements exceeded
by 50%: red trigger value = the calculated displacements exceeded by 100%.

Even if the trigger values are not exceeded, the monitoring data should be carefully
checked to highlight any unexpected trends so that these can be acted on appropriately
before a problem develops. For this reason, there is often the green trigger value estab-
lished (the green or early warning value), for example, green trigger value = the calcu-
lated displacements are reached.

It should be noted, however, that trigger values are more easily applied when moni-
toring existing structures in the vicinity of the tunnelling operation, where specific lim-
its must not be exceeded in order to avoid damage to the structure. It is more difficult to
apply trigger values to in-tunnel monitoring data because significant estimations have
to be made regarding the behaviour of the ground and the tunnel lining. Therefore, the
calculated displacements are only estimates based on engineering judgement. This is
discussed in more detail in the next section on the observational method as well as in
the section on in-tunnel monitoring for NATM (Section 7.3.4).

7.3.3 Observational method

Instrumentation and monitoring form an integral part of the observational method.
This method is very important in civil engineering and particularly ground engineering
projects, such as tunnelling, and it is carried out, whether formally or informally, on all
projects. The ground cannot be characterised exactly and even if a good site investiga-
tion has been conducted, it is possible that the predicted behaviour is not observed in
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practice. The observational method allows deviations to be identified early (these can
be both positive and negative) and appropriate actions taken.

Nicholson et al. (1999) carried out a comprehensive review of this approach and they
define the method as ‘a continuous, managed, integrated process of design, construc-
tion control, monitoring and review that enables previously defined modifications to be
incorporated during or after construction’.

Peck (1969a) considered that the complete application of the observational method
embodies the following aspects:

e Sufficient exploration to establish at least the general nature, pattern and properties
of the ground, but not necessarily in detail.

*  Assessment of the most probable conditions and the most unfavourable conceivable
deviations from these conditions. In this assessment, geology often plays a major role.

e Establishment of the design based on a working hypothesis of behaviour antici-
pated under the most probable conditions.

® Selection of quantities to be observed as construction proceeds and calculation of
their anticipated values on the basis of the working hypothesis.

e Calculation of values of the same quantities under the most unfavourable condi-
tions compatible with the available data concerning the subsurface conditions.

* Selection in advance of a course of action or modification of design for every fore-
seeable significant deviation of the observational findings from those predicted on
the basis of the working hypothesis.

® Measurement of quantities to be observed and evaluation of actual conditions.

* Modification of design to suit actual conditions.

In terms of applying the observational method to uncertainties in the ground, the
principal objective is to apply sufficient resources to prevent uncertainty to unaccept-
able levels of risk. In this respect, there are three types of uncertainties (after Nicholson
et al. 1999), as follows.

Geological uncertainty

On projects where there are complex geological and hydrological conditions, there
may be unexpected variations in the ground conditions between boreholes. A con-
ceptual model of the geological conditions will have been developed at the design
stage. On the basis of this model, modifiable design solutions are developed for a
range of conditions. The actual ground conditions are determined during the works
and the appropriate design solution selected to suit these actual conditions.

Parameter uncertainty

Uncertainties exist in the knowledge of the ground characteristics and the model-
ling of its behaviour, and hence it is not possible to accurately determine ground
parameters. The observational method involves developing flexible and robust
designs for a range of parameters. Monitoring results are reviewed during construc-
tion and the design is modified as appropriate.

Ground treatment uncertainty

There are a number of ground treatments available to improve specific properties of
the ground. The use of these techniques is often based on a performance specifica-
tion identified by the designer. The effectiveness of the technique is monitored and
reviewed during the treatment and modifications are implemented where necessary
to meet the specification.
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There is also a fourth area of potential uncertainty.
Support uncertainty
The time-dependent behaviour of sprayed concrete (i.e. the development of strength,
ultimate strain, creep) is difficult to simulate accurately, and hence estimate, dur-
ing the design process. In addition, the load transmission in the joints of segmental
linings is difficult to estimate.

For tunnelling in soft ground using SCL, the ground treatment, for example, compen-
sation grouting, can also be an uncertainty with respect to influencing the stresses on
the tunnel support. The geological uncertainty could apply to the heading excavation
and result in the need for face logging and possibly horizontal boreholes to log ahead
of the face. It is important to have sufficient time to support the excavation, but there
is potential uncertainty in the associated ground parameters. Convergence monitoring
within the tunnel can help to provide data to review parameter uncertainty.

NATM tunnelling is a prime example of where the observational method is an inte-
gral part of the philosophy for this method and hence the construction process. The
monitoring associated with NATM is described in the next section. Further informa-
tion on the application of the observational method to tunnelling can be found in
Powderham (1994, 2002).

7.3.4 In-tunnel monitoring during NATM tunnelling operations
7.3.4.1 Measurements

Monitoring cross sections or measuring profiles are installed in the tunnel while it
is being constructed. The distance between monitoring cross sections can vary from
approximately 3 m to more than 50 m, and is dependent on the ground conditions, the
ground-lining interaction, and the sensitivity of service structures around the tunnel
and buildings at the surface. A common distance in inner city tunnels is 10 m. Each
monitoring cross section contains a number of monitoring points at which targets are
positioned for the laser theodolite. Two commonly used targets are shown in Figure
7.9a. The left-hand side of Figure 7.9a shows a Bireflex target. The name derives from
the reflective mirror foil on both sides (‘bi>-reflex) of the target and it has a diameter
of 50 mm or 60 mm. The actual target is a small hole in the middle. The reflective foil
helps the laser of the theodolite to find this hole. The right-hand side of Figure 7.9a
shows a prism target. In this target, three prisms form a circle of 25 mm in diameter.
The prisms guide the laser by the intensity of the reflection to the centre. The targets are
screwed on top of short bolts (15-30 cm), which have previously been sprayed firmly
into the SCL (Figure 7.9b). Prism targets are five times more expensive than Bireflex
targets. They are, however, more accurate and can be used for automated monitoring.

Typical monitoring arrays are shown in Figure 7.10. For a typical tunnel con-
struction, in which the excavation is divided into the crown, bench and invert, five
monitoring points are installed in the crown (Figure 7.10a), and one or two points
on each side in the bench (not shown). The monitoring points are numbered so as to
distinguish them from each other. It is common to number the highest monitoring
point in the middle of the crown as number ‘1°. Usually, numbering continues on
the left-hand side with even numbers, and on the right-hand side with odd numbers
(line of vision in the direction of excavation). The invert is not usually monitored
because it is covered with backfill that provides a track for the construction equip-
ment. For information on monitoring the invert, see Section 8.1 on the case history
of the Eggetunnel.
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Figure 7.9 (a) Monitoring targets: Bireflex target (LHS), prism target (RHS) and (b) bolt on which the
monitoring targets are mounted.

Figure 7.10 Examples of a measuring profile (a) for a crown and (b) a double track tunnel excavated
with side wall drifts.

The targets are measured via a laser theodolite. The latter is set up in the tunnel and
its position relative to a reference target is determined. When the laser theodolite takes
readings, it actually measures angles and distances to the targets. After collecting the
readings digitally, these data are transferred to a computer for further processing into
vertical, horizontal and longitudinal coordinates. From the change in coordinates, dis-
placements in all three directions can be calculated and the deformation behaviour of
the lining can be derived (this is discussed later in this section).

It is important to have a few stable reference points at the beginning of the measure-
ments, which are not affected by the tunnel construction. The accuracy of the laser
theodolite measurement should be £1 mm or better for ideal measuring conditions.
The accuracy can go down to £3 mm or worse in difficult conditions, for example,
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dust or large temperature differences inside the tunnel. This can happen, for example,
if the monitoring is done from a large cross section into a small one with a significantly
higher temperature due to the hydrating of the sprayed concrete or if the ventilation is
shut down for maintenance.

The digital technique of using a laser theodolite has widely replaced measuring with
a tape extensometer. The latter is a special steel tape, usually of 20 m or 30 m in length.
With a tape extensometer, distances instead of coordinates are measured. This means
that immediate information on convergence (distances becoming shorter) or divergence
(distances becoming longer) is available. Although the resolution can be as good as
0.5 mm, in practice reasonable accuracy can be as low as approximately £10 mm. This
is especially true when measuring longer distances, as the tape extensometer sags due
to its own weight. It has to be tensioned to mitigate this effect. Although the force
necessary to tighten the tape must stay in a defined range (lots of tapes have been
ripped apart), the sag and the tightening reduces the accuracy of a tape extensometer
significantly. Since digital processing of data is not common with tape extensometers
and the readings are time consuming, tape extensometers are only used in situations
where targets are difficult or impossible to focus on with a theodolite, for example, in
the bottom of a shaft.

7.3.4.2 General development of displacements

The ground usually reacts to the approaching tunnel excavation before the heading
actually reaches a particular point (see Section 7.1.1). In addition, the influence of the
tunnel excavation does not stop immediately, but slowly fades out as the face moves
forward. In general, the weaker and softer the ground is, the earlier the displacements
will start and the longer they will last. This is particularly true when the ground has
time-dependent behaviour such as creeping (this is often observed in clay). As a rule of
thumb, the influence of the tunnelling excavation is about +2D before and behind the
monitoring cross section where D is the tunnel diameter. Figure 7.11 shows the idealised
displacement curve of one monitoring point reacting to an approaching and disappear-
ing tunnel heading.

Figure 7.11 indicates the tunnel face moving along a number of chainages and the
related displacements (Stark 2009).

®  Tunnel face is at Chainage 1: the face is far away from the monitoring cross sec-
tion so no displacements can be determined at the monitoring cross section. The
primary stress condition is undisturbed.

o Tunnel face is at Chainage 2: the face is closer to the monitoring cross section and
the first small displacements occur.

®  Tunnel face is at Chainage 3 and 4: the face is even closer to the monitoring cross
section and the displacements have increased significantly.

*  Tunnel face is between Chainage 4 and 5: the tunnel excavation passes the moni-
toring cross section. The displacements increase further, but are not yet measurable
from inside the tunnel.

o Tunnel face is at Chainage 5: the measuring bolts in the monitoring cross section
are installed. Thereafter, the first measurement (‘base reading’) is taken.

o Tunnel face is between Chainage 6 and 7: further readings are taken. The increase
in the displacements between the measurements is slowly reducing, which means
that the influence of the excavation is fading out.

®  Tunnel face is at Chainage 8: the increase in the deformations has stopped. At this
distance, the excavation has no more influence on the displacements.
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Figure 7.11 Development of the displacements for one monitoring point in relation to the position of
the tunnel face. The scaling and magnitude of the displacements are arbitrary and only by
way of example.

It should be noted that the monitoring cross section cannot be installed until the
tunnel construction has reached Chainage 5. The displacement data are therefore only
available from inside the tunnel after the base reading at Chainage 5 has been taken.
The curve prior to the base reading, from Chainage 1 to Chainage 5, can be measured
using external instruments, such as vertical extensometers, which can be installed
from the ground surface (see Section 7.3.5 for a description of vertical extensome-
ters). However, in general, this section of the displacement curve remains unknown.
This means that only a fraction of the total displacement can actually be measured.
Depending on the geological conditions, the displacements affecting only the ground
range typically from approximately 30% to 70% of the total displacements (Chainage
1 to the monitoring cross section). The better the ground, the better its ability for stress
redistribution and the larger the displacements affecting only the ground (maximum
100% if no support is required). The displacements from the monitoring cross section
to Chainage 8 affect both the ground and the tunnel lining. These displacements load
the lining and it is therefore important to determine these with respect to the stability
of the tunnel.

There is a period when there is a lack of monitoring information. This period is
between the face passing the monitoring cross section and the actual base reading.
Therefore, the base reading must be taken as quickly as possible and should be posi-
tioned as close as possible to the tunnel face. The monitoring cross section is usu-
ally installed in the face advance currently under construction and the base reading
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is taken before the excavation of the next advance commences (the base reading is
taken within six hours or less). If the base reading is done in this way, the previ-
ously mentioned lack of information is negligible with respect to the loading of the
sprayed concrete, because the ‘young’ sprayed concrete cannot take much load. It is
therefore very important for the interpretation of the measuring results that there
is an indication of the place and time of the base reading in relation to the location
of the face.

7.3.4.3 Interpretation of the measurements: Displacements

The basic graph derived from the measurements is displacement versus distance to
‘face — monitoring cross section’, or displacement versus time. By default, a distance-
dependent graph is used to control the effect of the tunnelling progress on the already
excavated section. However, if the advance rate is constant and the excavation process
is uniform, a time-dependent graph can be used. In the case of a hiatus in the excava-
tion, for example, the Christmas shutdown, one also has to switch to a time-dependent
graph.

The displacements increase quickly immediately after the base reading. The influence
of the tunnel construction then decreases, and finally the displacements do not increase
any further. A new stable equilibrium between the support and the ground has then
been established and the displacements must remain constant. This statement is very
important with respect to settlement control and stability. Figure 7.12 shows, by way of
example, the vertical displacements of the crown.

CRITICAL TRENDS OF THE MEASURING CURVE: The displacement graph is also important to
identify adverse situations, for example, when the displacements do not remain con-
stant or increase again after a period of stability. It is important that the measurements
are not stopped too early as settlements of the crown can occur after a hiatus. Possible
adverse causes for increasing displacements are listed below:

*  Modification of the ground behaviour due to ingress of water (in the joints, fissures,
etc.). This can result in a reduction of the internal friction.

e Deformation behaviour of the ground is heavily time dependent.

®  Sudden failure of the SCL.

® The horizontal shape of the measuring curve only ‘pretends’ that the settlements
have stopped due to the intervals between measurements.

( Base reading Distance to face
or time

w

Figure 7.12 Vertical displacement at the crown of a tunnel (idealised example).
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Figure 7.13 Longitudinal support within the lining during bench excavation.

The design and scheduling of the excavation sequence can also create additional new
displacements after an apparent halt, for example:

* Restart of an excavation after a longer pause (e.g. the Christmas shutdown)

e The time delayed excavation of successive headings (e.g. bench excavation follows
crown) creates a new stress redistribution and thus leads to further displacements
of the leading heading

The bedding of the footing of the crown is being removed during the excavation of
the bench so that the sprayed concrete has to arch over the excavated area. The area of
this longitudinal support is thus likely to be affected by further displacements in addi-
tion to the stress redistribution due to the excavation of the ground (Figure 7.13).

Figure 7.14 shows by way of example the vertical displacements of the monitoring
cross section at Chainage 650 of the leading side wall drift in Section W of the Lainzer
Tunnel LT31, Vienna (for detailed information on this project, see Section 8.3 of the
case studies). For reasons of clarity, only two points (5, 9) are displayed in the figure.
The displacements remained constant for approximately four weeks, until mid-April,
when new displacements appeared, nearly 2.5 times as large as the old ones. The reason
for this was the excavation of the remaining crown (Centre Drift 1) following the lead-
ing side wall drift after a scheduled delay of 4 weeks.
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Figure 7.14 Displacement versus time graph showing the development of new displacements in the
right-hand side wall drift following excavation of Centre Drift | (LT3I, Vienna, Section W,
Chainage 650).



288 Introduction to tunnel construction

7.3.4.4 Interpretation of the measurements: Comparative observation

The task of the interpretation of the measurements is not only to see whether a new
stress state in the combined system ground-lining has been established, but also to derive
a statement with respect to the stability and to check the measured displacements against
triggers. At first, one would compare the measured displacements with those calculated
in the design. In Section 8.2, the London Heathrow TS5 PiccEx Junction case history,
an example, is given in which the comparison of calculation and measurement success-
fully led to an improvement in the safety of a neighbouring tunnel. However, in general,
some difficulties do arise. During the design, a tunnel is divided into sections, in which
similar geological conditions are anticipated. Calculations are prepared for each section,
the results of which include expected displacement in the vertical and horizontal direc-
tions. During excavation, a number of monitoring cross sections are installed within
the respective sections. However, each monitoring cross section will record different
displacement values. The reason for this is obvious: the i situ displacements depend on
the geological conditions, on the type and quantity of the support, the time the support
is installed and on the excavation sequence. The combination of these factors is never
the same and, as a consequence, there will be different displacements in each monitor-
ing cross section. Owing to the time and expense involved in computing these displace-
ments, and the limited accuracy of the input data, the technique of parameter variation
can only cover a small spectrum of the possible permutations. Quick et al. (2001) gave
an example of such a parametric study using 3D finite element method calculations to
simulate actual displacements measured. In their presentation, they come to the conclu-
sion that, owing to the wide scatter of measured displacements, a comparison of the
measured and the theoretical displacements makes little sense, as it is not known which
of the monitoring cross sections is actually represented by the calculations.

This result reflects the authors” own experience. Figure 7.15 shows, by way of exam-
ple, some monitoring results of the Eggetunnel (for further details on this project, see
Section 8.1). This shows the vertical displacements of monitoring point No. 1 (crown) at
different cross sections between Chainage 482 and 684. In this section, similar geologi-
cal conditions were predicted and encountered. Nevertheless, the displacements for the
different cross sections range from 20 mm to more than 100 mm; in other words, the
displacements scatter by more than 500% for just one monitoring point. Monitoring

Displacements, mm

0+

-20

Distance to face, m

Figure 7.15 Vertical displacements for point | at different cross sections in the Eggetunnel for Chainage
482—-684 in similar geological conditions.
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results always come with a range and never with a single value. This makes it impos-
sible to derive a statement with respect to stability. In addition, all the other monitoring
points have to be taken into account as well.

In conclusion, therefore, a comparison of calculated and measured displacements
is often not possible because tunnelling conditions are too variable to be modelled
adequately in the calculations. In addition, it must not be forgotten that the measured
displacements are the true displacements, and not the calculated values. If the measured
displacements cannot be checked against calculated triggers, the monitoring cross sec-
tions have to be checked against each other (comparative observation). The aim is to
filter a ‘normal’ range of displacements and to identify adverse trends well in advance,
that is, before any critical situation arises. This can be done by adopting a monitoring
cross section as a reference section. A precondition for this is, of course, that no com-
plications arise in the reference section. Alternatively, it could be done by looking at
average displacements over a couple of monitoring cross sections.

Figure 7.15 indicates that there is obviously an accumulation of curves around
40 mm. One could possibly refer to this as the ‘normal’ behaviour of the displacements.
This would cut the scatter to a mere 40 mm £ 10 mm. However, the deviation outside
‘normal’ behaviour must not be ignored.

The average displacement can be set as a trigger. However, one must be aware that it
takes some time and a couple of monitoring cross sections to establish average values.
In consequence, triggers must be adjusted during excavation (further information on
trigger values can be found in Section 7.3.2).

7.3.4.5 Interpretation of the measurements: Deformation

Another important reason for monitoring is to aid the estimation of the residual bearing
capacity of the lining. When new displacements occur, it is necessary to know if these
additional displacements are likely to overstress the lining. If the calculated and mea-
sured displacements differ considerably, or if the displacements scatter widely as shown
in Figure 7.15, it is also necessary to check the bearing capacity of the lining against
collapse. Concrete often has cracks, and so does sprayed concrete. However, it is essen-
tial to investigate the cracks in the sprayed concrete because of the potentially severe
consequences in this case (an example is given in Section 8.3.6). There are many reasons
for determining the bearing capacity of the lining, especially in a shallow tunnel in soft
ground. To do this, deformations are needed. Deformations result from different dis-
placements within a monitoring cross section (vertical, horizontal and longitudinal) and
they are an indication of the stress state of the lining. It is possible to differentiate four
distinct and different stress states depending on the observed displacements (Figures
7.16 through 7.20) (Rokahr et al. 2002). The dashed line in these figures represents the
deformed lining. The displacements shown are not to scale and are exaggerated to make
the deformation visible. In these figures, ‘w’ is the vertical displacement of the crown,
v’ is the vertical displacement of the footing and ‘h’ is the horizontal displacement.

Figure 7.16 Rigid body displacement. If the vertical displacement of the roof is
equal to the vertical displacement of the footing, then the lining is just subject to
a rigid body displacement; it is not deformed and therefore not stressed.

Figure 7.17 Roof settlement. Roof settlement with no or negligible settlement of the
footing is a deformation which is often encountered. The deformation generates
normal forces and bending moments in the lining.

Figure 7.18 Divergence. Roof settlement accompanied by an outward movement
of the footing is called divergence (the distance lengthens). This deformation
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is common in a ground with a low horizontal earth pressure. The deformation
generates similar stresses as the roof settlement shown in Figure 7.17, but with
higher bending moments developing.

Figure 7.19 Convergence. A combination of roof settlement and an inward move-
ment of the footing is called convergence (the distance shortens). In the sche-
matic representation shown, the vertical displacement is equal to the horizontal
displacement. The original circular lining is not deformed but shortened. The
radius of the circle becomes smaller. The lining is stressed by normal forces only,
and no bending moments develop.

Figure 7.19 Convergence in combination with roof settlement. (Rokahr et al. 2002.)
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It should be noted that the deformations do not necessarily remain circular; theoreti-
cally, an unlimited number of possible deformation shapes exist. In Figure 7.20, two
possible shapes are shown, with the displacements of the roof and the footings being
the same as shown in Figure 7.19. Both generate totally different stress states in the lin-
ing. To be sure of the actual deflected shape, the number of monitoring points in each
monitoring cross section must be sufficient to derive an unambiguous shape of the tun-
nel lining from the displacements. In the example shown in Figure 7.20, monitoring is
also required at the shoulders of the tunnel to confirm the deformed shape. Hence, at
least five measuring points per monitoring cross section are necessary (see also Figure
7.10). The displacements in all three directions must be measured, that is, horizontally,
vertically and in the longitudinal direction (x, y, z) (Figure 7.21).

In order to get a better idea of the deflected shape, it is often useful to plot the dis-
placements as vectors on the cross section, as shown in Figure 7.22a. It should be noted
that, depending on the scale used, it is possible to get a completely different impres-
sion from the displacements or deformations (as with all graphs!). Figure 7.22b shows
the same displacements plotted with a different scale. Whereas the displacements in

Figure 7.21 Minimum required monitoring points to create a deflected shape.

(a) (b)

Figure 7.22 (a) and (b) Vertical and horizontal displacements plotted as x—y-vectors using different
scales. (Rokahr et al. 2002.)



292 Introduction to tunnel construction

Figure 7.22a seem to be negligible, the ones in Figure 7.22b look worrying. Therefore,
it is always a good idea to have a look at the actual values too.

It has to be emphasised, however, that it is generally difficult to make exact statements
regarding the loading of a lining by looking at measurement curves or deflected shapes,
especially with regard to the level of the lining capacity used, and conversely how much
capacity is still left. It is therefore necessary to determine a stress-intensity-index.

7.3.4.6 Interpretation of the measurements: Stress-intensity-index

The stress-intensity-index, 1, is based on the measured displacements and is defined as
the ratio of the existing stress and the permissible stress in the tunnel lining at a certain
point in time. If the stress-intensity-index is 100%, the ultimate strength of the sprayed
concrete has been reached (Zachow and Vavrovsky 1995, Rokahr and Zachow 1997,
Stark et al. 2001). The stress-intensity-index is also known as the Utilisation method
and both terms are used within this book.

Unfortunately, it is not possible to transfer the deformation directly into a stress state
of the SCL. The sprayed concrete is applied to the tunnel wall when it is still soft, and
in this state, the sprayed concrete is already loaded by the stress redistribution in the
ground and by further excavation. The young sprayed concrete is still a long way from
the standardised 28-day values for compressive stress, compressive strain and Young’s
modulus. However, the sprayed concrete gains strength, that is, its material param-
eters and stress—strain behaviour change rapidly during the first few days as a function
of time. Furthermore, the stress will generate a significant time- and stress-dependent
creep strain (or relaxation) in the SCL. A determination of the actual stress state must
take into account the time, importantly the time of the actual reading, the age of the
sprayed concrete at the time of this reading and the deformation history before this
reading.

Figure 7.23a gives a simple example to help clarify this. It is assumed in this case
that there is no displacement other than the roof settlement. Therefore, the vertical
axis displays the relative settlement between the roof and the footing or the deforma-
tion, respectively. After comparing both of the measuring curves, one is tempted to
declare the SCL belonging to curve 2 as less loaded than the SCL belonging to curve 1.
However, exactly the opposite is the case. Despite the larger total settlement, the SCL
1 is less loaded than lining 2 and although both deformation curves are geometrically
similar, the stress-intensity is quite different (Figure 7.23b). The reason for this surpris-
ing statement is the creep ability of the young sprayed concrete. Creep and relaxation in
the first 8-12 days avoid a large proportion of the load.

SCL 1 starts at the first day with, in this case, a high deformation of approximately
15 mm. This results in a high stress-intensity-index of more than 50%. Since creep-
ing of the sprayed concrete depends on several factors, such as the sprayed concrete
mix, its age and also on the stress-intensity, the high stress generates significant creep-
ing. In addition, the increase in strength is the highest during the first day. Hence, the
stress-intensity reduces on the second day. During subsequent days, the deformation
still increases, but with ongoing creeping and increasing strength the stress-intensity
reduces steadily down to approximately 35%.

SCL 2 starts with a small value of approximately 2 mm deformation, which generates
neither a high stress-intensity nor a high creep rate. During subsequent days, the defor-
mation increases in a more regular way (compared to curve 1). As a result, the stress-
intensity grows slowly. The creep ability reduces with time and the gain of strength
also slows down. A large proportion of the deformation affects SCL 2 when the creep
ability is already reduced. To highlight this, the deformation after 10 days of both SCLs
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Figure 7.23 (a) Example deformations of the crown depending on time (d = time in days) and (b) cor-
responding stress-intensity-index.

is marked in the figure. In this example, lining 1 shows only 4 mm of deformation
between the 10th and 30th day, but lining 2 shows 10 mm.

Thus, in order to determine the level of loading of SCL in tunnelling, the age at which
the sprayed concrete is deformed is significant. The later the deformation occurs, the
more it is likely to generate a high stress level. As a rule of thumb, one can state that
creeping after 28 days is negligible.

In order to get reliable results when calculating the stress-intensity-index, the follow-
ing points must be taken into account:

e The stress-intensity-index must be based upon the actual monitoring results

* Calculation must be done with every displacement reading, usually on a daily basis

e The actual contour of the SCL (which is given by the position of the monitoring
points)

e The actual absolute location of the monitoring points relative to the tunnel axis
The time-dependent development of the ultimate strain of the sprayed concrete
A nonlinear, time-dependent material law of the sprayed concrete to cope with
creep and relaxation

¢ Since everything is time dependent, the deformation history is necessary
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The use of the stress-intensity-index is common in NATM/SCL tunnels in soft
ground. Rokahr and Zachow (2009) give details of two different methods currently
in use, the ‘Vienna method’ and the ‘Hanover method’. Further details on the stress-
intensity-index (or Utilisation method) are provided in Section 8.4 in relation to its use
on the Crossrail project in London.

7.3.4.7 Measuring frequency and duration

As long as the displacements change significantly, a measurement is taken at least every
day. After they have stabilised, the monitoring frequency can be reduced stepwise
to every other day, twice a week, weekly and finally monthly. If the total cross sec-
tion is excavated by a staggered multi-face heading, the monitoring frequency should
be increased again to daily measurements well in advance of the following heading.
If adverse trends are detected or displacements begin to increase again, readings should
be taken at least once a day, or even potentially twice a day.

Generally, measurements must be taken until the displacements have become stable.
The measurements should be extended until the face is at least a distance of 4D from
the monitoring cross section. An exactly defined period cannot be given as the time over
which one has to measure is mainly dependent on the ground type and the advance rate.
Possible stoppages during excavation can increase the period of the measurements.

7.3.4.8 Contingency measures

When constructing a tunnel, it is in the nature of the project that there are gaps in the
knowledge of the main construction material, that is, the ground (see Chapter 2). The
geological model for the ground is only an estimation with the assessment of its bearing
capacity resting largely on experience, and ‘even the most complex calculation is still
only an approximation of reality’ (Thomas 2009b). Therefore, during the excavation,
it is possible that the interaction between the ground and the support does not behave
according to the estimations and calculations, but potentially diverges from this in a
negative way. This presents an exceptional circumstance for which one has to be pre-
pared with contingency measures.

Contingency measures can become necessary if the support is not sufficient to ensure
quality, usability or stability. This can manifest itself by larger than expected surface
settlements, larger than expected in-tunnel displacements, an unstable face, overload-
ing of the ground, overloading of the lining or other performance indicators, which
are not in accordance with the design or expectation. Special attention should be paid
to the overloading of the lining because of the potentially severe consequences for the
overall stability of the tunnel. There are visual signs (cracks) and acoustic signs (the
concrete sounds dull and hollow) that give an indication of an overloading of the lining.
However, not every crack in the sprayed concrete lining results in a collapse or is the
result of overloading of the system. However, every crack should be taken seriously due
to its potential origin and the resulting serious consequences.

Prior to taking further measures, it is normal to observe the cracks: are they getting
longer, do they open up? The end of the crack should be marked with a colour and the
date. It is then easy to check if the crack is getting longer. If it is, then a new mark has
to be made. Measuring the width of the crack (to see whether the crack opens) is dif-
ficult due to the rough surface of the sprayed concrete. It is possible to place gypsum
patches over the crack. Gypsum hardens quickly and is very brittle and hence it will
break immediately if the crack opens further. A better option is to install a Tell Tale™
over the crack (Figure 7.24). These consist of two overlying transparent plates which
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Figure 7.24 Tell Tale™ placed over a crack in sprayed concrete lining.

can move relative to each other. A scale on the plates shows exactly if the crack under
the Tell Tale is changing and by how much.

The sprayed concrete around the crack should be hit with a hammer or similar tool. If
sprayed concrete layers have separated from each other, then the hammer blow sounds
dull and hollow. This is a clear indication of a weakened lining. Taking cores from the
sprayed concrete lining just over the crack provides good information on whether the
crack is due to bending or shear forces, or just due to shrinkage of the sprayed concrete
(which is not a matter of concern with respect to stability; construction joints, e.g. can
be a ‘preferred’ location for shrinkage cracks). Cores will also show if the sprayed con-
crete is seriously damaged or still intact.

If overstressing of the lining is suspected, then an intensified monitoring regime
must be implemented: the measuring intervals should be shortened and the monitor-
ing data from the particular area must be analysed very thoroughly. It is not only
overstressing of the lining and a potential collapse which make contingency measures
necessary. Larger than expected displacements, at the ground surface or in the tun-
nel, can cause potential harm to third-party structures or can reduce the usability of
the tunnel.

A list of common contingency measures is given below. This does not claim to include
all measures available:

Elephant’s feet (settlement reduction): Elephant’s feet are enlargements, which
look similar to the foot of an elephant, of the sprayed concrete lining where it
bears onto the ground at the sides of the tunnel, that is, they enlarge the foun-
dation or footing. They reduce the ground pressure under the footing and thus
help to reduce the likely settlement. In order to avoid the lining protruding into
the internal tunnel space, the elephant’s feet are usually constructed towards the
extrados, that is, the outside of the lining.
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Temporary invert (settlement and convergence reduction): A temporary invert
makes the sprayed concrete lining within a divided face into a closed ring. A ring
closure of the lining stabilises the whole system. The temporary invert reduces
the ground pressure under the side footings and thus helps to reduce the likely
settlement. In addition, it reduces convergence since it stiffens the lining horizon-
tally. This is usually used in addition to elephant’s feet.

Footing piles (settlement reduction): Footing piles are steel rods located in the foot-
ing of the lining. Boreholes are drilled vertically from the elephant’s feet down
into the ground. Usually, two piles are placed on either side with each advance.
The piles distribute the load deeper into the ground and thus reduce the bear-
ing pressure under the footing. The steel rods have a diameter of approximately
30-70 mm, and the borehole is grouted to guarantee friction between the ground
and the piles.

Forepoling (provides overbead protection of an unsupported heading): Steel rods
are placed around the circumference of the roof at a spacing of 20—40 cm in the
direction of the excavation. Steel rods are rammed or bored into the ground: the
girders act as an abutment inside the tunnel, and the ground acts as an abutment
in front of the face. Thus, they protect the work area from any ground falling
from the roof of the tunnel until the excavation of the advance has been com-
pleted and the support installed. The common lengths of rod are 3 or 4 m, with
a diameter of approximately 22-32 mm. They are placed with every advance.
Forepoling needs to have an overlap of one or two advance lengths. Therefore,
the steel rods are slightly inclined by a few degrees. (See Section 4.2.5 for further
details.)

Sheet piling (provides overhead protection of an unsupported heading): This
method is similar to forepoling, but uses steel sheets instead of rods. The steel
sheets are rammed into place and are positioned so that they touch. Sheets are
used in coarse soil. (See Section 4.2.5 for further details.)

Face support (belps to prevent failure of the face and reduces ground loss): The
face is sprayed with between 3 and 20 cm of sprayed concrete, mesh or steel fibre
reinforced if the thickness exceeds 10 cm. The sprayed concrete can be accom-
panied by face anchors (horizontal anchors in the direction of the excavation).
Face anchors usually overlap by several times the advance length. (See Section
4.2 .4 for further details.)

Support core (belps to prevent failure of the face and reduces ground loss): The
tunnel advance is only excavated around the circumference; the centre of the
face is not excavated and acts as an abutment for the face. A support core can
be sealed with sprayed concrete and can be bolted against the face with face
anchors.

Advance length: Shorter advances can help prevent overstressing of the ground
and reduce settlement. With shorter advances, the disturbance of the ground
is reduced, as is the time necessary for excavation and completion of the
support. Thus, the load is transferred from the ground to the support more
quickly. The installed support potentially needs to be increased to cope with
the additional load.

Divided face: Dividing the face into smaller cross sections has the same effect as
using shorter advance lengths. In addition, this also increases the face stability.

Advance rate: Limiting the number of advances per day has the same effect as
shorter advance lengths. The stress redistribution due to the excavation acts on
an older and therefore stiffer lining, which takes a larger part of the load, and
thus reduces the stress in the ground.
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Anchoring: Systematic anchoring avoids or reduces the loosening and the weaken-
ing of the ground due to the deformation following the excavation. The anchors
‘nail’ the ground together and thus help it to maintain its bearing capacity.
Anchors are only active if there is a rigid bond between the anchor and the
ground, which is achieved for the most common anchor types by using injected
mortar. (See Section 4.2.4 for further details.)

Lining: In soft ground, a thicker and stiffer lining reduces settlement and helps to
reduce overstressing of the lining. The stress redistribution due to the excavation
acts on a thicker and, therefore, stiffer lining, which takes a larger part of the
load, and thus reduces the stress on the ground. Since the lining is much stiffer
than the (soft) ground, this reduces the settlement. Furthermore, if the lining
itself shows symptoms of overstressing, it needs to be strengthened by thicken-
ing. In this case, the excavation must become larger to avoid the lining encroach-
ing into the final tunnel profile.

Sealing the ground: A “flash’ coat of sprayed concrete protects against any ground
and rocks falling off the unsupported heading. It also hinders groundwater flow-
ing into the tunnel. Flowing water can wash fine particles out of the ground caus-
ing the latter to lose cohesion and destabilise. Water must therefore be controlled.

Grouting: This increases the bearing capacity of the ground and reduces or stops
water inflow. (See Section 4.2.3 for further details.)

In the case of overstressing of the lining such that a collapse would be unavoidable if
nothing were done, there are still usually some options to strengthen the support long
before the tunnel has to be evacuated. Some of the most suitable contingency measures are

Stop excavation: Any additional load has to be avoided.

Post anchoring: For this measure, additional anchors are installed in the already
completed tunnel support. If grouted anchors are used, it takes approximately a
day until the mortar around the anchor hardens and for the method to become
effective.

Post shotcreting: In order to strengthen the sprayed concrete lining, an additional
layer of sprayed concrete can be sprayed in areas where the lining is already over-
stressed. This measure can be carried out quickly because the sprayed concrete is
available immediately on site. However, it also takes at least 12 h for the sprayed
concrete lining to become reasonably load bearing. It has to be considered that
at a later stage it is essential to remove the additional sprayed concrete lining as
it encroaches into the final tunnel profile. In many cases, it is often necessary to
renew the overloaded sprayed concrete so that the additional sprayed concrete lin-
ing is removed anyway. Post shotcreting all of the lining of an overstressed section
can be very time consuming. In order to gain time, it is possible to spray a couple
of sprayed concrete ribs placed around the circumference (see Section 4.3.3).

Backfill: Placing backfill against the face can re-stabilise it. The additional load
from the backfill can stop further cracking of a broken invert.

Tree trunks: As an immediate measure against a threatening collapse, this option
is well suited for cross sections of up to 6 m in height (e.g. in the crown head-
ing, Figure 7.25). For larger heights, tree trunks are not suitable from a practical
and structural point of view (danger of flexural bending increases). Tree trunks
can easily be adjusted to the actual geometry (by using a saw). If fixed well with
wooden wedges and sprayed concrete on either side, tree trunks can immediately
take loads and help to avoid a collapse. It is compulsory to have a supply of tree
trunks on a tunnel site in order to be able to react immediately if required. If trees
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Figure 7.25 Emergency support measures using tree trunks during the tunnel excavation (Eggetunnel,
crown heading). (Courtesy of Professor Dr-Ing. habil. Reinhard B. Rokahr, photograph by
Ulrich Mertens DFA DGPh, Atelier fiir Kunst und Fotografie, Hamburg.)

have to be placed, it is often necessary to renew the destroyed sprayed concrete
lining in sections. The tree trunks themselves can be removed relatively quickly
if necessary care is taken. The tree trunks should be positioned in such a way
that the excavation plant can still pass. Of course, steel beams or other similar
elements can also be used, but they are not as easy to cut to the required length.

71.3.5 Instrumentation for in-tunnel and ground monitoring

In addition to laser theodolites, steel tapes and crack monitoring mentioned in the pre-
vious section for in-tunnel monitoring during construction, pressure cells can be used
to determine the stresses in the tunnel lining. Pressure (or ‘stress’) cells can be installed
between the lining and the ground (total pressure cells, tangential pressure cells), or cast
into the lining (radial pressure cells) and can use either liquid pressure or vibrating wire
transducers. They need careful installation and experience to interpret the results due
to the complexities of the sprayed concrete behaviour, which causes much debate as to
their reliability. However, research by Jones (2007) has suggested various procedures to
reduce the potential errors when using pressure cells.

Furthermore, it is important to monitor the ground around the tunnel during con-
struction in order to assess its behaviour. There are a number of common instruments
available and these are briefly described below (see Section 7.3.6 for references).

Borehole magnet extensometer (relative vertical movement): These devices consist
of a series of circular magnets fixed at certain levels within the borehole to either
a rigid or telescopic access pipe. A probe is inserted to record the level of each
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magnet. The rigid plastic tube and ‘spider’ magnets can cope with small vertical
compressions of up to 1%.

Borehole rod or invar tape extensometers (relative vertical movement): These
can consist of simple rods of different lengths anchored at different levels
within the borehole. More sophisticated methods involving linear variable dif-
ferential transformers (LVDTs) are also available. Wire-based extensometers,
although more difficult to install than rod extensometers, are useful over long
distances.

Satellite geodesy (relative vertical movement): Interferometric Synthetic Aperture
Radar (InSAR) is useful for monitoring relative movements over large areas. The
preferred targets are the rooftops of buildings, which do not move on their own
and where the view from above is not obstructed. The technique is less favoured
when trying to measure the ground surface (although this is possible), especially
in areas of vegetation or roads.

Convergence gauges — (lateral displacement): Gauges, consisting of tape, wire and
rods with a deformation indicator, can be used to measure horizontal displace-
ments between permanent anchor points, for example, ground surface settle-
ment points.

Borehole inclinometer probes (change in inclination): When horizontal deforma-
tion measurements are required within the ground, a permanently installed ver-
tical casing is used. A probe containing a gravity-sensing transducer is inserted
into the casing. The guide casing usually has tracking grooves for controlling the
orientation of the probe. An alternative system uses borehole electrolevels.

Horizontal borehole deflectometer (change in inclination): These rely on angle
transducers instead of tilt transducers (as used in inclinometer systems) and this
means that they can be used in inclined or horizontal boreholes (as well as verti-
cal) as the sensors are not reliant on gravity.

‘Push in’ total pressure cells (changes in earth pressure): These can be either dia-
phragm or hydraulic cells. Diaphragm cells consist of a circular membrane with
strain gauges attached. The membrane deflects under pressure and the strains
measured can be related to the change in pressure. The hydraulic cells consist of
two membranes sealed around the edge, with the gap between them filled with
liquid. The pressure acting on the cell is measured via the pressure of the liquid
in the cell. They can be used in combination with piezometers to obtain effective
stress values.

Standpipe piezometer (change in ground water pressure): These are used to moni-
tor groundwater pressure at a particular elevation. They are easy to install and
easy to read. Readings have to be done manually and hence require access. If
‘real time’ assessment of fluctuations is required or access is restricted, a vibrat-
ing wire piezometer is more appropriate.

Pneumatic piezometer (pore pressures are balanced by applied pneumatic pres-
sures/change in water pressure): These devices use the pressure of gas on a flex-
ible diaphragm to measure the external pore water pressure, that is, the external
gas pressure is increased until it balances the water pressure. These instruments
have a short time lag.

Vibrating wire piezometer (change in water pressure): These devices use a vibrating
wire strain gauge attached to a diaphragm. As the pore water pressure changes,
the diaphragm deflects and registers a change in strain. This can be related to the
magnitude of the pressure. These instruments have a short time lag and are easy
to read. Readings can be automated via data loggers and transducers.
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Useful information on the installation, performance and measurements obtained

from vibrating wire piezometers, particularly when used in a multilevel arrange-
ment in the same borehole, can be found in Wan and Standing (2014a).

Strain gauged borehole extensometers installed from within a tunnel (ground
deformations): These can be directly measured and have multiple extensometers
in one borehole. Using vibrating wire strain gauges, they can be automatically
data-logged. The longest/deepest extensometer is assumed to be beyond the dis-
turbed zone; otherwise, relative movements are underestimated.

Example of an instrumentation layout. An example of an instrumentation lay-
out used to monitor the ground behaviour is shown in Figure 7.26. This monitoring

arrangement was used as part of a research project conducted by Imperial College on
the London Underground Jubilee Line Extension project in the United Kingdom, and
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Figure 7.26 An example of the instrumentation used to monitor the ground behaviour resulting from a

bored tunnel as part of the Jubilee Line Extension project on the London Underground, UK,
(a) site plan and (b) instrumented cross section. (After Standing et al. 1996.)



Ground movements and monitoring 301

illustrates the type of instruments that can be used. Further details of this and the other
monitoring conducted on this project can be found in Burland et al. (2001a,b).

Standing and Selemetas (2013) present greenfield ground response monitoring data
from EPBM tunnelling in London Clay as part of the CTRL project in the United
Kingdom. The authors provide information on the instrumentation layouts and mea-
surements obtained due to the construction of twin-bored tunnels using 8.16 m diameter
EPBMs. The instrumentation used included surface settlement points, rod extensom-
eters, in-place electrolevel inclinometers and vibrating wire piezometers. A micrometer
stick (Standing et al. 2001) was used to measure the horizontal strains between the
surface settlement points, which, by integrating the strains, allowed horizontal dis-
placements to be determined.

An extensive monitoring programme was also conducted as part of the Crossrail proj-
ect in London, and a similar arrangement of instrumentation was adopted to capture
the greenfield movements due to twin-bored EPBM tunnels under Hyde Park. Details
of the instrumentation and installation can be found in Wan and Standing (2014b) and
Wan (2014).

7.3.6 Instrumentation for monitoring of existing structures

A few of the more commonly used instrumentation types for monitoring existing struc-
tures (both surface and subsurface) are briefly described in this section. There is con-
siderable literature available on this topic, for example, Dunnicliff and Green (1993),
Clayton et al. (2000), BTS/ICE (2004) and Kavvadas (2005). A detailed list of com-
monly used instrumentation for tunnelling projects is provided by BTS/ICE (2004),
together with their respective range, resolution and accuracy. (These references also
apply to Section 7.3.5.)

7.3.6.1 Automated total stations (relative movement)

These have been used in recent years in conjunction with optical targets attached to
existing structures. However, traditional survey techniques (theodolites, total stations
and levels) are still commonly used. A network of automated total stations was utilised
on the redevelopment of King’s Cross Station, London, UK and the associated tun-
nelled connections to existing infrastructure as reported by Beth and Obre (2005).
In this case, a network of automated total stations was used to monitor both above
ground structures and also within operating station tunnels during the works. Each
total station was used to observe a group of reflective optical prisms located on the
structures as well as reference prisms outside the zone of influence of the construction
works where possible. This system has also been used in Hong Kong, Amsterdam and
The Netherlands (van Hasselt et al. 1999, van der Poel et al. 2006). Although auto-
mated total stations can also be used within existing tunnels to monitor displacements,
in some metro systems the running tunnels are too small to have such a system in the
crown of the tunnel (e.g. London Underground running tunnels), and hence the system
is confined to larger diameter station tunnels.

This technology is now becoming commonplace for most tunnel construction proj-
ects in urban areas where building monitoring is required.

7.3.6.2 Precise liquid level settlement gauges (relative vertical movement)

These ‘water cells’ are instruments that incorporate a liquid-filled tube or pipe for the
determination of relative elevation. Relative elevation is determined either from the
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equivalence of the liquid level in a manometer or from the pressure transmitted by the
liquid. These have been used in existing metro tunnels to monitor ‘rotations’ when the
tunnels are affected by new construction works. The tube is passed from one side of
the tunnel under the track and up the other side.

7.3.6.3 Plumb lines (change in inclination)

These can be used for monitoring the tilt of structures by measuring the horizontal dis-
tance between two points at different elevations. Direct plumb lines consist of a weight
suspended from the highest possible elevation of a structure and measure the horizon-
tal movement of the suspension point relative to a point at the base, about which the
weight moves. Inverted plumb lines have a similar operation, but the plumb-line wire is
fixed at both ends and movement is observed at an intermediate elevation. A digitised
plumb line was used as part of the monitoring of the Big Ben Clock Tower in London,
UK during the construction of the Jubilee Line Extension project (Harris et al. 2000).
The plumb line was suspended from 55 m above the ground, to provide an accurate and
precise tilt measurement. The movement of the base of the plumb line was sensed on
a digitising tablet (placed just below the plumb) and the measurements were processed
in real time. This was important as it provided continuous feedback to the compensa-
tion grouting (Section 4.2.8) that was being used as a protective measure during these
construction works (Kavvadas 2005).

7.3.6.4 Tell Tale™ and calliper pins/imicrometer (Demec™ gauges) (crack or joint movement)

These are manual methods for monitoring structural damage, such as cracks. The dis-
tance between measuring studs attached to the structure are measured accurately using
a Demec™ gauge (basically a distance measurement device). These devices can also be
used to monitor tunnel lining as detailed in Section 7.3.4.8, Figure 7.24.

7.3.6.5 Vibrating wire strain gauges (strain in structural member or lining)

These are the main ways of monitoring individual structural members and are accurate,
robust and reliable.

7.3.6.6 Fibre optics (strain in structural member or lining)

These are based on the ability of glass fibres to carry light from a source. These fibres
can be embedded in concrete or attached directly to a structure, but have to incorpo-
rate a light source and optical analyser at one end. Systems can be based on fibre Bragg
gratings, which use discrete optical strain gauges positioned along the optical fibre,
that is, discrete strain monitoring (Metje et al. 2008), or on pulsed light systems which
allow axial deflection and bending to be monitored at all points along a fibre, that is,
continuous strain monitoring using, for example, Brillouin optical time-domain reflec-
tometry (BOTDR) or Brillouin optical time-domain analyses (BOTDA) (Vorster et al.
2006, Mohamad et al. 2007, Klar et al. 2014, Gue et al. 2015). The difference between
BOTDR and BOTDA is essentially that BOTDA need a continuous loop of fibre from
the analyser back to the analyser, which although improves the accuracy of the system
and makes the data acquisition faster, it does make the system more sensitive to damage
in the harsh environments of tunnels due to the looped fibre arrangement. This means
that the BOTDR system is often favoured (Gue et al. 2015).
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Considerable research is being undertaken into using optical fibres for use in moni-
toring during tunnel construction. For example, Mohamad et al. (2012) investigated
the use of optical fibre strain measurements (using the BOTDR method) for monitoring
the interaction effects during the construction of twin tunnels. In this case, the opti-
cal fibres were used to measure the circumferential strain in 12 rings in the first tunnel
of two closely spaced parallel tunnels when the second tunnel was constructed. The
optical fibres were attached to the inside of the tunnel lining at discrete points, using
specially designed hooks, and were able to provide the actual strain profile of the lining
in real time during the adjacent tunnel construction.

In addition, Gue et al. (2015) used a similar optical fibre technique to monitor the
existing cast iron lined London’s Royal Mail tunnel during the construction of the
large Crossrail platform tunnel, located less than 2 m directly below it at Liverpool
Street Station. Results were obtained for both cross-sectional and longitudinal strains
within the Royal Mail tunnel and these were compared to Automatic Total Station
measurements. The results were encouraging, but the authors highlight the importance
of good installation procedures to ensure accurate results from the optical fibre system.
It is recommended that the reader look at this paper to gain a full appreciation of the
findings.

Hausworth et al. (2014) describe a trial to use optical fibres to measure horizontal
ground strain above the Crossrail tunnels in the United Kingdom constructed using
EPBMs, that is, strains in the ground rather than being attached to a structure. The
fibres were placed in shallow (0.25 m) trenches and the results were found to compare
well with traditional manual micrometer stick readings, with the added benefit of giv-
ing strains at much higher spatial resolution.

Further information about using optical fibres for monitoring civil infrastructure can
be found in Kechavarzi et al. (2016).

7.3.6.7 Tape extensometers across fixed chord (tunnel lining diametrical distortion)

This is a relatively simple manual method. With all the sophisticated monitoring avail-
able these days, this method may seem a bit dated. However, if space is too limited or
the tunnel arrangement is too complicated to set up a theodolite or even to install tar-
gets, the method has its place. Obviously, access is needed to the tunnel to take readings
using this method. This limits monitoring within live metro lines to ‘engineering hours’,
that is, when the trains are not running. It can also disrupt construction processes if
used in new tunnels. (See Section 7.3.4.1 for further information on in-tunnel monitor-
ing during construction.)

7.3.6.8 Bassett convergence system (tunnel lining diametrical distortion)

The Bassett convergence system (Bassett et al. 1999) is based on a series of rods and
electrolevels, which are attached around the inner circumference of a tunnel. It can be
used while the tunnel is operational, but does need a suitable clearance between the
vehicles and the tunnel wall. Electrolevels are tiltmeters that contain an electrolytic
level (a sealed glass vial similar to that used on a conventional builder’s level; however,
this contains a conductive liquid and uses contacts within the vial to register changes
in resistance as the vial tilts). Electrolevels can be used in ‘beam’ arrangements for mea-
suring relative movements within tunnels and also on structures affected by tunnelling
activities.
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7.3.6.9 Other developments in monitoring existing structures, including in-tunnel monitoring

3D laser scanning can be used in tunnels for inventory surveying and assessment, struc-
tural condition assessment, in particular for comparative surveys for ongoing monitor-
ing, damage mapping and as-built documentation (Wang et al. 2014).

Digital photogrammetry uses digital cameras to photograph objects from three (or
more) locations and combines the information to produce 3D coordinates of the points
of interest (Scaioni et al. 2014). This technique can be used to monitor changes with
time in a tunnel.

Digital image correlation is an optical method involving the comparison of digital
photographs at different times, which can be applied, among other things, to monitor
crack propagation, including displacements and strain measurements (McCormick and
Lord 2010).

In addition, there are advances being made in wireless sensor networks for remote
condition monitoring of underground structures (Bennett et al. 2010, Guimaraes
Camilo et al. 2013, Rodenas-Herraiz et al. 2016). These systems involve self-contained
wireless ‘nodes’ attached to different sensors, for example, tiltmeters, temperature and
humidity, that can provide ‘real time’ monitoring of structures (Zou et al. 2014).

A recent development is a technique called SMUTI™ (Strength Monitoring Using
Thermal Imaging), which uses a thermal camera to monitor the temperature of newly
sprayed concrete. The temperature of the sprayed concrete can be related to its com-
pressive strength, and can be used to monitor the quality of the placed concrete. The
technique can be used at a safe distance from the tunnel face and can determine the
strength for the whole lining (Ahuja and Jones 2016).

Example of monitoring existing tunnels. An example of the monitoring arrange-
ment that can be used in existing tunnels to assess the effects of adjacent construction
activities, including new tunnels, is shown in Figure 7.27. The tape extensometers are
used for monitoring diametrical distortion and levelling either side of the track can be
used for relative vertical displacements of the tunnel. In addition, the levelling can be
used to obtain a measure of rotation of the tunnel by taking the difference in the levels
on either side of the track. Relative movements can also be obtained from electrolevel
strings running along the tunnel (Cooper 2002). Automated total stations can also be

Electrolevel string

Key i
Levelling point Track bed
distortion line — —

Figure 7.27 Example of monitoring within an existing tunnel in order to assess the effects of adjacent
construction activities. (After Cooper 2002.)
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used to monitor existing tunnels if there is space inside the tunnel, as described earlier
in this section.

There are numerous sources of further information related to tunnelling and excava-
tions in soft ground, and the interaction with existing surface and subsurface struc-
tures. For example, an excellent series of international symposia titled ‘Geotechnical
aspects of underground construction in soft ground’ has been held approximately every
3 years since 1994 under the auspices of the International Society of Soil Mechanics
and Geotechnical Engineering (ISSMGE), Technical Committee TC204 (e.g. IS-London
1996, 1S-Tokyo 1999, IS-Amsterdam 2005, IS-Shanghai 2008, IS-Rome 2012, IS-Seoul
2014). The proceedings of these symposia can be freely accessed via the ISSMGE web-
site (http://www.issmge.org/publications/online-library).


http://www.issmge.org/publications/online-library

Taylor & Francis
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Chapter 8

Case studies

This chapter focuses on four different case studies. Each case study describes distinctive
aspects of the tunnelling works and how some of the information described in previ-
ous chapters is applied in practice. There is also a section on further TBM examples to
reinforce aspects described in Chapter 5.

8.1 Eggetunnel, Germany

Unexpected invert failures of SCLs are not unusual, despite a rigorous monitoring
regime within the observational method. This case study gives an example of an invert
failure, explains the failure mechanism and how to detect an invert failure by means of
monitoring.

8.1.1 Project overview

The railroad line connecting Kassel and Paderborn, Germany, of which the Eggetunnel
is a part, has been upgraded to allow higher speeds and to increase the route capacity.
The Eggetunnel crosses the Egge Mountains between the towns of Willebadessen and
Neuenheerse, both located in the federal state of North Rhine-Westphalia. The tunnel
became necessary because the existing railroad was affected by landslides which caused
damage and delays. It was found to be safer, more efficient and less costly to build a
tunnel right through the mountains rather than to stabilise the unstable slopes. The
two-track railroad tunnel, length 2880 m and width 14.5 m, was constructed between
1998 and 2000, and was opened in 2003.

Construction commenced from both ends of the tunnel. From the northern portal,
where hard rock formations were dominant (sand and limestone), the excavation was
achieved using drill and blast, and from the south portal, where soft rock (clay) was
present, excavator and sidewall drifts were used. Temporary support was provided by
SCL, lattice girders and wire mesh reinforcement throughout the tunnel.

Some parts of the sprayed concrete-supported invert of the soft rock section expe-
rienced heavy cracking and failure, and despite a rigorous displacement monitoring
regime, this remained undiscovered for a long time and created some critical situations
when finally detected.

The authors have come across this displacement pattern with a number of tunnels that
have suffered from invert failures. However, only on rare occasions have invert failures
been recorded sufficiently or even published. This is possibly because people are afraid
to discuss their potential mistakes, or invert failure has not been considered a serious
enough stability concern to be worth publishing. Owing to the lack of knowledge, the
latter is a popular fallacy among tunnel builders. Invert failure could cause a serious
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tunnel collapse and, to the authors’ knowledge, a few have already occurred (John et al.
1987, Golser and Burger 2001). Even in some cases of heading collapses where the causes
were not known unequivocally, a broken invert may be suspected of being one of the
causes or even the main cause of the failure. The collapse of three tunnels at Heathrow
airport during construction in October 1994, for example, can be put into this category
(Rokahr and Mussger 2001).

The Eggetunnel, otherwise built and monitored perfectly, did not collapse; the invert
failure was detected early enough to put contingency measures into effect. It has been
chosen here by way of an example because, in this particular case, the invert failure —
once detected — was well recorded, which should help to answer the question, why do
invert failures often remain undetected for too long?

8.1.2 Invert failure of the total cross section in the Eggetunnel

It had been known from the top heading that the clay developed a significant long-
term settlement due to the excavation. Therefore, precautions were taken to protect the
sprayed concrete invert of the full cross section. The thickness of the sprayed concrete
was increased to 40 cm (which is about the maximum thickness for a regular SCL); a
deep invert vault was built so that the shape of the tunnel was close to circular; in addi-
tion, an invert monitoring device was developed and implemented as described below
(see Section 8.1.3).

The difficult clay zone extended over a distance of 250 m. In addition to the regular
displacement monitoring, it was agreed with all the parties involved to monitor the
sprayed concrete invert in this area. The invert was covered with an approximately 3 m
thick layer of backfill, which provided a track for the plant. In general, the monitor-
ing should not disturb or hinder the ongoing excavation. These demands were fulfilled
by the so-called ‘Eggemouse’ (see Figure 8.1a): during excavation, a tube was placed
every 15 m across the invert and was sprayed in place. The ends of each tube extended
out of the sprayed concrete. A steel cylinder, attached to a cable, was pulled through
every tube once a day from one end to the other (Figure 8.1b). The steel cylinder, the
‘Eggemouse’, was 70 mm long and 20 mm in diameter. In the case of a broken invert,
the steel cylinder would not have passed through the tube and would have got stuck.
Since this first use, the Eggemouse has been used in many other tunnels.

After months of stable monitoring results, the monitoring was finally abandoned.
As it turned out, this was premature. After completion of the excavation, the backfill
was removed to allow construction of the inner lining. While removing the backfill, the
miners were surprised by a longitudinal crack, nearly 100 m long, in the middle of the
invert. The displacement monitoring had not given even the smallest indication of any
disturbance in SCL. However, the edges of the crack began pushing over each other,
with the damage to the invert getting worse and a collapse to the tunnel seemed to be a
possible scenario. The movement had to be stopped immediately. However, how could
this be done? Replacing the backfill would have taken too long, as would stiffening the
invert using massive sprayed concrete ribs. Anchoring back the invert would not have
been effective enough since the displacements were mostly horizontal. The tunnel was
about 13 m high, that is, too high for setting up tree trunks. The only option was to
place the tree trunks horizontally: 50 logs, each 7-8 m long, stopped the increasing
displacements and gave enough time to reconstruct the invert with a thicker, 60 cm,
SCL (Figure 8.2).

The invert must have failed over a longer period of time, and only the weight of the
backfill provided the necessary force to maintain equilibrium; once removed, the displace-
ments started again. However, how could it happen that, despite a rigorous monitoring
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Figure 8.1 (a) ‘Eggemouse’ and (b) invert control with the ‘Eggemouse’ at the Lainzer Tunnel LT3I,
Vienna, Austria.

regime, experienced staff and vigilance against any failure, massive cracks in the invert
could develop without detection? This will be investigated in the following sections.

8.1.3 Sprayed concrete invert: Its purpose and monitoring

In soft rock tunnels, owing to the low strength of the ground, a sprayed concrete invert
is constructed to avoid shear failure under the footings. A quick ring closure ensures the
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Figure 8.2 Contingency measures in the form of tree trunks at the completed cross section due to
cracking after removing the backfill.

bearing capacity of both the ground and the lining. ‘Quick’ in this case means that the
invert has to be constructed close to the leading face; a practical distance with respect
to buildability is 1-4 m in the top heading (as part of a larger tunnel) and 4-10 m in a
complete cross section. After construction, the invert is covered with muck and back-
fill. This protects the invert against damage and provides a track for the heavy plant
while the excavation continues. Depending on the shape of the tunnel and the space
required for manoeuvring the plant, the thickness of this cover is approximately 1-3 m.
However, this makes the invert invisible and it is impossible either to inspect its integ-
rity or to install any of the common optical monitoring systems.

These days, the state of the art in monitoring the invert is by doing it indirectly and
involves interpreting the displacement measurements of the vault (i.e. top heading or
top heading and bench). However, the widespread experience on many construction
sites is that a broken invert can only be detected in a very progressive state of damage,
if at all. At least the Eggemouse can tell if the invert is broken, which is of paramount
importance. However, it is still not known exactly how to recognise the beginning of
an invert failure by interpreting vault monitoring data. Any conclusions drawn from
interpreting the monitoring data of the vault with respect to the integrity of the invert
cannot be proven as the invert is not visible. The behaviour of the invert is therefore
open to speculation.

On the basis of these experiences, some essential questions kept recurring:

1. Is it generally possible to get early signs of the reduced bearing capacity of the
invert by interpreting the displacement measurements of the crown?
2. Also, is it possible to assess the residual bearing capacity of the broken SCL?
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Figure 8.3 Model testing.

In order to answer these questions, a comprehensive research project was undertaken
at Hanover University, Germany (Stark 2002). At the beginning of the research, mea-
sured data from tunnels with broken inverts were analysed. However, the data, even
at the Eggetunnel, gave no indication of any problem with the invert, and since the
moment of the collapse of the invert was never known, this approach was not success-
ful. Calculations were also not helpful, as the theoretical model could not be verified
due to the lack of measured data in the invert. The research was therefore advanced by
using model tests (Figure 8.3). Two different shapes were used: a full cross section with
a deep invert vault, and a crown section with a temporary invert. The model tunnels
were made from gypsum and embedded in clay.

The load was applied by horizontal and vertical hydraulic jacks, independently con-
trolled to achieve different coefficients of lateral earth pressure. Depending on the
geometry, 12 or 14 monitoring points were distributed over the complete cross section
including, of course, the invert. The location of the monitoring points in the top head-
ing and bench corresponded to the traditional monitoring positions in a real tunnel.

Figure 8.4 shows, by way of example, the vertical displacements in the crown (moni-
toring points 1-5) versus the applied pressure of the jacks. As expected, the displace-
ments increased, in this case linearly, with increasing pressure. It seemed likely that the
displacements in the crown would be affected by the cracking of the invert. However,
nothing happened throughout the test in the crown even though five cracks developed
in the invert. Looking at Figure 8.6a, this was quite a surprising result. However, in fact
this reflects the typical behaviour of the crown perfectly.
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Figure 8.4 Vertical displacements at the crown and corresponding cracks.

According to widespread opinion, the sign of collapse of the invert is horizontal
convergence of the footing (i.e. points 4 and 5, Figure 8.4). However, this could not
be confirmed as inverts have collapsed in situations where convergence has occurred,
where divergence has occurred, and where no horizontal displacements have happened
at all.

The only way of achieving reliable information on what was happening was to moni-
tor the invert itself, and especially to determine the stress-intensity-index of the lining.
The stress-intensity-index is based on the monitored displacements and, according
to Rokahr and Zachow (1997), is defined as the ratio of the existing stress and the
permissible stress at a certain point in time (see Sections 7.3.4.6 and 8.4). If the stress-
intensity-index is 100%, the ultimate strength of the lining has been reached. With
the stress-intensity-index, the actual stress state can be determined in real time, so
that there are no uncertainties about the residual bearing capacity due to increas-
ing displacements. Figure 8.5 shows the development of the stress-intensity-index in
two adjacent locations on the lining, at the crown and at the invert. The stress-inten-
sity-index in the crown (points 1-3-5) initially reaches an untypically high value of
approximately 40%. The remaining curve has typical values of around 20% or less.
Only at the end of the test, following the fifth and last crack in the invert, does the
stress-intensity-index again reach 40% and peak at an absolutely uncritical 45% as the
invert finally collapses.

At the same time, the increase in load in the invert is clearly visible. The stress-
intensity-index (points 5-7-9) rises from the start and indicates with a value of 100%,
corresponding to the crack at point 7 (30 bar), that the load capacity of this part of the
lining has been reached.

Generally, it was not predictable whether the model tunnels were going to collapse
immediately after the first crack in the invert had developed or if the pressure could still
be increased as shown in the test above.

Nevertheless, the invert failure mechanism can be described as follows. The vault,
that is, above the backfill, showed vertical displacements, mostly without bending. The
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Figure 8.5 Stress-intensity-index at the crown (monitoring points |1-3-5) and invert (5-7-9).

stress remained low. The invert, that is, below the backfill, did not follow the vertical
displacements, but remained more or less in position, which is the purpose of an invert
support. With ongoing displacements in the crown, the load in the invert increased
rapidly, leading to cracks in the middle of the invert and around the footing, a system
similar to a three-hinged arch developed. At this point, the invert lost its capacity to be
a wide abutment for the vault (Figure 8.6b). All the cracks occurred below the backfill
and would not have been detected in situ. Furthermore, the bending failure around the
footing occurred at the extrados and therefore, they would have remained undetectable
even after removing the backfill for inspection purposes. The cracks in the middle of the
invert were not necessarily accompanied by heaving, as visible in Figure 8.6a. Levelling
of the invert would therefore only be of limited success.

Level of track

Bending failure Bending failure
(extrados) Bending-/shear failure  (extrados)
(intrados)

Figure 8.6 (a) Invert collapse at the end of the test and (b) typical development of the cracks at the
invert.
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From the test results, the following conclusions can be drawn with respect to tunnels
in soft rock:

[EN

Monitoring the vault only gave very late hints on a collapse of the invert, if at all.

2. Therefore, the invert should be monitored. As long as displacement monitoring
of the invert is not possible, and the stress-intensity-index cannot be deter-
mined, the ‘Eggemouse’ is a proven and effective tool.

3. The remaining bearing capacity of the system after cracking of the invert is
generally unpredictable. Just one crack in the invert can be followed by the
collapse of the system. If one has knowledge about an invert failure, it is recom-
mended to repair this immediately.

4. The invert does not follow the vertical displacements of the crown, causing a

quicker development of the stress in the invert. This must be considered in the

design. Even a temporary invert must be designed to be as robust as the vault.

8.2 London Heathrow T5, UK: Construction of
the Piccadilly Line Extension Junction

For complicated geometries or short tunnels, there is no alternative to using excavator
and sprayed concrete support. On the London Heathrow TS5 project, a new tunnelling
method called LaserShell™ was utilised, setting benchmarks in safety of construction
and quality of SCL tunnels. This section describes arguably the most difficult and inter-
esting part of T5’s tunnelling work.

8.2.1 Project overview

London Heathrow airport has been expanded by adding a new Terminal 5 (T5), which
opened in 2008 and was constructed away from the central terminal area. This had to
be connected to the existing terminal buildings and to downtown London by means
of a total of seven tunnels. The running tunnels were constructed by TBMs, but all
the connecting constructions, such as headshunts, shafts, emergency exits, ventilation
openings and cross-passages were constructed using SCL. In total, more than 40 SCL
structures with an overall length of more than 1100 m had to be built (Williams et al.
2004, Hilar et al. 2005). The tunnelling work was successfully completed in 2006. This
case history focuses on the Piccadilly Line Extension (PiccEx) Junction.

London Underground provides public transport to London Heathrow via the
Piccadilly Line, which had to be extended to serve the new T5. To connect the TS5
Piccadilly Line Extension with the existing Piccadilly Line, the so-called PiccEx
Junction had been constructed in the middle of the heart of one of the busiest airports
in the world (Figure 8.7).

8.2.2 The ‘Box’

A ‘box’ was excavated, approximately 20 m deep, 50 m long and 20 m wide, to allow
access to the existing tunnel systems (Figure 8.8).

The box structure consisted of 1.2 m thick reinforced ‘diaphragm’ retaining walls.
Half way down, it was stiffened by a gallery-like intermediate slab. Two concrete pillars
in the middle of the box provided additional support. All machinery, gear, equipment
and material had to be lifted down the box opening by means of a crawler crane. For
the first few weeks, this also included the sprayed concrete supply until a permanent
sprayed concrete pipe could be installed at the bottom of the box.
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Figure 8.7 Overview of London Heathrow airport.

Figure 8.8 The ‘Box’.
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Figure 8.9 Overview of the PiccEx Junction.

At the openings for the tunnels, 1 m thick and heavily reinforced headwalls were cast
to support the portal.

8.2.3 Construction of SCL tunnels

In order to enable trains to reach the new T35, a turnout from the existing Piccadilly Line
had to be built (Figure 8.9). East of the box, the existing Piccadilly running tunnels needed
an enlargement to provide enough space for the necessary switches for the Piccadilly Line
Extension turnout, resulting in Eastbound and Westbound Turnout tunnels.

On the West side of the box, the connection to the previously built Piccadilly
Extension had to be completed, creating a need for Eastbound and Westbound Stub
tunnels. Table 8.1 gives a brief overview of all four SCL tunnels at the PiccEx Junction.

8.2.4 Ground conditions

The only ground encountered during these works was London Clay, which appeared
homogeneous, with almost no water seepage. A layer of scattered clay stones of up
to 300 mm in diameter followed all four headings, approximately at the tunnel axis.
Occasional ‘greasy backs’ were not a problem since the excavation followed the prin-
ciples of the LaserShell™ method (see Section 8.2.5). Greasy backs are boulders likely
to fall from the face. This is a particular problem in clay as water seepage in fissures
reduces the friction holding the boulder in place. Greasy backs are not usually visible

Table 8. Tunnels at the PiccEx Junction (in order of
construction)

Tunnel Length (m)  Excavation diameter (m)
Eastbound turnout 52.9 6.755—4.850
Eastbound stub 26.7 5.500/4.500
Westbound turnout 52.9 6.755—4.850

Westbound stub 30.1 5.500/4.500
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and can fall off the face without warning, making them dangerous, which is one of the
reasons why the Health and Safety Executive in the United Kingdom forbids anyone
from entering the unsupported vault and face.

8.2.5 The LaserShell™ method

Until now, it has been common when using sprayed concrete support to enter the unsup-
ported heading to install girders and steel mesh. This is a fundamental aspect of the
support system in soft ground. Girders provide immediate support and are required to
fix the first layer of mesh. In addition, the girders are used to control the profile. Both
mesh and girders can only be installed manually, and therefore it is necessary to enter
the heading, which, during this construction phase, is unsupported or only sealed with
a thin layer of sprayed concrete. However, owing to British health and safety regula-
tions, no one is allowed to enter an unsupported, or even a partially supported, head-
ing, which implies no installation of girders and hence no tunnel construction.

Thus, a tunnelling method had to be developed which could satisfy the British health
and safety regulations, which does not need any girders and steel mesh, and which is
applicable in London Clay. The LaserShell™ method was therefore born (Eddie and
Neumann 2004).

The most obvious feature of the LaserShell™ method is the inclined and domed face
(Figures 8.10 and 8.11 Stage 1). The inclined face guarantees that nobody stands under
any exposed ground at any time and only under the already hardened sprayed concrete
of the previous advance. In addition, the inclination is contributing to a more stable
face compared to a vertical one. As permanent support steel fibre-reinforced sprayed
concrete was used with a 75 mm initial layer and a minimum of 200 mm structural
layer (Figure 8.11 Stages 2-5). A 50 mm finishing layer without steel fibres covered up
the steel fibres of the previously sprayed structural layer and provided a smooth finish
comparable to a shuttered concrete surface. There was no inner lining.

Figure 8.10 LaserShell™, inclined face.
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Figure 8.11 Construction sequence for the LaserShell™ method. (Courtesy of BeMo Tunnelling
GmbH Innsbruck.)
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Another less obvious feature of this method is that the structural layer is sprayed
circumferentially in one go, including the invert. This reduces the joints to an absolute
minimum, that is, just the radial joints between heading advances remain, with the
added bonus of increased quality.

8.2.6 TunnelBeamer™

Another issue under the rigid British health and safety regulations is profile control.
Since nobody is allowed to enter the unsupported vault, the profile can only be con-
trolled from a distance; thus, the TunnelBeamer became of paramount importance.
The TunnelBeamer, a laser theodolite, was connected to a laptop. The latter contained
all relevant information with respect to geometry, that is, the chainage of each advance
and shape of its face (inclined and domed) and, furthermore, the geometry of the unsup-
ported heading, as well as the geometry of every layer of sprayed concrete. During
excavation of the profile of the heading and during the spraying process, the thickness
of each layer of sprayed concrete was monitored continuously and easily in real time.
All as-built profiles were stored and could be used for quality control purposes and later
evidence as required.

8.2.7 Monitoring
8.2.7.1 Existing Piccadilly Tunnel Eastside

On the Eastside of the PiccEx Junction, the existing Piccadilly Line tunnels had to be
enlarged over a length of 53 m (see Figure 8.9 for the location). The first half of the
existing Piccadilly Eastbound was plugged with foam concrete for stability reasons dur-
ing construction of the enlargement, with the second half remaining unplugged during
excavation. This gave the unique opportunity to monitor the unplugged area ahead of
the SCL face once the plugged area had been left behind (Figure 8.12). The information
obtained from monitoring the existing tunnel helped to determine the amount of stress
redistribution ahead of the current SCL heading and thus to assess the displacements
already acting on SCL before the base reading could be done.

It was possible to take readings up until the approaching heading was within just one
width of a ring, that is, 600 mm. It was discovered that there was no evidence of any
deformation ahead of the face. Two conclusions could be drawn from this surprising
result:

1. It confirmed previous observations that displacements in advance of the head-
ing are small or negligible, although it should be noted that this is not a generic
statement for any tunnel construction in London Clay, and only applies to the
particular conditions at the PiccEx Junction.

2. Under normal circumstances, there is a delay between applying the sprayed
concrete, installing the monitoring array and taking the base reading. During
this period, the freshly applied sprayed concrete is already loaded and displaced
by the stress redistribution around the heading. Owing to this inevitable delay
in taking the base reading, this pre-displacement cannot be read and this infor-
mation is lost. With the knowledge of the results discussed above, it was clear
that this unreadable pre-displacement must have been very small. Therefore,
the ordinary monitoring provided an almost complete picture of the total dis-
placement and hence of the load acting upon SCL. Again, it should be pointed
out that this is not a general statement for any tunnel construction in London
Clay, and only applies to these particular conditions at the PiccEx Junction.
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Figure 8.12 View into the unplugged existing Piccadilly Line Eastbound Turnout tunnel.

8.2.7.2 Existing Piccadilly Tunnel Westside

Before this particular part of the monitoring is described, some general information on
the existing Piccadilly Line tunnels should be given. The lining of the existing Piccadilly
Eastbound tunnel was made of spheroidal graphite (cast) iron segments (SGI-segments).
The joints between the segments were filled with plywood or similar material to cope with
curves and changes in gradient. No gaskets had been used to prevent water from infiltrating
through the joints. The London Clay at TS5 in general is considered to be practically imper-
meable; however, water did somehow find its way down to the tunnels and through the
joints. As a result, plenty of stalactites were growing on the lining and rusting of the iron
segments was also visible (see Figure 8.13a, left-hand side and Figure 8.13b for the detail).

The distance between the existing Piccadilly tunnels and the SCL Stub tunnels was
very small (Figures 8.9 and 8.14). The remaining ground pillar between the tunnels
varied from 0.4 m at the box to approximately 3 m at the end.

The integrity of the existing structures during the SCL work had to be ensured and
therefore monitoring of the existing Piccadilly Line tunnels was essential. Of particular
interest was the performance of the existing Piccadilly Line Eastbound Tunnel during
the excavation of the SCL Eastbound Stub Tunnel, which was the first of the stub tun-
nels to be constructed.

The existing Piccadilly Line Eastbound was approximately 20 m long (before it
merged with the existing Piccadilly Line Westbound, Figures 8.9 and 8.13a), of which
the first 8 m, measured from the box, were plugged with foam concrete to enhance the
stability during the excavation of the adjacent SCL Eastbound Stub. In the remaining
unplugged part, four monitoring arrays were installed. Access was possible through the
neighbouring Piccadilly Line Westbound Tunnel.
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Figure 8.13 (a) Existing Piccadilly Line tunnels, SGI-Segments (LHS), Concrete Segments (RHS) and (b)
existing Piccadilly Line Eastbound Tunnel, stalactites on the SGI-Segments.

The existing Piccadilly Line Eastbound Tunnel experienced 3—-5 mm vertical dis-
placement in the crown, and 5-7 mm horizontal displacement at axis level directed
towards the SCL Eastbound Stub, indicating a clear ovalisation. All displacements were
limited to the crown and the side of the lining where the SCL Eastbound Stub passed
by (Figure 8.15).
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Figure 8.14 (LHS) existing Piccadilly Line Tunnel, (RHS) SCL Eastbound Stub Tunnel.
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Significant displacements could only be observed approximately 2 m ahead of the
current SCL face and continued 4-5 m after the SCL face had passed the relevant moni-
toring array (equivalent to half a tunnel diameter in advance and one tunnel diameter
after passing the monitoring array or, in terms of time, equivalent to approximately
3 days altogether).

Although the overall displacements in the existing Piccadilly Line Eastbound Tunnel
were 2 mm smaller than anticipated in the design (Jager and Stark 2007), the gradient
appeared steeper, creating a larger longitudinal ‘bending’ of the SGI lining towards
the SCL Stub Tunnel. There was no concern for the stability of the SGI lining as all
the segments were bolted together to form rigid and robust rings. However, this infor-
mation was important with respect to the stability of the adjacent tunnel, the exist-
ing Piccadilly Line Westbound Tunnel, during the upcoming excavation of the SCL
Westbound Stub. As shown in Figure 8.13a, the existing Piccadilly Line Westbound
Tunnel was supported by expanded lining. Precast concrete segments form rings which
were not bolted, but were held in place only by radial forces generated by the keystone
and ground pressure, and longitudinal forces generated by the TBM rams during tun-
nel construction. This technique normally works perfectly well. However, for whatever
reason, in this case the precast concrete segments did not form an even surface, but
showed irregular steps between the joints of the precast concrete segments of up to
approximately 60 mm (Figure 8.16).

Knowing the future development of the displacements as shown in Figure 8.13, it
was quite clear that the concrete segments would experience additional forces during
construction of the SCL Westbound Stub causing the joints to open wider. The ques-
tion was how this would affect the stability of the concrete segments. In fact, nobody
wanted to find out and it was decided to extend the foam concrete plug in the existing
Piccadilly Line Westbound Tunnel to the full length (instead of only 8 m). Thus, any
additional movement of the expanded lining and any further opening of the joints were

Figure 8.16 Existing Piccadilly Line Westbound Tunnel showing steps of up to 60 mm between con-
crete segments.
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prevented. This example shows that the overall magnitude of relatively small displace-
ments is not important, but it is their effect on the ground and structures.

The civil engineering and tunnelling works at PiccEx Junction were completed suc-
cessfully in 2006. The LaserShell tunnelling method is now commonly used in the
United Kingdom. (Note: LaserShell and TunnelBeamer are registered trademarks by
BeMo Tunnelling and Morgan Sindall. The TunnelBeamer has been patented by BeMo
Tunnelling and Morgan Sindall.)

8.3 Lainzer Tunnel LT31, Vienna, Austria

The Lainzer Tunnel Lot 31 (LT31) is a large railway tunnel in shallow soft ground
beneath a densely built-up urban area. This section describes the construction of 3 km
of a sidewall drift, and highlights fundamental design issues as well as essential aspects
of the complex monitoring regime.

8.3.1 Project overview

Rail traffic was running overground through Vienna, and it was quite heavy. The noisy
freight trains were especially likely to disturb people’s sleep at night in this densely
built-up urban area. This has been changed since most of the trains are now running
through the Lainzer Tunnel, which was opened at the end of 2012 by the Federal
Austrian Railroad.

The Lainzer Tunnel is 12.3 km long. Owing to its length and changing geologi-
cal conditions, the project has been divided into different ‘lots’. LT31 forms, together
with the neighbouring LT33, the core of the Lainzer Tunnel, that is, the 6.5 km long
Connection Tunnel. A significant change from soft ground to hard rock originally
divided the Connection Tunnel into two sections of nearly the same length, which sepa-
rated LT31 (soft ground) from LT33 (hard rock). In order to ensure a coordinated date
for the opening of the Lainzer Tunnel in connection with the new railway line from
Vienna to St. Polten, the lot boundary was moved for the benefit of LT31 by 595 m. In
addition to the original 3.05 km long soft ground section, LT31 was extended to include
a 595 m long hard rock section. The soft ground was excavated completely by means of
sidewall drifts, which was possibly the longest sidewall drift in the world at that time.
The remaining 595 m in hard rock were excavated conventionally with crown/bench/
invert using a roof pipe umbrella and drill and blast, respectively. This case history will
focus on the construction and monitoring of the sidewall drift section.

Tunnelling started in October 2006 from two 30 m deep mucking and delivery
shafts, ‘Lainzer Strafse’ and ‘Klimtgasse’, in two directions at each shaft, resulting in
four headings excavated simultaneously. Section ‘S’ connected LT31 to LT44 in the
East, section ‘W’ and its hard rock extension ‘W, > connected to LT33 in the West, and

new

sections ‘M’ and ‘P’ met in the middle. Table 8.2 gives an overview of this.

Table 8.2 Overview of headings

Shaft Section Length Excavation method Geology Direction of excavation
Lainzer Str. W, 595 m Crown/Bench/Inv. Hard rock LT33

w 790 m Sidewall drift Soft ground LT33

P 596 m Sidewall drift Soft ground Klimtgasse
Klimtgasse M 593 m Sidewall drift Soft ground Lainzer Str.

S 1051 m Sidewall drift Soft ground LT44
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Figure 8.17 Project overview of LT3I.

The breakthrough between sections P and M was in September 2008, the break-
through of section S to LT44 in December 2008, and the excavation of section W,
completed in May 2009. Figure 8.17 depicts a bird’s eye view of LT31 with direction of
sight to the West.

The Lainzer Tunnel is designed with emergency exits approximately every 500 m,
seven of which are within LT31 (see Table 8.3 for details). Both of the existing mucking
and delivery shafts were converted into emergency exits, and the remaining five had to
be newly constructed. At each emergency exit, a shaft provides a vertical access down
to the main tunnel level. Galleries connect the shafts with the main tunnel. The shafts
had a diameter of 9.4 m and a depth ranging from 20 to 55 m. The connecting galler-
ies have cross sections of 25-30 m? and they are 20-258 m long. On the opposite side
of the five new emergency exits, 8 m long transformer niches had to be constructed.
Furthermore, at the lowest level of the tunnel, an 8 m deep sump was excavated to
collect water flowing into the main tunnel during operation. This water is pumped out
through the nearest emergency exit, Jagdschlossgasse.
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Table 8.3 Overview of emergency exits

Emergency exit Section Shaft depth Gallery length Geology
Veittingergasse W ew 55m 258 m Hard rock
Jagdschlossgasse 4 35m 67 m Soft ground
Lainzer StraBe - 30m Conversion of shaft
Himmelbaurgasse P 30m 27 m Soft ground
SchénbachstraBe M 32m 32m Soft ground
Klimtgasse - 30m Conversion of shaft
Schloglgasse S 23 m 50 m Soft ground
5 transformer niches Same as exit - 8m Same as exit
Sump WaldvogelstraBe w 8m Il'm Soft ground

8.3.2 Geology

The soft ground (sections W, P, M, S) was dominated by alternating layers of silt/clay,
sand, gravel and wide-graded sediments. Except for the silt/clay layers, the ground is
permeable with the water table above the tunnel roof. Groundwater depressurisation
was necessary by means of wells from the ground surface well ahead of the leading
excavation face to avoid stability problems at the face. The groundwater layer was often
enclosed by silt/clay layers resulting in confined groundwater aquifers. Rigid conglom-
erates and layers of hard sandstone, up to 3 m thick, were embedded between the soft
ground layers. The hard rock formations ‘Flysch’ (section W) were of varying quality
from extremely poor to fair. At the transition from soft ground to hard rock, a 300 m
long section of lower ground quality was stabilised by roof pipe umbrellas. The over-
burden extended from 6 to 26 m in the soft ground, and from 26 to 66 m in the hard
rock formation.

8.3.3 Starting construction from the shafts

Both shafts, ‘Lainzer Strafle’ and ‘Klimtgasse’, consisted of an open oval section sup-
ported by sprayed concrete and a rectangular section with the live railway on top. The
open oval section was used for mucking and delivery, while the excavation started from
the rectangular section. The rectangular section was supported by a bored pile wall and
four levels of bracing, the lowest of which ran right through the tunnel profile (Figures
8.18a and 8.21). The bracing was not allowed to be dismantled all at once, but only in
sections with the advancing excavation. Since a tunnel construction starts with the top
heading, this was a problem because it was not known exactly how the excavator could
reach the top heading while the bracing was still in place. It was decided to set up a
platform above the lowermost bracing. This kind of platform was a challenge because
there was no reference on how to design a platform for dynamic loads of heavy excava-
tors. Shoring towers used for formwork seemed to be the most robust support for the
platform. The shoring towers were rigidly attached to the walls. On top of the shoring
towers solid web girders were laid close together, which were covered by a two layer
crisscross nailed up planking (Figure 8.18b). The planking protected the girders against
damage (surface wear and tear) and acted statically like a rigid disc, helping to distrib-
ute the load equally onto the girders and towers.

From the platform, the crown sections were excavated to a length of 5 m to both
sides of the rectangular shaft, and then the platform was dismantled (Figure 8.19).
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Figure 8.18 (a) Shaft ‘Klimtgasse’. Excavation platform with planking nearly finished. Shaft walls appear
curved due to wide angle of photo. (b) Excavation platform. Shoring towers in place, web
girders are laid close together and covered in planking.
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Figure 8.19 Crown excavated, and enlargement of the leading sidewall drift started. Remaining bracing
still in place.

The excavation of the bench and invert of the leading sidewall drift could also start
after the bracing was partly dismantled. Figure 8.20 shows the tunnel after the total
cross section was constructed over a length of approximately 30 m, giving space in the
shaft area to manoeuvre the plant.

8.3.4 Sidewall drift section: Excavation sequence and cross section

Approximately two-thirds of the 3.05 km sidewall drift section was excavated beneath
the existing railroad, which was still subject to the regular heavy rail traffic; the rest
was located under buildings and streets. Therefore, the need for a robust excavation
method with low subsidence was important. Figure 8.21 shows the cross section of the
area with sidewall drift excavation.

There were several reasons for choosing this design:

1. The soft ground has limited bearing capacity. With respect to railroad, build-
ings and service structures above the tunnel, a stiff support was a paramount
issue to control ground loss at the face, to avoid face or roof instability and
finally to minimise settlement at the ground surface. This could be achieved by
dividing the tunnel into smaller headings and limiting the cross section of each
heading.
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Figure 8.20 30 m of total cross section (on the RHS, in the opening to the oval section, the remainder

of the lower most bracing can be seen still in place).

2. Most disturbance of the original stress level in the ground had been expected
when excavating Centre Drift 1. To mitigate this effect, the roof of the sidewall
drifts was positioned so as to reduce the span of the remaining top heading.

3. Bigfootings at the invert of the sidewall drifts, similar to elephants’ feet, helped
to avoid settlement and any inward-orientated movement during excavation of

Centre Drift 1.

4. With respect to buildability, quality of construction joints and safety of
construction, the external walls of the sidewall drifts were integrated into the
permanent SCL as much as possible, resulting in a high and slender shape.

Crown

Crown Crown

Bench
Following \ Leading

Bracing

Y level

side wall drift side wall drift

Centre drift 2

Bottom

\/ of Shaft

} =13.5m

=12.5m

Figure 8.21 Cross section of the tunnel, including the two sidewall drifts.
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5. The shape of the sidewall drifts provided enough space for plant to excavate
Centre Drift 1 and Centre Drift 2.

6. The high and slender sidewall drifts were more sensitive to high horizontal
loads (rather than more circular sidewall drifts). This had to be considered in
the design process and resulted in a sprayed concrete thickness of 30 cm for the
internal wall and 35 c¢cm of sprayed concrete for the circumferential outer walls,
all girder supported and rebar reinforced.

7. The sidewall drifts, approximately 9 m high, were divided into crown, bench
and invert with a short distance for ring closure of at most 10 m. Centre Drift 1
was also divided into crown and bench sections.

8. The crown had to be opened in up to four sub cross sections and the bench in
up to two sub cross sections.

9. The crown and bench support was accompanied by forepoling and face anchors.

Figure 8.22 shows a plan view of the excavation sequence. The minimum distance of
each heading had to be 10 days or 20 m, respectively. The first reason for this was to let
the sprayed concrete gain enough strength to cover the additional load of the following
headings. The second reason was to allow the displacements of each heading to come
to a halt before the following heading passed the relevant area. This was necessary to
fully control the ground surface settlements with respect to third-party structures. In
addition, the leading sidewall drift allowed for dewatering of any residual groundwater
making the excavation safer and easier for the following headings.

With ongoing excavation, it could be proven that stress redistribution within the
less cohesive/non-cohesive soil (gravel and sandy layers) was only 10 m. In combina-
tion with an achieved high compressive strength for the sprayed concrete (the required
28-day values were already reached after 7 days), the distance between heading faces
could be reduced to 5 days or 10 m, respectively. The stress redistribution in the cohe-
sive silt/clay layers took longer due to creep effects, so they had to adhere to the original
designed sequence.

Originally, a simultaneous excavation of the sidewall drifts and Centre Drift 1 was
not allowed for safety reasons. The risk assessment identified an overstressing of the
inner walls of the sidewall drifts during the excavation of Centre Drift 1 as a possible
hazard. This could result in a collapse of the sidewall drifts with the miners trapped at
the face. The analysis of in-tunnel monitoring during construction, however, proved no
adverse effects on the stability of the sidewalls. After a reasonable observation period
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Figure 8.22 Plan view of the excavation sequence.
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of approximately 6 months, the simultaneous excavation of both sidewall drifts and
Centre Drift 1 was permitted. As a precaution, the in-tunnel monitoring was intensified
and the face had to be opened in smaller subareas, respectively. Altogether, the excava-
tion was now much quicker. In-tunnel monitoring is usually used to identify adverse
developments. However, in this case, it helped to improve the performance, while keep-
ing the safety to the same high level.

A simultaneous excavation of the sidewall drifts and Centre Drift 2 was still not
allowed, but this was never the aim for buildability reasons. The excavation of Centre
Drift 2 included the ring closure at the total cross section and the dismantling of the
inner walls of the sidewall drifts. During this process, access to Centre Drift 1 was not
possible and only with difficulty to the sidewall drifts (see Figure 8.23). Therefore, these
excavations had to be suspended. From a practical point of view, a compromise had to
be found in such a way that, on the one hand, driving cycles into the sidewall drifts
would not increase too much, and, on the other, that the time-consuming preparation
for the excavation of Centre Drift 2 was kept to a minimum. It turned out that changing
to Centre Drift 2 every 30-60 m was the best option.

Figure 8.23 Construction of the invert at the total cross section (excavation Centre Drift 2 and demo-
lition of inner walls of the sidewall drift).
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8.3.5 Monitoring of SCL of the sidewall drift section

During the design process, a geotechnical safety management concept was estab-
lished, which was a live document that was continuously revised during construction
(Heissenberger et al. 2008). According to this concept, the regular distance of moni-
toring cross sections was 10 m throughout LT31 and, if necessary, this was reduced to
5 m. Readings had to be taken 20 m ahead and 30 m behind the face on a daily basis.
In consideration of the distance between faces, as shown in Figure 8.22, an area of
100-140 m in each of the sections S, M, P and W had to be monitored by means of
displacement measurements. In addition, measurements had to be taken during con-
struction of all emergency shafts and galleries as well as the adjacent areas of the main
tunnel. Since LT31 was situated almost completely under a live railway and other urban
infrastructure, a large number of surface surveying points had to be monitored. This
section highlights some special features; however, further information on the in-tunnel
monitoring can be found in Moritz et al. (2008).

8.3.6 Cracks in SCL

Cracks were detected for the first time in section W between Chainage (Ch.) 50 and 60
at the inner walls of both sidewall drifts. The horizontal cracks occurred at the intrados
approximately 0.5-1.0 m above the intersection between the bench and invert (Figure
8.24). The ring closure of the total cross section, including dismantling of the inner walls
of the sidewall drifts, was completed up to Ch. 50, that is, the cracks ran in the remain-
ing inner walls in the direction of the face. The width of the cracks was up to several

_.‘Crack at Ch. 60
: section W

Figure 8.24 Crack in the inner wall of the sidewall drift, section W, Chainage 52—-60.



Case studies 333

Specimen broken Construction joints
due to jamming

Original

crack _ ?

Figure 8.25 Cores, section W, Chainage 52-54.

millimetres in some areas. From the experience of former projects (e.g. Eggetunnel, rail-
way line Kassel-Dortmund), the development of cracks had been expected, but at the
extrados in the area of the crown. The location and the extent of the cracks were there-
fore irritating and, owing to the sensitive urban area, a detailed investigation was done.
In order to check the integrity of SCL, three cores were taken out of the inner walls of
section W, Ch. 52-54, and these are shown in Figure 8.25. The cores had a diameter of
160 mm and a length of 37-42 cm. Only with specimen No. 1 was SCL drilled through
completely, that is, the overall thickness of the inner walls was comfortingly greater
than the required 30 cm. Specimen Nos. 1 and 2 were broken at the construction joint
between the first and second layer of sprayed concrete; based on this fact, the manufac-
turing of the second layer of sprayed concrete was improved immediately. Specimen No.
3 got jammed in the core barrel and had to be drilled out, leading to its breaking in a
couple of places. Nevertheless, the original crack in this specimen could still be identi-
fied. The straight nature and the opening of the cracks towards the intrados indicated
flexural tension as the most possible cause of all the cracks.

The monitoring data confirmed the visual observations. During excavation of the
sidewall drifts, the most significant displacement was a convergence between monitor-
ing points 10 and 4, and 11 and 5 in the crown of the sidewall drifts. During excavation
of the following Centre Drift 1, the direction of the displacements changed in crown-
points 10 and 11, resulting in a clear divergence developing between points 10 and 4,
and 11 and 5 (Figure 8.26). The explanation is quite clear: with the excavation of Centre
Drift 1, the bedding of the inner walls of the sidewall drifts was taken away and the
inner walls moved in the freshly excavated open space. This behaviour, although not in
this magnitude, was well known from previous projects as mentioned above, with only
the expected cracks at the extrados around points 10 and 11 not being found. Instead,
cracks at the intrados developed (as shown in Figure 8.24). The reason for this was that
points 10 and 11 also showed a heave, which caused an unexpected heave of approxi-
mately the same amount in the bench-points 12 and 13. Figure 8.27 shows qualitatively
how the points moved. The movement generated a negative bending moment around
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Figure 8.26 Change from convergence to divergence, section W, Chainage 60.

points 10 and 11 (tensile stress at the extrados) and a positive bending moment/elonga-
tion around points 12 and 13. The sprayed concrete was, at this time, some weeks old
and already hardened. Stress redistribution inside the sprayed concrete, for example,
due to creeping effects, was negligible. The movements therefore immediately caused
an increase in stress inside the sprayed concrete, which was made visible by the cracks.

This was confirmed by the stress-intensity-index (see Sections 7.3.4.6 and 8.4) as
shown in Figure 8.28 for the inner wall of the right-hand sidewall drift at Chainage
60 (see marking in Figure 8.28 between points 13-11-15). With the face of Centre

Figure 8.27 Displacements of the sidewall drift during excavation of Centre Drift I, section W,
Chainage 60.
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Figure 8.28 Stress-intensity-index, section W, Chainage 60.

Drift 1 passing the monitoring cross section at Chainage 60, the stress changes from
a compressive stress (negative sign) to a tensile stress (positive sign) and leads to the
cracks. The stress-intensity-index shows a tensile stress of only about 1=20% after
the development of the cracks. The safety factor against failure (n=100%) was still
around five. This gave the certainty that the tunnel was in a very stable situation. With
the knowledge of the stress-intensity-index, another conclusion could be made: owing
to the cracks and the low stress level in the inner wall, most of the load had been redis-
tributed into the outer walls of the sidewall drifts. This effect was considered desirable
with respect to the later demolition of the inner walls. Demolition was safer and easier
with unloaded inner walls. Overall, the development of cracks in SCL was beneficial in
this case.

During further excavation, a uniform crack pattern developed at the same time in all
four sections W, P, M and S as shown in Figure 8.29. All the cracks ran towards the face
over the complete length of the excavated Centre Drift 1. This confirmed the experience
from earlier projects, although only the cracks at the extrados, marked with ‘2°, had
been expected. However, the other unexpected cracks at the intrados, marked with ‘1’
and ‘3°, were a logical consequence of the displacements according to Figures 8.26 and
8.27. Owing to the rough surface of the sprayed concrete, lots of soil stuck to it and the
expected cracks ‘2> were very hard to detect even for experienced eyes, leading to the
previously mentioned issue.

8.4 London Crossrail, UK: Construction of Whitechapel
Station and Liverpool Street Station tunnels

Constructing a new station completely underground is exciting in its own right.
However, within the heart of a city like London, it is even more interesting and chal-
lenging. This is illustrated by two examples, the stations at Whitechapel and Liverpool
Street constructed by Crossrail as part of a new rail line in London. Both stations are
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Figure 8.29 Crack pattern occurring in the walls of the side drifts.

too complex to be dealt with in detail. However, the few topics highlighted in this case
study should give a taste of how inner city conditions can create additional complexity
to tunnel construction. These include logistical issues due to restricted space, existing
tunnels and buildings and their protection, and ground investigation. A section on the
award-winning and tailor-made, ‘uphill’ excavation method and the UK’s first use of
the SCL Utilisation method will complete this case study.

8.4.1 Project overview

The project involved constructing a rail line running approximately 120 km from
Reading and Heathrow in the West to Shenfield and Abbey Wood in the East. The key
section of the route is the 21 km long twin bore tunnel in central London stretching
from the western portal at Royal Oak near Paddington via Stepney Green, where the
route splits into the North-East branch towards Shenfield with the tunnel portal at
Pudding Mill Lane, and a South-East branch towards Abbey Wood with the tunnel por-
tal at Victoria Docks. The finished railway will be known as the Elizabeth Line when
it opens in 2018. Figure 8.30 shows the Elizabeth Line route in central London. Ten
new stations were built as part of the project, five of which are underground using SCL:
Bond Street, Tottenham Court Road, Farringdon, Liverpool Street and Whitechapel.

The construction works for contract C510 discussed in this case study comprised
the construction of the Whitechapel Station tunnels, including the Vallance Road
Crossover, and the Liverpool Street Station tunnels from 2011 to 2017. At that time,
the project was Europe’s largest infrastructure project with a value of approximately
£14.8 billion. Further reference to the project in this book can be found in Sections
5.3.4 and 8.5.6, particularly in relation to the TBMs used on the project. More detailed
information on various aspects of the Whitechapel Station and Liverpool Street Station
tunnels in particular and the overall project can be found in Black et al. (2014, 2015)
and Black (2016).
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Figure 8.30 Elizabeth Line route in central London. (Graphic Credit: Crossrail Ltd., used with
permission.)

8.4.2 Whitechapel Station and Vallance Road Crossover

Figure 8.31 shows the layout of the Whitechapel area. The Whitechapel Station tunnels
consist of two platform tunnels and various cross-passages for passenger access, emer-
gency exit and ventilation. The Vallance Road Crossover enables the trains to switch
from the westbound tracks to the eastbound and vice versa. Also shown in Figure 8.31
are the shafts at Durward Street, which will become part of the new station building,
and at Cambridge Heath Road, which are used for ventilation and as an emergency
exit. Both of these shafts were not part of contract C510. Therefore, so as not to inter-
fere with the construction of these shafts, all the tunnelling works on the Whitechapel
Station tunnels were done via a purpose built construction shaft. This shaft was approx-
imately 30 m deep with an internal diameter of 12.5 m.

The Whitechapel Station is located in London’s East End within a residential area.
Noise restrictions applied, especially at night and at weekends. To enable tunnelling
works to continue around the clock, the construction site was covered with an acoustic
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Figure 8.31 Whitechapel Station Layout. (Graphic Credit: Crossrail Ltd., used with permission.)

shed (Figures 8.32 and 8.33). The dimensions of this shed were chosen to be large
enough to act as a stockpile, including the temporary storage of spoil to allow continued
tunnelling over a full weekend without the necessity for noisy lorry deliveries.

The platform tunnels and most of the cross-passages at both stations, Whitechapel
and Liverpool Street, were excavated by means of a Pilot tunnel with an approximately

Figure 8.32 Whitechapel Station, acoustic shed. The construction site was formerly a car parking
area. To replace this lost space, the two-storey car park on the right was built. In the

background, the City of London is also visible. (Photo Credit: Crossrail Ltd., used with
permission.)
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Figure 8.33 Whitechapel Station, acoustic shed. The muck bin is lowered into the construction shaft.
To the left of the muck bin, two of the four ventilation ducts are visible. Further to the left,

in the bottom corner is the stair tower for pedestrian access. (Photo Credit: Crossrail
Ltd., used with permission.)

6.3 m external diameter followed by the 10.5-11.5 m diameter enlargement
(Figure 8.34). The two caverns at the Vallance Road Crossover had to be constructed
differently due to their size. The trumpet-shaped caverns were 13.9 m in height and
17.2 m in width at the larger end, these being the largest SCL tunnels ever built
in London Clay. All the SCL tunnels at contract C510 were constructed using the
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Figure 8.34 Tunnel enlargement of the previously excavated Pilot tunnel. In this photograph, the exca-
vation of this advance has just been completed and it is ready for the concrete spraying.
The tunnel face shows the exposed London Clay. (Photo Credit: Crossrail Ltd., used with
permission.)

LaserShell™ technique, which was adapted for these large multistage excavations (see
Sections 5.7.3 and 8.2.5 for details).

The Westbound Cavern was built as a continuation of the Platform Tunnel Westbound
(PTW) (see Figure 8.31 for location). Starting at the size of the Platform tunnel, it was
widened to its full size by using a double sidewall drift arrangement. The total cavern
length was approximately 35 m. The layout of the double sidewall drift was based on
the Eggetunnel and Lainzer Tunnel as shown in Figure 8.21. Figure 8.35 shows the end
of the Westbound Cavern with the TBM Launching Chamber for the westbound run-
ning tunnel on the left and the Crossover tunnel on the right.

At that time, the Durward Street Shaft was still under construction and could not
be used to access the Eastbound Running tunnel as originally planned. Therefore, it
was decided to build an additional Bypass tunnel around the Durward Street Shaft
from which the Eastbound Running tunnel and, at a later stage, the Eastbound Cavern
could be excavated. Thus, the Eastbound Running tunnel and the Westbound Cavern/
Crossover tunnel could be constructed simultaneously rather than one after the other.
This approach saved several months of construction time.

The construction of the Eastbound Cavern had to be done differently from that of the
Westbound Cavern as it was excavated from the larger end to the smaller end. The vari-
ous excavation stages are shown in Figure 8.36 at the largest cross section. The first
tunnel to be completed was the Crossover tunnel coming from the Westbound Cavern
(Stage 1). In the second stage, the circular Eastbound Running tunnel was excavated
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Figure 8.35 Whitechapel Station, Westbound Cavern. On the left is the TBM Launching Chamber,
with the advance of the enlargement ready to be sprayed. The Crossover tunnel on the
right is nearly completed. (Photo Credit: Crossrail Ltd., used with permission.)

coming from the Bypass tunnel. In the area of the Eastbound Cavern, this circular tun-
nel was enlarged to the top heading of the Eastbound Cavern (Stage 3). This was fol-
lowed by excavation of the invert (Stage 4) resulting in the oval shape shown in Figure
8.37. The final stage (Stage 5) involved the widening, by means of a single sidewall drift,
to the full size Eastbound Cavern as shown in Figure 8.38.

8.4.3 Liverpool Street Station

Liverpool Street Station is located in the centre of Finsbury Circus, which was tempo-
rarily converted into the construction site during the tunnelling works (Figure 8.39).
Unlike Whitechapel Station, this business quarter in the City of London has hardly any
residential properties and is deserted at night and over the weekends. Therefore, the
noise restrictions were less onerous than at Whitechapel and did not require an acoustic
shed. Another difference was that Liverpool Street Station has a continuous concourse
tunnel between both of the platform tunnels, see Figure 8.40.

With reference to Figure 8.40, the three shafts, Moorgate Ticket Hall in the West and
Broadgate Ticket Hall and Blomfield Box in the East, provide both passenger access
and ventilation to the new station. These three shafts were not part of contract C510.
Similar to Whitechapel Station, all the tunnelling works were done via a purpose built
construction shaft. This shaft had the same internal width of 12.5 m as the one at
Whitechapel, but was 10 m deeper at Liverpool Street Station due to the Platform tun-
nels being at a greater depth.
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9500

Figure 8.36 Whitechapel Station, Eastbound Cavern, excavation stages: | = Crossover tunnel;
2 = Eastbound Running tunnel; 3 =Eastbound Cavern, Top Heading; 4= Eastbound
Cavern, Invert; 5 = Eastbound Cavern, Single Side Wall Drift (line of sight is west). The
graphic shows the completed stage 3. The Crossover tunnel (stage ) will be demolished
during stage 5. (Graphic Credit: Crossrail Ltd., used with permission.)

8.4.4 Logistics

In the previous section on the acoustic shed at Whitechapel Station, it was indicated
that logistics and space were an issue. This is indeed one of the most challenging aspects
of tunnelling in cities. On the one hand, there is a huge project where plenty of space
is required for the construction site and, on the other, there is the congested city that
lacks just that — space. This is where logistics come to the fore; in simple words: how
can one manage to transport the excavated material from the tunnel face to the surface
and onwards to its final destination, and in the opposite direction for the tunnel support
to come from the manufacturer to the construction site and down to the tunnel face?
A detailed description of the supply chain would fill its own book. Therefore, only two
examples are given here to demonstrate the challenges.

8.4.4.1 Construction shaft

A vertical shaft is the most space-saving way to go underground. However, for huge
projects like this, even a comparably big shaft can easily become a bottleneck, slowing
down the construction progress significantly if its layout is not carefully designed. At
C510, the shafts had to be as small as possible so as not to waste valuable space within
the construction site. However, it had to be big enough to house four ventilation ducts,
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Figure 8.37 Whitechapel Station, Eastbound Cavern. This photograph shows the cavern (where the
lorry is) after completion of stage 4 (see Figure 8.36). The circular Eastbound Running
tunnel is visible in the foreground and background (line of sight is west). (Photo Credit:
Crossrail Ltd., used with permission.)

the muck bin, the stair tower for pedestrian access and numerous hoses and pipes for
supplying water, compressed air, concrete and electricity, and for waste water discharge.
The cross-passage openings at the bottom of the shaft (two at Whitechapel Station and
four at Liverpool Street Station) must be taken into account as these limit the avail-
able space for placing the stair tower and the muck bin. The shaft still has to be large
enough for material and above all the plant to be lifted up and down the shaft. Figure
8.41 shows a Schaeff ITC 312 excavator being lifted in the construction shaft of the
Whitechapel Station. Two out of four ventilation ducts are also visible in the crown of
the cross-passage; the other two ducts were on the opposite side of the shaft, behind the
Schaeff. On the right-hand side, the pedestrian stair tower is visible. On the left-hand
side, at the bottom of the shaft, there is the small area reserved for the muck bin, which
has been taken to the surface during this lifting operation. Lifting has to be always done
very carefully so as not to damage the items being lifted or the shaft installations. The
shaft base area and also the stair tower are exclusion zones to personnel during the lift-
ing operation. Only the two banksmen (supervising personnel for the lifting operation)
are allowed to enter the exclusion zone to supervise the lift. The banksman on the left
uses a rope attached to the Schaeff to prevent it from spinning.

8.4.4.2 Deliveries

Deliveries to and from the construction sites were only allowed on particular routes
and times, which were approved by the London authorities. This was required to ensure
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Figure 8.38 Whitechapel Station, Eastbound Cavern. The oval part shown in Figure 8.37 is visible on
the left. The Eastbound Cavern was enlarged to its full size using a single sidewall drift on
the right (line of sight is east). The surveyors on the left are waiting for the miners in the

mobile working platform to clean the monitoring targets. (Photo Credit: Crossrail Ltd.,
used with permission.)

Figure 8.39 Construction site for Liverpool Street Station at Finsbury Circus. (Photo Credit: Crossrail
Ltd., used with permission.)
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Liverpool street station
length = 400 m

Figure 8.40 Liverpool Street Station layout. (Note: the Broadgate Ticket Hall at the end of AP2, to
the north of the Blomfield Box, is not shown for clarity.) (Graphic Credit: Crossrail Ltd.,
used with permission.)

Figure 8.41 Construction Shaft, lifting a Schaeff ITC 312 excavator. During the lifting operation, only
the two supervising banksmen (lifting operation supervisors) are allowed to stay within
the shaft area. (Photo Credit: Crossrail Ltd., used with permission.)
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coordination of the site traffic for all Crossrail’s contracts and also site traffic for all the
other construction projects that were being undertaken in the area in order to prevent
additional traffic congestion and to give local residents a break during nights and at
weekends. The planning of the delivery routes required meticulous planning of the daily
consumption of construction material such as cement and aggregates, all necessary
heavy load deliveries and the amount of spoil to be removed on a daily basis and after
a weekend, when no lorry traffic was allowed.

To determine these quantities, one should have a good idea about the achievable tun-
nelling progress. This, in turn, depends on multiple factors. However, this is mainly
dependent, as expected, on the geology, the plant to be used, geometrical information
such as the size of the tunnel, the advance length, the required lining thickness and
other tunnel support requirements and so on. The basic question is how much time
is needed to complete the excavating, mucking, and supporting for one full advance,
and how often can this be repeated within one working day? In combination with the
geometrical information and, if applicable, the number of tunnels excavated simulta-
neously, this determines the volume of spoil and support requirements each day. The
result has to be checked against other potentially limiting factors, for example, compli-
cated geometry, design restrictions on the maximum number of advances per day, the
cycle times of the muck bin, the number of trucks allowed on the roads, or it could turn
out that working restrictions at night determine the maximum tunnelling progress.

At C510, average advance rates of 6 m/day were practicable for the Pilot tunnels
(the design limitation was 8 m/day) and 2-3 m/day for the enlargements. In addition,
up to three tunnels were excavated at the same time at each station, Whitechapel and
Liverpool Street. It was possible to optimise the logistics chain accordingly, for exam-
ple, in terms of the size of the acoustic shed at the Whitechapel Station. More details on
logistics at C510, especially on the deliveries, can be found in Stirk et al. (2016).

8.4.5 Geology and site investigation

As in any city, which has been inhabited for about 2000 years as is the case for London, the
uppermost soil layer at both stations, Whitechapel and Liverpool Street, consists of anthro-
pogenic debris. Beneath these are 2—5 m of River Terrace Deposits which are aquiferous
and form the upper of two groundwater horizons. From approximately 7 m below ground
level is a stratum approximately 25-30 m thick of London Clay, which acts as an aquitard
to the River Terraces. The London Clay is underlain by the Harwich Formation, a gravelly
layer with a maximum thickness at this location of only 30 cm, although it is not continu-
ous and is missing over large areas. The Harwich Formation can contain some water, but is
not referred to as an aquifer. The 15 m thick Lambeth Group below this level is essentially
clay, but can contain sand lenses and channels with confined groundwater. The lower
groundwater level is then in the Thanet Formation and the Chalk, although the latter two
are not relevant for the tunnelling at Whitechapel Station and Liverpool Street Station.

The overburden was approximately 20 m at the Whitechapel station, increasing to
25 m in the Vallance Road Crossover, as the tunnel alignment goes deeper into the
ground. At Liverpool Street Station, the tunnels are at various levels, with the ventila-
tion duct VD4 at their lowest level being approximately 43 m below ground level, the
Platform and Concourse tunnels at 30 m depth, whereas the passenger links towards
the existing Liverpool Street Station in the East (AP2 in Figure 8.40), and to the
Northern Line and the Moorgate Shaft in the West (AP9 in Figure 8.40) are approxi-
mately 10-20 m below ground level.

The excavation at both stations was mainly within the London Clay. The underlying
stratum, the Lambeth Group, was close below the invert in the Whitechapel Station
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tunnels and was encountered in the invert of the deeper excavations at the Vallance
Road Crossover and at Liverpool Street Station. The Lambeth Group is dominated by
clay, which with respect to tunnel excavation and support can be considered the same
as for the London Clay. The biggest concerns were related to the sand layers within
the Lambeth Group as the sand was likely to contain pressurised water, which could
generate a local collapse of the ground if not depressurised; a scenario which had to be
avoided. Depressurisation means reducing the ground water pressure by local pumping
to a level suitable for safe excavation. However, the sand layers were virtually unpre-
dictable in terms of location, lateral extent, thickness, water content, water pressure
and recharge. With the exception of the Vallance Road Crossover, all the areas were
too congested with buildings and existing underground structures to sufficiently inves-
tigate the ground from the surface. Therefore, an in-tunnel probing and depressurisa-
tion scheme had to be developed in order to identify these sand layers and get the water
depressurised before the excavation reached that location.

The in-tunnel probe drilling was planned in two phases, with the Pilot tunnels and
the enlargements treated separately. For Phase 1, probe holes were used to check the
presence of sand layers for the Pilot tunnels only. It was expected that depressurisation
for the Pilot tunnel excavation would only be necessary in exceptional cases. Phase 2
was planned for after completion of the Pilot tunnels to check the ground conditions
ahead of the excavation of the enlargements. This involved near vertical probe holes
drilled from the Pilot tunnels inverts, which had to be drilled to a deeper level than the
Phase 1 probe holes due to the larger size of the enlargements. These probe holes were
then completed as depressurisation wells where coarse-grained soils were identified.
Extending the Phase 1 probe holes to prove the ground conditions for the enlargements
was considered but not pursued. This was because it was expected that probe drilling
for the enlargements would encounter water bearing sand horizons at several locations,
which would require depressurisation. Since this was likely to turn the conditions in
the Pilot Tunnels into artesian conditions, inflows from these probes would have dis-
rupted the Pilot tunnel excavation. It was considered preferable to minimise this risk by
probing for the enlargements separately in Phase 2. This would also provide continuity
of work for the probe drilling as sections of the Pilot tunnel were completed. A more
detailed description of this methodology can be found in Soler et al. (2016).

Figure 8.42 shows the Phase 1 probing for the Pilot tunnels. This layout was the result
of careful considerations:

e The probe holes needed to go to a depth of 3 m below the invert. The 3 m value
came from the fact that this was the required thickness of clay on top of sand layers
to prevent a local collapse during excavation.

e The probing for one round needed to be completed within one shift (12 h), as
exceeding this time would have required more temporary support to the tunnel
face and therefore more time subsequently to break it out.

Therefore, in this case, the probe hole length was chosen as 16 m, with a 4 m over-
lap, with two probe holes in the invert and one in the crown (this was defined as one
round of probing). The latter was to check for unexpected depressions at the boundary
between the London Clay and the overlaying River Terrace Deposits. The probing in
the crown and in the invert was always done in the same advance, even though they
may appear staggered in Figure 8.42 due to the inclined face. With an average of six
advances per day, probing was necessary every second day.

Figure 8.43 shows the near vertical Phase 2 probe holes drilled from within the Pilot
tunnel prior to the advance of the enlargement excavation. Owing to their size, the
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Figure 8.42 Phase | probing ahead of the Pilot tunnel. (Graphic Credit: Crossrail Ltd., used with
permission.)
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Figure 8.43 Phase 2 probing and depressurisation for the enlargement, in this case for the Platform
tunnel, following the excavation of the Pilot tunnel. To confirm the existence of sufficient
clay cover, the vertical probe holes extended 4 m below the invert of the Platform tunnel.
The probe hole length was 8—9 m with 4 m spacing. (Graphic Credit: Crossrail Ltd., used
with permission.)
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enlarged tunnels required 4 m of clay cover on top of the sand layers. The probe holes
shown as dashed lines were used as depressurisation wells, with the solid lines in between
used as piezometers to monitor the water level. The probe holes were drilled with an
auger of between 76 and 150 mm in diameter down to 8 m. A 50 mm PVC liner was
installed inside the holes (Figure 8.44). Over the lengths of the holes where there were
sand layers, that is, mostly at the bottom of the probe holes, the PVC liner had a slotted
section, called the screen, of between 1.5 and 3 m long with 0.5 mm wide slots. The slots
were usually covered with a resin-bonded filter to prevent fines being washed out of the
ground (Figure 8.45). Alternatively, a filter pack of graded sand, with particle sizes rang-
ing from 0.5 to 1 mm, was used. The annulus around the liner above the filter was sealed
with 1 m of bentonite and a bentonite—cement-grout to ground level. The installation of
wells and piezometers was actually the same. The only difference was that the wells were
connected to a vacuum pump, whereas the piezometers were not. One big advantage was
that piezometers could be used as additional or alternative wells, if necessary, and vice
versa. In this way, pumping could be optimised without the need for additional drilling.

Figure 8.44 WWell used as a piezometer. (Photo Credit: Crossrail Ltd., used with permission.)
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Figure 8.45 Resin bonded filter. (Photo Credit: Crossrail Ltd., used with permission.)

8.4.6 Existing tunnels, buildings and other assets and their protection

The challenge of tunnel construction in a densely built-up urban area is not only the
tunnelling itself, but also the protection of assets above and below the ground surface
in close proximity to the new tunnels. This is illustrated in this case study using the
example of the Liverpool Street Station tunnels. Figure 8.39 shows Finsbury Circus, a
small park and bowling green in the City of London. The bowling green was temporar-
ily converted into the construction site for the station tunnelling works. Finsbury Circus
is surrounded by multi-storey office buildings, some of which are new developments,
while others are listed heritage buildings.

Looking below the ground surface reveals that the underground is also congested as
illustrated in Figure 8.46, where Crossrail’s new ‘Liverpool Street’ station is shown in
combination with most of the existing underground structures. The west side of the
Liverpool Street Station is particularly congested in the Moorgate area with old and
new tunnels at eight different levels. Starting from the ground surface, these are
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Figure 8.46 The new Liverpool Street Station and existing underground structures. Not shown for
clarity are the Geotechnical Adits above the new Concourse tunnel and the Goswell
Sewer above the Northern Line. (Graphic Credit: Crossrail Ltd., used with permission.)

1 m below the ground level (mbgl): the existing London Underground tunnel for the
Metropolitan and Circle Lines have a cover of just 1 m or even less, and run in
an east-west direction above the new Eastbound Platform tunnel.

5 mbgl: the Goswell Sewer is an old north-south orientated egg-shaped brick tunnel
with a cross section of approximately 2 m x 2.5 m (not shown in Figure 8.46). In
the Moorgate area, it runs above the Northern Line.

11 mbgl: at this level, a new 7 m external diameter inclined escalator tunnel
(Escalator 3 and AP9) connects the Moorgate Shaft with the Concourse tunnel
at the lowest level for passenger access.

21 mbgl: the two existing tubes of the Northern Line are north-south orientated
with a diameter of approximately 3.5 m.

21.5-28.5 mbgl: the old Post Office Tunnel dates back to the late 1920s when Royal
Mail used an extensive tunnel system to distribute mail across London until 2003.
It runs across Finsbury Circus in a sloped angle, increasing in depth towards the
east. Its distance to the Platform and Concourse Tunnels below reduces from
approximately 6 m to less than 0.5 m. The old Post Office Tunnel has a diameter
of approximately 2.7 m, and is lined with cast iron segments (Figure 8.47). More
details on the Post Office Tunnel can be found in Wade and Stark (2015).

27 mbgl: the new Northern Line Link is a passenger tunnel that connects the new
station entrance at Moorgate Shaft with the existing Northern Line station at
Moorgate. It has an external diameter of approximately 6 m.

29 mbgl: the two new Platform tunnels have an external diameter of 10.5-11.5 m,
and the Concourse tunnel in between is generally 7 m in diameter with enlarge-
ments to approximately 10 m at the cross-passage openings.
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Figure 8.47 Post Office Tunnel. (Photo Credit: Crossrail Ltd., used with permission.)

31-43 mbgl: the new ventilation duct VD4 is a 37 m long tunnel for ventilation
purpose. It has an external diameter of approximately 6.5 m and is inclined by
22°. It links from the Platform Tunnel Eastbound below the PTW to an existing
shaft, the Moorhouse shaft (not shown in Figure 8.46), which was constructed
as part of the project between 2004 and 2005 in the basement of an office devel-
opment known as Moorhouse.

Not included in the list are utility services, such as water and gas mains beneath the
road surface. Even so, all assets must be treated the same, and need to be protected
against excessive settlement and deformation. Obviously, the best way of doing this is
to keep settlements to a minimum in the first place, with a stiff lining and quick ring
closure being key elements to achieve this. However, settlements cannot be eliminated
completely. Therefore, all assets below and above the ground were equipped with moni-
toring systems to compare the actual absolute and differential settlements of the assets
against the preset trigger values and to identify any adverse trends (see also Section
7.3.2).

To mitigate the negative effects of settlement on assets above the ground surface, com-
pensation grouting was conducted from the purpose built Geotechnical Adits (Figure
8.40; further details on compensation grouting can be found in Section 4.2.8.). The
Geotechnical Adits were excavated from the construction shaft, the sinking of which
was temporarily stopped halfway down to enable their construction. The Geotechnical
Adit to the East was 99 m long, and the West Adit was 79 m in length. Both of these
adits had the same cross section of approximately 4.5 m width and 4 m height. Once
excavation of the Geotechnical Adits was completed, sinking of the Access Shaft
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Figure 8.48 Drawbridge for one of the Geotechnical Adits at Liverpool Street Station. (Photo Credit:
Crossrail Ltd., used with permission.)

continued. There was an interesting feature associated in terms of logistics with this
construction: with the bottom of the Access Shaft at 30 mbgl and the openings of the
Geotechnical Adits 15 m higher up in the shaft wall, the problem of delivering plant
and material into the adits had to be overcome by construction of a drawbridge at the
opening of each adit. The drawbridges were lowered when taking deliveries and then
raised to allow works to continue in the base of the shaft (Figure 8.48). From within the
Geotechnical Adits, the TAMs were drilled for the compensation grouting. Figure 8.40
also shows the arrangement of the TAMs at Liverpool Street Station.

At Whitechapel Station, compensation grouting also had to be done, although it
covered a much smaller area than at Liverpool Street Station. The TAMs drilling and
grouting was undertaken from a grout shaft as shown in Figure 8.31.

8.4.7 Uphill Excavator

At both the Whitechapel and Liverpool Street Stations, passenger access between
the station buildings and the platform tunnels is provided by escalators. For these
escalators, inclined shafts had to be excavated. The first one to be constructed was
Whitechapel’s Escalator Shaft 1 (ES1) at the Durward Street Shaft, followed by ES2 and
ES3 at Liverpool Street Station, linking the Broadgate Ticket Hall and the Moorgate
Shaft, respectively, with the Concourse tunnel (see Figures 8.31 and 8.40 for their
location). While all Escalator Shafts were inclined by 30°, the two Escalator Shafts at
Liverpool Street Station were generally longer than the one at Whitechapel as the sta-
tion tunnels were at a deeper level. The Escalator Shafts got over a difference in level
between approximately 10 m (ES1) and 18 m (ES3) and their length varied between
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approximately 20 m (ES1) and 40 m (ES3). ES1 entered directly into the Durward Street
Box, whereas ES2 and ES3 merged into horizontal passenger tunnels, AP2 and AP9,
which finally completed the connection to the station buildings.

It was originally planned to use a ‘downhill’ excavation technique to excavate the
Escalator Shafts, where the excavator and all other required plants are lowered into
the inclined Escalator Shaft secured by a winch. Adopting this technique would have
required access from the station building shafts. Their construction would have had to
stop for approximately half a year during which time the Escalator Shafts, including
the passenger access tunnels, would be excavated. This would have adversely affected
the overall programme for the entire Crossrail project. To overcome this issue, an
‘Uphill Excavator’ had been developed. Originally used in German coal mining, this
machine had been adapted to the requirements of tunnelling. Figure 8.49 shows the

Figure 8.49 The Uphill Excavator hangs on rails which are braced back in the crown and shoulders of
SCL (ES2, Liverpool Street Station). (Photo Credit: Crossrail Ltd., used with permission.)
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back of the Uphill Excavator as it worked its way up to the face of ES2. Approximately
10 m of the total 30 m had been excavated at the time the photograph was taken.
The Uphill Excavator hung on rails, which were anchored into the crown of SCL and
were additionally braced in the shoulders. The rails, including the anchorage, had to
be extended with every advance, that is, every metre. The SCL in the crown had to
be twice as thick as normal to accommodate the additional load of the anchors. In
addition, strict requirements for the minimum strength of the shotcrete were applied
before any loading on the anchors was allowed. As a result, it is not a surprise that
constructing a tunnel using the Uphill Excavator was significantly slower than with a
comparable ‘downhill’ counterpart. For example, it took 2 days per 1 m advance for
the Uphill Excavator, whereas a downhill excavation would have achieved one advance
per day, that is, twice as fast. (‘Fast’ is a relative term, e.g. if these advance rates are
compared to a regular Pilot tunnel of similar size, these could easily reach 6 m/day on
average, and therefore inclined excavation is generally ‘slow’, no matter which con-
struction method is used.)

Figure 8.50 shows the front of the Uphill Excavator during mucking. The spoil is pushed
down the Escalator Shaft following the excavation and placing of the support for the
advance. The bucket could be replaced with a nozzle to apply the sprayed concrete and
also with a working platform to install the anchors, braces and rails, and importantly the
monitoring targets.

Even though excavation using the Uphill Excavator was clearly slower than the
standard ‘downhill’ method, it provided a method of excavation independent from
any access from the station boxes, and so there was an overall benefit to the project.
This was recognised as the Uphill Excavator was awarded a total of three innovation
awards in 2015 by the British Construction Industry and at the New Civil Engineer’s
“Tunnelling & Underground Space Awards’.

Figure 8.50 The Uphill Excavator. Following the excavation of one advance, the muck is moved down
the escalator shaft (ES2, Liverpool Street Station). (Photo Credit: Crossrail Ltd., used with
permission.)
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8.4.8 The Utilisation method
8.4.8.1 The challenge of assessing stability during excavation

The displacements of SCL must be measured during tunnel excavation and checked
against predictions in order to assess stability. Generally, if the measured displace-
ments are equal to, or less than, the predictions, stable and safe conditions are
assumed. However, analysis of the measured single point displacements in comparison
to the predicted displacements of the tunnel lining is insufficient to assess stability.
Displacements may not necessarily create stress in the lining, such as in the case of
whole body movement of the lining. Time—displacement graphs are an important tool
to determine whether a new equilibrium has been established, and stable conditions
can be assumed; however, they do not provide any information about the actual stress
state in the lining.

Accurate assessment of stability requires analysis of the deformation of the tunnel
lining in terms of relative displacements between monitoring points. For this reason, it
is common to calculate convergences and divergences across the tunnel section and the
strain between adjacent monitoring points to check them against predictions. However,
it is still challenging to assess stability. The newly sprayed concrete (shotcrete) is a
highly time-dependent material where its parameters change rapidly during the early
age of the shotcrete and the ongoing excavation. In addition, young shotcrete has a
pronounced capacity of creep: it is known that young shotcrete can take significantly
more strain without failure than the ultimate strain stipulated in the standards (Rokahr
et al. 2005). During the early age of the shotcrete, a large part of the strain developed is
accommodated by creep. Owing to the time-dependent nature of sprayed concrete, the
same deformation occurring at different ages of the sprayed concrete creates a different
state of stress (see example in Figure 7.23). For this reason, it is not only the amount of
deformation that is important, but also the time when it occurs.

The measured displacements and related convergence and strain often deviate from
the predicted values, for example, during construction of multistage excavations and
in heterogeneous geology, where there can be a wide variation in the measured values
from those predicted. It is difficult to compare predicted values with the measured val-
ues because calculations often struggle to take into account the time-dependent behav-
iour of SCL. Hence, calculations are often of limited help in assessing the stability while
tunnelling proceeds.

To overcome these issues, the Utilisation method has been developed to determine the
stress state of SCL on the basis of measured displacements and in real time. Utilisation
is defined as the ratio of actual stress and permissible stress, and thus it gives the actual
factor of safety. The Utilisation method is also known as the ‘stress-intensity-index’.
Both terms are used in this book.

One of the main advantages of the Utilisation method is that it does not need to rely
on assumptions with respect to load, ground conditions and parameters and construc-
tion sequence. The Utilisation calculation is purely based on in situ data, using the in-
tunnel displacement measurements and as-built information of the lining.

The method was developed in 1995 by Professor Reinhard Rokahr and Dr. Rudolf
Zachow at the Leibniz University of Hanover, Germany. That same year, a first attempt
to calculate the Utilisation was made during construction of the Romerberg tunnel in
Austria (Zachow and Vavrovsky 1995). In 1997, the Utilisation method was introduced
to the tunnelling industry and ever since has been improved and updated (Rokahr and
Zachow 1997, 2004, Rokahr et al. 2005). Utilisation has since become a contractual
requirement for sprayed concrete tunnelling projects in Austria. Contract C510 on the
Crossrail project was the first occurrence of its application in the United Kingdom. A
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detailed description of the Utilisation method and its adaption for this contract can be
found in Stirk and Zachow (2015). The following provides a summary of the results
with particular attention to a temporary stop in excavation.

8.4.8.2 Whitechapel Station, PTW

DISPLACEMENTS AT CHAINAGES 38 AND 41: PTW was excavated in two directions starting
at the temporary Construction shaft, with the west heading (PTW-W) directed towards
the Durward Street Shaft and the east heading (PTW-E) directed towards the Cambridge
Heath Shaft (Figure 8.31). This case study focuses on the enlargement of the east head-
ing at Chainage 38 and 41 (PTW-E EL, Ch. 38 and 41). Ch. 38 was chosen to demon-
strate the effect of a temporary stop in excavation on the development of the stress in
the lining. This is discussed in comparison with the stress at Ch. 41 during continuous
excavation.

A temporary stop in excavation can become necessary at any time, unplanned, for
example, due to an emergency, or planned, for example, over the Christmas holidays
when construction is often suspended for 1 or 2 weeks to allow the tunnellers to return
home. In this case, excavation stopped temporarily at Ch. 40 over the Easter break for
nearly 2 weeks, from 28 March 2013 to 10 April 2013. The monitoring array installed
at Ch. 38, 2 m away from the temporary headwall, comprised seven prisms arranged
at equidistant intervals around the vault. Figure 8.51 shows the vertical displacements
of monitoring points 1, 3 and 5 on the right shoulder of the tunnel. Since the displace-
ments were symmetrical, the other points are not shown for clarity. The effects of the
temporary stop and recommencement of the excavation are clearly visible, the displace-
ments coming to a halt immediately after the temporary stop, followed by a sudden
increase after the excavation restarted.

Displacements, mm

Ch. 38 Ch. 41

0 - 0
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Time

Figure 8.51 Ch. 38 and Ch. 4I: Vertical displacement for points I, 3, 5. Negative displacements = set-
tlement. Points 2, 4, 6 and 7 are not shown for clarity.



358 Introduction to tunnel construction

At Ch. 38, the largest settlement is visible in the crown (Point 1), which had settled
a total of 7 mm at the time of the temporary stop and approximately 23 mm at the
end of excavation. Moving away from the crown, the settlement at Point 3 and Point
5 decreased. Point 5 located near the axis level showed the least settlement, approxi-
mately 3 mm at the time of the temporary stop and approximately 12 mm at the end
of excavation. The settlement, which was common for all the points, that is, 3 mm at
the time of the stoppage and 12 mm at the end of excavation, can be attributed to a
whole body movement of the tunnel, which does not generate stresses in the lining. The
remaining differential settlement of 4 mm between Points 1 and 5 at the time of the
stoppage and 11 mm at the end of excavation generated deformation and hence strain
and stresses in the lining. In this part of the PTW-E tunnel, compensation grouting was
undertaken simultaneously with the ongoing tunnel excavation (compensation grouting
is explained in Section 4.2.8). The TAMs were situated approximately 5 m above the
crown level, so the grouting pressure was the most likely reason for the long-term settle-
ment over nearly 4 weeks. In comparison, the analysis of tunnels outside the zone of
influence of the grouting showed that settlement usually faded out after 1 week or less.

Immediately after recommencement of excavation, a new monitoring array was
installed at Ch. 41. Ch. 41 showed the normal settlement behaviour of a continuous
excavation, which was observed throughout the enlargements at the Whitechapel and
Liverpool Street Station tunnels. The vertical displacements did not usually exceed
15 mm (crown) and the horizontal displacements remained very small, less than
2-3 mm, with a tendency to divergence. The only anomaly at Ch. 41 was the long-
term settlement, which was also attributed to the effect of the compensation grouting.
The horizontal displacements are not shown as they were marginal and did not exceed
2 mm in both arrays.

UTILISATION ANALYSIS CH. 38 AND CH. 41:  Generally, a temporary stop in excavation results
in an abrupt rise in the stresses after the recommencement of the excavation and also in
a higher residual stress level compared to the lining of a continuously excavated tunnel.
This is mainly due to two facts: firstly, the load acts on an older and stiffer lining with
less ability to creep; and secondly, the stiffer the lining, the higher is its share of the load
in comparison to the soft ground around it.

The Utilisation value versus time for section 1-3-5 at Ch. 38 is shown in
Figure 8.52. The Utilisation value up to the time of the temporary stop was very
small, less than 10%. The amount of deformation was small and so was the strain
that developed by that time as the creep ability of the sprayed concrete was still
high. After the restart of the excavation, there was an increase in the Utilisation
value of up to approximately 15%, with the final Utilisation value reaching 20%.
Since the level of deformation remained low, this increase was not as large as might
have been expected. In addition, the lining still has some ability to creep while gain-
ing strength. However, the effect of the temporary stop on the stresses was clearly
visible. At Ch. 41, the Utilisation value was low, at less than 10% at all times. The
slight ‘zigzag’ of the lines in Figure 8.52 is the variation due to the monitoring
accuracy.

A temporary stop is difficult to allow for in the design due to the complex time-
dependent behaviour of the sprayed concrete and because an unplanned temporary
stop may become necessary at any time and at any stage during excavation. In addition,
there was some uncertainty as to the extent to which the compensation grouting would
adversely affect SCL. It was for this reason that the monitoring arrays at Ch. 38 and Ch.
41 were installed so close together. However, the Utilisation method helped with this
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Figure 8.52 Urtilisation versus time for section 1-3-5 at Ch. 38 and 4I.

dilemma as it was able to calculate the actual stress level in the shotcrete and confirmed
the comfortable factor of safety of 100%/20% = 3.

8.5 Further examples of TBMs and shaft construction
8.5.1 Introduction

This section presents some additional examples of TBMs that complement those pre-
sented in Section 5.5. These further examples are useful to help demonstrate the diver-
sity, in terms of size, ground conditions and applications, to which TBMs are being
used these days around the world. It should be noted that several of these projects used
refurbished TBMs. In addition, Section 8.5.8 presents an example of a shaft construc-
tion, which forms an important part of many tunnelling projects, particularly in urban
areas.

8.5.2 Gripper TBM (Section 5.5.2)

The Gripper TBM manufactured by the Robbins Company is called a Main Beam
TBM. An example of a Main Beam TBM is shown in Figure 8.53. This 5.30 m diameter
machine was used on the Olmos Trans-Andean Tunnel in Peru to construct a 20.1 km
long water transfer tunnel, of which 12.5 km was constructed using the TBM. The
project involved tunnelling through challenging volcanic rock (consisting of quartz
porphyry, andesite and tuff with unconfined compressive strengths ranging from 60
to 225 MPa) at depths up to 2000 m. The tunnel passed through several fault zones,
encountered numerous rock bursts due to the high stress levels in the ground and had to
cope with voiding in fractured and unstable ground. However, the tunnel construction
was successfully completed on this project in December 2011. Further details of this
project can be found in Willis (2012).
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Figure 8.53 (a) and (b) a 5.30 m diameter Robbins Main Beam TBM used on the Olmos Trans-Andean
Water Transfer Tunnel, Peru. (Courtesy of The Robbins Company.)

8.5.3 Single-shield TBM (Section 5.5.2.2)

Single-shield TBMs were used to construct the tunnels for the Dulles Airport Train
System in Virginia, USA. One of the two machines used on this project is shown in
Figure 8.54a and b. The ground conditions comprised mudstone, sandstone and silt-
stone with unconfined compressive strengths ranging from 32 to 48 MPa. The TBMs
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Figure 8.54 A 6.4 m diameter single-shield TBM used at Dulles Airport, Washington, USA, (a) in the
factory and (b) at breakthrough. (Courtesy of The Robbins Company.)
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used on this project were refurbished machines originally used in 1985 to construct
the Taipei Metro tunnels, as well as other projects since. The machines were fitted
with 15 inch (381 mm) disc cutters to cope with the soft rock along the tunnel route.
Each of the TBMs on this project constructed two lengths of tunnel, one 460 m long
and the other 100 m long. Between these two lengths of tunnel, the TBMs were
moved through a 180 m long station tunnel constructed by cut and cover construc-
tion (details of cut and cover tunnel construction can be found in Section 5.8). The
tunnels were lined with precast concrete segments. This lining requirement, together
with the ground conditions and the tight settlement requirements, contributed to the
choice of TBM used on this project, even though the length of tunnelling was rela-
tively short.

8.5.4 Double-shield TBM (Section 5.5.2.2)

A 10.0 m diameter double-shield TBM was used to construct a 4.6 km rail tunnel as
part of the Sochi Complex 3 project in Sochi, Russia (Figure 8.55). A refurbished TBM,
originally used on a project in Spain, was chosen due to the short deadlines for comple-
tion of the project ahead of the 2014 Winter Olympic Games. The ground comprised
fractured and faulted sedimentary rocks, made up of mostly massive to completely frac-
tured limestone with clay seams. In addition, some sedimentary rock with sandstone
and siltstone was also detected during the site investigation, as were fault zones made
up of breccias and conglomerates. Injection ports in the cutterhead allowed foam addi-
tives to be added both before and during excavation to help maintain a consistent exca-
vation rate through differing ground conditions. Probe drilling and pre-grouting was
also undertaken to consolidate the rock as necessary (see Section 5.5.2.3 for further

Figure 8.55 A 10.0 m diameter double-shield TBM used in Sochi, Russia. (Courtesy of The Robbins
Company.)
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details on these techniques). The TBM was launched in September 2010 and completed
the tunnel excavation in February 2012.

8.5.5 Slurry TBMs (Section 5.5.3.2)

The slurry TBM (Mixshield TBM) shown in Figure 8.56 was used on the Istanbul
Bosphorus Strait road tunnel in Turkey, and involved a 5.4 km long road tunnel of which
3.34 km was under the Bosphorus Strait. Conventional cut and cover and NATM tun-
nelling were used for the approach tunnels, and the Mixshield TBM was used for the
main drive. The project started in April 2014 and the tunnelling was completed in 16
months. The average advance rates were 8—10 m per 24-h period, with the best perfor-
mances being up to 92 m/week. The road configuration in the 12 m internal diameter
tunnel consists of two lanes in each direction in a double deck arrangement. The tunnel
vertical alignment involved a —=5% gradient down to 106 m below sea level (this depth
gave an approximate 11 bar pressure, i.e. 11 times atmospheric pressure) and then up
at a +5% gradient.

Figure 8.56a—c shows the 13.66 m external diameter Mixshield TBM used on the
project: in the factory, the machine at the reception shaft and a view towards the rear
of the TBM showing the segmental lining used for the tunnel, respectively. This lining
comprised eight segments plus a half key, with each segment being 2 m long, 4.2 m
wide, 0.6 m thick and weighing 14 tonnes each. The segments had double neoprene
gaskets to prevent water ingress and were bolted together.

The ground conditions on this project were made up of both solid rock and softer
material. The geology along the tunnel route consisted of the Trakya formation, which
mainly comprises weak mudstones and harder sandstones with strengths ranging from
50 to 120 MPa, but the latter has been substantially altered by tectonic activity and has
volcanic igneous intrusions within it. There were also substantial areas of softer clays,
silts and sands. The variable geology and the high face pressures made this project par-
ticularly challenging.

In order to cope with this variable geology, the cutter dressing comprised 35 twin
19 inch disc cutters for the harder ground and cutting knives for the softer ground.
Sensors were used on the disc cutters to measure rotation and temperature and inform
the machine operators when they needed to be replaced. Initially, these replacements
took 7-8 h, but with practice this was reduced to 2-3 h. The cutters could be replaced
in an unpressurised environment due to the cutterhead design (via the arms of the cut-
terhead). Approximately 500 excavation tools were changed from within the cutter
arms during the project. In addition to sensors monitoring disc cutter wear, the TBM
had 300 sensors monitoring parameters such as global positioning, excavation parame-
ters, face pressures, ring building and gas measurements. Further details on this project
can be found in Tunnel (2015), Biappler (2016), and Arioglu et al. (2016).

8.5.6 Earth pressure balance machines (Section 5.5.3.3)
8.5.6.1 Sparvo tunnel, Italy

A 15.6 m diameter EPBM was used to construct the twin bore Sparvo tunnels in Italy
(Figure 8.57). This 2700 tonne machine cost US$75M, including fittings (Greeman
2012). To give some idea of the size of this machine, each advance produced 400 m? of
spoil, approximately 1000 tonnes, and had a maximum advance rate of eight rings per
day, that is, 8000 tonnes of spoil. Each ring consisted of nine full segments, each 2 m
wide (‘wide’ means the dimension in the longitudinal direction, i.e. the advance length)
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Figure 8.56 The Bosphorus Strait Mixshield TBM (13.66 m diameter) (a) in the factory, (b) at the
reception shaft and (c) a view towards the rear of the TBM. (Courtesy of Herrenknecht.)
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Figure 8.57 A 15.6 m diameter EPBM used on the Sparvo tunnel in Italy. (Courtesy of Herrenknecht.)

and 700 mm thick, weighing 17 tonnes each, and a half key. An interesting feature
of this machine was the need to cope with squeezing ground and hence there was a
relatively large annulus of 300 mm, that is, the difference between the face excavation
diameter (15.6 m) and the outer surface of the segmental rings, giving an internal tun-
nel diameter of 13.6 m. The annulus was filled with a two-part cement bentonite grout.
Once the TBM had completed the first drive, it took approximately 3 months to turn it
around and restart it for the second drive. It is interesting to note that some of the spoil
(selected and graded) was used to fill in the invert and create the road level inside the
final tunnel, up to a depth of 4.75 m.

8.5.6.2 Nanjing Metro, China

EPBMs provided by The Robbins Company were used (along with other makes and
types of TBM) on the Nanjing Metro in China. Four 6.5 m diameter EPBMs with
mixed ground cutter dressing were used on Line 3 (Lot 11) and Line 10 (Lot 5), to tun-
nel lengths of 2.03 and 2.50 km, respectively (it should be noted that the overall length
of these metro lines was 40.2 and 41.4 km, respectively). Figure 8.58a and b shows
an example of the EPBM used on this project. The ground on both lines consisted of
soft ground comprising silty sand, sandstone, small pebbles and man-made materials.
Owing to the close proximity of the new tunnels to the Qinhuai River, historical struc-
tures, a railway and a viaduct, careful monitoring of the machines, including alignment
and earth pressures, took place to ensure that the ground surface settlements stayed
below the 20 mm limits set for the project. A foam additive was used to condition the
soil and make the ground less sticky and to help reduce the torque on the machine
cutterheads.
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Figure 8.58 (a) and (b) A 6.5 m diameter EPBM used on the Nanjing Metro in China (Courtesy of The
Robbins Company.) and (c) an 11.6] m diameter Mixshield TBM used on the Nanjing Metro
in China. (Courtesy of Herrenknecht.)
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Interestingly, although many of the tunnels on the Nanjing Metro were constructed
as twin bore tunnels (hence the 6.5 m diameter of the EPBMs), when the tunnels needed
to pass under the Yangtze River (Line 10), a single bore tunnel was used that could
accommodate both metro lines. Figure 8.58¢c shows one of the Herrenknecht Mixshield
TBMs used for this part of the tunnel. This section of the tunnel was 3.6 km long at a
depth of up to 58 m below the surface of the Yangtze River, which subjected the TBM
to up to 6.5 bar pressures.

8.5.6.3 Crossrail Project, London, UK

Figure 8.59a—c shows three of the six 7.08 m diameter EPBMs used on Crossrail’s proj-
ect in London, UK (the Elizabeth Line). The machines shown in Figure 8.59a and b
were used to construct twin tunnels, approximately 6.5 km long and up to 40 m depth,
as part of the route between Royal Oak and Farringdon. The ground conditions along
this part of the route consisted of London clay and also the Woolwich and Reading for-
mation. The 6.2 m internal diameter tunnels were lined with fibre-reinforced concrete
segments. Interestingly, on this contract the TBMs constructed the running tunnels first
and then the station tunnels along the route were created by enlarging sections of the
running tunnels using conventional tunnelling with SCL. The TBM tunnelling on this
part of the project took place from 4 May 2012 to 8 August 2013 for the first machine
and from 21 August 2012 to 24 January 2014 for the second machine.

A high proportion of the spoil from this project was taken out of the tunnel on con-
veyor, put onto trains and then into ships to be used in land reclamation for a 1500 m?
acre nature reserve at Wallasea Island in Essex, UK. Constructing twin tunnels had a
number of advantages over a single large diameter tunnel on this particular project,
including reducing the time to construct the tunnels (multiple tunnelling machines were
used in parallel), reducing the number and size of the shafts needed to get the machines
in place to construct the tunnels, and having more flexibility in the alignment of the
smaller tunnels in the congested subsurface under London.

A detailed analysis of the performance of the EPBMs on Crossrail’s Eastern
Running Tunnels contract in London, UK is presented in Humanes and Sanchez
(2016). There was a considerable variation in geology over the 12.4 km of tunnel-
ling undertaken on this part of the project, with the ground consisting of London
Clay, Harwich Formation, Lambeth Group and Thanet Sand. The performance of
the machine ranged from an average rate of approximately 11 to 23 m/day within the
different ground conditions along the route. Figure 8.59¢ shows an EPBM breakout
at Liverpool Street station.

Further information related to the construction of the Crossrail project in London
can be found in Section 8.4, and also in Black et al. (2014, 2015) and Black (2016).

8.5.7 Multimode TBMs (Section 5.5.4)
8.5.7.1 Grosvenor Mine Decline Tunnels, Australia

A Robbins XRE TBM was used to construct the Grosvenor Decline Tunnels (i.e. tun-
nels driven from close to the ground surface progressively getting deeper) as part of
a coal mining project in Queensland, Australia (Scialpi and Ofiara 2015). This TBM
could operate in both closed EPB and open rock modes. The geology consisted of vary-
ing soil and rock conditions. The soil areas consisted of sand, sandy clay, clay and
conglomerate, and the mixed face/rock sections consisted of siltstone, coal, sandstone
and basalt. The strength of the rock ranged from 20 to 120 MPa, with an average of



368 Introduction to tunnel construction

Figure 8.59 (a) and (b) 7.08 m diameter EPBMs (S705 and S706) used on Crossrail’s project in London,
UK (between Royal Oak and Farringdon) (Courtesy of Herrenknecht) and (c) breakout
of another of the EPBMs at Liverpool Street Station, with Dr. Stirk standing in front of it.
(Courtesy of Crossrail Ltd.)
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90 MPa unconfined compressive strength in the sandstone. The tunnels declined by
1000 m at either 1:6 (16.7%) or 1:8 (12.8%), with approximately the first 300 m in the
softer geology. The TBM was 8 m in diameter, 135 m long and weighed 994 tonnes
(Figure 8.60a and b). In this machine, the screw conveyor was used in both the open
and closed modes. The two tunnel drives were 798 and 988 m in length, with average
production of approximately 40 and 71 m/week, respectively. An interesting feature of
this TBM was the fact that the inner workings of the TBM could be removed, leaving
the outer shield part of the TBM permanently iz situ. Since the tunnels were decline
tunnels, there was no shaft to receive the TBM and hence the removal of the inner
workings of the TBM allowed these to be reused for the second drive. Further details of
this project can be found in Scialpi and Ofiara (2015).

Figure 8.60 (a) and (b) An 8 m diameter Robbins XRE TBM used in the Grosvenor Coal Mine,
Queensland, Australia. (Courtesy of The Robbins Company.)
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Figure 8.6/ A 7.18 m diameter Herrenknecht multimode TBM used to construct the Lake Mead Intake
No. 3, Las Vegas, USA. (Courtesy of Herrenknecht.)

8.5.7.2 Lake Mead, USA

A 718 m diameter Herrenknecht multimode TBM was used to construct a 4.4 km
long water intake tunnel (No. 3) under Lake Mead in the United States (Figure 8.61).
The TBM was launched from a 180 m deep shaft and initially operated in closed face
(slurry mode) through extremely challenging ground conditions of shattered rock and
clay under full hydrostatic pressures (up to 15 bar pressures). However, once the TBM
reached more stable rock conditions, it was changed to the open hard rock mode. The
rock consisted of basalt, sandstone, amphibolites and conglomerates. Progress in the
open face mode through the more stable rock was much faster, averaging more than
100 m/week. The lining system was a segmental lining.

In open mode, the excavated material was fed to the centre of the cutterhead, where
it was removed by a central horizontal screw conveyor and then passed onto belt con-
veyors. The use of the screw conveyor ensured that conversion between the open and
closed modes could be done swiftly in the event of water inflow by simply shutting the
discharge gate on the screw conveyor. In closed mode, the face was completely sup-
ported by the slurry.

Further details of the project and the TBM can be found in Smith (2011b, 2015a) and
Bappler (2016).

8.5.8 Shaft construction

The Lee Tunnel is part of the £5 billion London Tideway improvement programme
aimed at stopping sewerage discharges into the River Thames and its tributary, the
River Lee, in the United Kingdom. Owing to the depth of the Lee Tunnel, the four shafts
that form part of the project are very deep. The largest shaft was 38 m in diameter and
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86.5 m deep, with a diaphragm wall thickness of 1.8 m. One of the biggest challenges
with constructing such deep shafts using the diaphragm wall technique was to achieve
the required tolerance in verticality of 1 in 300 (30 cm in 100 m). Achieving this verti-
cality was important as it ensured good joints between the diaphragm wall panels. The
construction of the diaphragm wall panels involved using an excavator to dig down
a few metres and then using a 2.8 m wide, 11.0 m high hydrofraise to construct the
remaining panel depth. To help maintain the verticality, inclinometers and pressure
pads were attached to the hydrofraise. After each excavation stage, a seismic probe was
lowered into the bentonite to record the cross section at different depths. Further details
on diaphragm wall construction can be found in Section 5.8.4.4.

Once the diaphragm walls were complete, the shafts were lined with a novel sliplin-
ing method that left an annulus between the inner surface of the diaphragm wall and
the outside of the inner lining, that is, creating a free-standing tubular structure. The
success of this method depended on the quality of the concrete. The concrete used steel
fibres rather than reinforcement bars. Extensive tests were conducted to find a suitable
concrete mix with low shrinkage and chemical resistance to resist the acid and sulphate
attack from the wastewater that would eventually be entering the shaft; further details
can be found in Smith (2012). The annulus, which was up to 750 mm wide, was then
filled with concrete, putting the lining into compression and thus eliminating crack-
ing and helping the watertightness of the shafts. The annulus concrete also required
considerable testing to ensure that it maintained a liquid state long enough to put the
lining into compression and also to minimise shrinkage. Figure 8.62 shows the shaft
during construction and the finished structure. Further details on the Lee Tunnel shaft
constructions can be found in Smith (2012).

Figure 8.62 (a) One of the shafts during the slip lining process and (b) the completed shaft. (Courtesy
of Underground Professional Services and Morgan Sindall.)
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Figure 8.63 (a) and (b) An 8.8 m diameter slurry TBM (named ‘Buzy Lizzie’) being installed in the shaft
and (c) the steel fibre-reinforced segmental lining. (Courtesy of Underground Professional
Services and Morgan Sindall.)
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The Lee Tunnel itself was constructed using a 8.8 m diameter slurry TBM (Figure
8.63a and b) through chalk deposits, which were water bearing, and, owing to fissures
and the 80 m tunnel depth, the TBMs had to cope with pressures up to 8 bar (Newman
et al. 2016). There were also flints within the chalk that could create considerable wear
to the cutterhead and slurry system, and hence a proactive monitoring system was
employed. A slurry shield was chosen in this case, rather than an EPB machine, due
to the abrasive nature of the sharp flint shards in the chalk, as the slurry not only sup-
ported the face but also acted as a lubricant to reduce the wear on the cutterhead and
in the slurry pipes. In an EPBM, the excavated material would have formed an abrasive
paste that could have led to excessive wear of the cutterhead. Owing to the high water
pressures, the reduced intervention to the face to change the cutter tools potentially
offered by the slurry machine made this a more attractive option in this case. The
cutterhead contained 19 double roller disc cutters (19 inch, 482.6 mm) to cope with
the high proportion of flint in the chalk, plus 88 smaller face picks to scrape away the
softer chalk material. The segments used on this project were steel fibre reinforced
(Figure 8.63c¢).

It is estimated that 64 million tonnes of CO, were saved by using fibre reinforcement
in the shaft and tunnel linings compared to more traditional reinforcing steel. Further
details on this project can be found in Newman et al. (2016) and Walker (2014).
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Appendix A: Further information on rock mass
classification systems

A.l Rock mass rating

Brief details of this rock mass classification system are provided in Section 2.4.4.2,
with further information provided in this appendix. Table A.1 shows the classification
parameters used.

In section A of Table A.1, five parameters are grouped into five ranges of values. Since
these parameters are not equally important for the overall classification of a rock mass,
importance ratings are allocated to the different value ranges of the parameters. A higher
rating indicates a better rock mass condition. The ratings for the strength of the intact
rock, rock quality designation (RQD) and discontinuity spacing can be interpolated
between the values indicated in Table A.1 and these are shown in Figure A.la—c, respec-
tively. If either RQD or discontinuity data are lacking, then Figure A.1d can be used.

Once the ratings for the five parameters in section A of Table A.1 have been estab-
lished, these are summed to provide the basic rock mass rating (RMR) for the area of
the rock mass being considered. The next stage is to include the sixth parameter, that is,
the orientation of the discontinuities, by adjusting the basic RMR according to section
B of Table A.1. With regard to tunnelling projects, further information on this section
can be found in section F of Table A.1. After adjustment for discontinuity orientation,
the rock mass is classified using section C of Table A.1, which groups the final (adjusted)
RMR into five rock mass classes. This value varies from 0 to 100. Subsequently, section
D of Table A.1 provides practical meaning to each rock mass class as it relates this to
specific engineering problems. Section E of Table A.1 provides guidelines for classifying
the discontinuity conditions.

Davis (2006) states that one of the important aspects of this method is the way
the various parameters are derived. It is advisable to choose a ‘best estimate’ and a
‘worst credible’ case and assess these for each parameter. Davis (2006) has the follow-
ing advice on deriving the various parameters:

*  Uniaxial compressive strength of the rock material — This can be obtained from
laboratory UCS testing or point load strength testing of samples. Descriptions of
the borehole logs can be used if no test data are available.

* ROD - For boreholes, a length weighted mean RQD should be calculated for each
structural region. This means multiplying each run RQD by the length of the run,
summing the results for the whole structural region and dividing the sum by the
length of the structural region. For exposure, or face logging, an assessment can be
made directly from scan lines, or using Figure A.1d.

®  Spacing of discontinuities — For boreholes, Figure A.1d can be used, or can be
assessed from the fracture index if this is recorded. For exposures or face logging,
measurements can be made directly.

395



396 Appendix A

(ponunuoo)

0
Suimol4
9°0<
LTARS
0
snonupuo’)
ww g<
uone.tedss 4o a1y ww g< 98nod 3os
S
ww 9>
€
%9C>
0 I C
BdW 1> BdIW S| BN 9C—S

paiiafaud si
1591 9AIss24qWOD [DIXDIUN D ‘93UDJ MOJ SIY1 104

4
3uiddlug

S°0-C0

T4 14

0l
snonupuod
‘ww g—|
uope.edas
JoOPIyl ww 6>
28nog 4o sadepIns

PapIsusdl|S

8

ww 00¢—09

8

%09—%ST

14

B4l 05—9C

BN T

I9AA

o010

S0l

0t

s|lem
paJayieam
AySiy fww >
uoneJedas
HERLINNH

y3nou Apydis
ol

ww 009-00¢
€l

%S9L=%0S

L

B4l 00109

B v—C

ol
dweq

1'0>

ol>

St

s|lem
paJayieam
Apy3ys fww | >
uoneJtedss
‘sadepIns

y3nou Apysis
Sl

wz=90

Ll

%06—%SL

[4

BdIN 002001

BdWN 01—+

Sl
Aap Aj391dwo)

0

auoN|

0€
>0 [|em
paJayzeamun
‘uonesedss ou
snonunuod
10U {S20BLINS
y3nou Auap

0¢

w g<

0C
%001-%06
Sl

BdIN 0§C<

BIWN 0I<

3uney

SUONIPUOD [BISUSD
(0 redipurad Jofew)

/ssa.d us3em ulof
(w/1)
yadua| [puum

w | 4od mopu] J3JBM pUnotn g

Suney
(3 99s)
Sa1INUIUODSIP
jouonipuod 4
3uney  sopnupuoasip
jo Bupedg ¢
3uney
goy Aupenb auod Qg 4
Suney
yaduanrs
‘dwod [erxelun
Xapul [el193BW >D0Od

(p8usais peoj-aulod  1dE1Ul JO Yadua.aag |

s3unpJ J13Y1 pup s413WDIDG UONDILISSD]D Y

sanpA Jo a3upy

1313WDIDY

waisAs YWY |V 3901



Appendix A 397

(panunuop)
0 | 14 q 9 Suney
6< | 01-10 100> SuoN| (ww) ur (eun3uade) uoneaedss
0 _ 4 14 9 uney
w o< w070l wQ|—¢ we—| w > (soua3sisuad) ya8us| Aanunuodsiq
SUORIpUO0> Aununuodsip Jo uonbdiissop> 4oj saulEpINg
s> ST-S| GE-6T Sp—S¢€ Gp< (8ap) ssew >dou jo 9j3ue uonoly
oo1> 002001 00€-00C 00+—00€ 00¥< (ed>) ssew »dod jo uoisayo)
ueds ueds ueds ueds awn dn-puels aesany
w | Joj ulw Qg wggJaoryol ueds W G Joj oM | w Q| 40} Jeak | w G| J0j sueak o7

A Al i Il | J3quinu sse|3
sassp)> yoo4 Jo Sulubsyy 'qg
>20u4 Jood Ausp 3204 J00d do0u Jieg 3204 poon) 3204 pood AJsp uonduasag
A Al i Il | Jsquinu sse|3
1> 1<—0b 1+—09 19—08 18—001 Suney
s3unpJ |D103 Wo4) PaUIWLIISP SISSD]D SSDW X0y )

05— St - 0 sedojs

S¢— 1 b L— (4 0 suolepuno4

(45 ol- - [4n 0 SaUI
pue sjpuun| sduney
9]|qeJnoABjUN AJSA 9|qeJnoABjUN Jreq 9|qeJnoAey 9]qeJnoAe) AJSA suonejualio dip pue LIS

(4 99s) suonpuatio Aununuodsip Joj waunsnlpp Sunpy °g

sanipa Jo a3upy

1919WDIDbd

wiesAs YWY (Panunuod) |y 3oL



398 Appendix A

“(TL61) TB 32 WEPPIAA JoyE PayIpoly q
‘ApoaJip 9|qes

SIY2 JO VY OSN ‘s3sed Yans u| *23no3 sy Jo 9duaN|ul SYd Aq PIMOPEYSISAOC 3q [|IM 3J8LINSs 3y Jo ssauydnod aya quasaud si 3uljjyul Ji ‘O jdwiexa Jo4 *SAISN|PXd A[[eninw SJe SUONIPUOD SWOS E

"686| PISMEIUSIG oYYy  :@24nOS

Jreq

1S Jo aandadsaadl- 0z—0 dig
Jreq 3|qeJnoAgjun AJap

S0z dig .06—5F did
SIXD [auuny 01 [3)jpipd LIS

9|qeJnoAejun Jieq
S0z dia ,06-5+ dia

dip 1sureSe aAlIQ dip 1sureSe aALIQ
9|qeJnoAeq 9|qe.anoAe) AUsp
S0z dig -06-S¥ dig

dip yum aauQ dip yum aalg

SIXD jauuny 03 JpjnoIpuadiad djLIS

qduljauuUNy Ul uonDIUALIO GIp pup LIS AUNUNUODSIp Jo 193)J7 4

0 4 € S 9 3uney
pasodwodaq paJayaeam A|ysiH paJayeam A|o3eI9po|| paJayaeam Apysis paJayeamun Suriayreapp
0 4 4 14 9 3uney

G< 3u)|i4 yos 6> 3uljjy yos G< 3uljy pieH 6> 3ul|y paeH SUuoN (wuwi) ur (3no8) Suljjyu)
0 _ € S 9 uney
papisuaIjg yroows y23nou Apydis y3noy y3nou Ausp ssauysnoy
sanpA Jo adupy 1919WDIDd

wa1sAs YWY (Panunuod) |y 3|qoL



Appendix A 399

(a) 15
14
13
12
11

10 v

Rating

o = N W~ 00O N ©

0 40 80 120 160 200 240
Uniaxial compressive strength MPa

(b) 20

- a4 d
NWHAOON®O

—_
—_

Rating

e
O = NWHOOO®N®OO

0 20 40 60 80 100
RQD (%)

Figure A.I Charts for various RMR ratings. (a) Chart A ratings for strength of intact rock, (b) Chart B
ratings for RQD. (Continued)

e Condition of discontinuities — Davis (2006) suggests five parameters to assess
the condition of discontinuities. These are persistence (length of the disconti-
nuity in exposure), aperture (discontinuity separation or openness), roughness,
infilling and weathering. Persistence — can be obtained from exposures, but not
from cores. Aperture — cannot be obtained from cores, although where infill is
present, the aperture can be assumed to be the infilling thickness. With both
of these, if no information can be obtained, then judgement should be made
on the significance of the design. Roughness — can be obtained from logged
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Figure A.l (Continued) Charts for various RMR ratings. (c) Chart C ratings for discontinuity spacing
and (d) Chart D correlation between RQD and discontinuity spacing. (After
Bieniawski 1989.)

discontinuities for a structural region; where these are not available, but sum-
mary descriptions are available for each joint set, the summary term can be used

to derive a rating.
*  Groundwater conditions — This can be obtained from piezometer data along the

tunnel alignment.
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e Orvientation of discontinuities — Possibly available before tunnel construction via an
orientated core, downhole logging or exposure logging. The dip direction of discon-
tinuities can be plotted on stereographic projections and related to the tunnel axis.
Where no data are available, Davis (2006) suggests adopting a ‘fair’ rating as a best
estimate.

A.2 Rock mass quality rating (Q)

Brief details of this method of rock mass classification are provided in Section 2.4.4.3,
with this appendix providing further information. Tables A.2 to A.7 (Barton et al.
1974, Barton 2000, 2002) provide the classification of individual parameters used to
obtain the rock mass quality rating value, Q, for a rock mass.

A.2.]1 Use of the Q-method for predicting tunnel
boring machine performance

Barton (1999), with further explanation in Barton (2000), developed a method for
predicting the penetration rate (PR) and advance rate (AR) for tunnel boring machine
(TBM) tunnelling. This method is based on an expanded Q-method of rock mass clas-
sification and average cutter force in relation to the appropriate rock mass strength.
The parameter Qqpy can be estimated during feasibility studies, and can also be back
calculated from TBM performance during tunnelling. Equation A.1 shows the expres-
sion used to calculate Qpy; and is based on Equation 2.10 presented for the standard

Q-system.

RQDy J. Jo _SIGMA 20 q _Go
= X—X X X X — X —=
M, T 1. SRF T F20° T CLIT 200 5 (A1)

where RQD, = RQD (%) interpreted in the tunnelling direction. J,, J,, J., J. and
stress reduction factor (SRF) are unchanged, except that J. and ], should refer to
the joint set that most assists (or hinders) boring. F is the average cutter load (tnf)
through the same zone, normalised by 20 tnf. SIGMA is the rock mass strength
estimate (MPa) in the same zone. CLI is the cutter life index (e.g. 4 for quartzite and
90 for limestone). q is the quartz content in percentage terms and o, is the induced
biaxial stress on the tunnel face (approximately MPa) in the same zone, normalised
to an approximate depth of 100 m. SIGMA incorporates the Q-value. The choice

Table A.2 Rock quality designation

RQD (%)
A Very poor 0-25
B Poor 25-50
C Fair 50-75
D Good 75-90
E Excellent 90-100

Source:  After Barton 2002.

Notes: (i) Where RQD is reported or measured as <|0
(including 0), a nominal value of 10 is used to eval-
uate Q. (i) RQD intervals of 5, that is, 100, 95, 90,
etc., are sufficiently accurate.
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Table A.3 Joint set number

—
3

Massive, no or few joints

T

One joint set

One joint set plus random joints
Two joint sets

Two joint sets plus random joints
Three joint sets

Three joint sets plus random joints

Four or more joint sets, random, heavily
jointed, ‘sugar cube’, etc.

] Crushed rock, earthlike

IOm™MmMQOgO®>
— — Vo hwNO
) i

N
o

Source:  After Barton 2002.

Notes: (i) For tunnel intersections, use (3.0 XJ,). (ii) For portals, use
(2.0xJ).

between SIGMA_,, and SIGMA,,, (Equations A.2 and A.3) will depend on orienta-
tion (Barton 2000).

SIGMA,,, = 57QY? (A.2)

SIGMA,,, = 5yQ!”? (A.3)

where Q.= Qo./100, Q, = Q - I;,/4, vy = density (g/cm?), o, is the uniaxial strength and
I, is the point load strength.

Table A.4 Joint roughness number

J:
(a) Rock-wall contact and (b) rock-wall contact before 10 cm shear
A Discontinuous joints 4.0
B Rough or irregular, undulating 3.0
C Smooth, undulating 2.0
D Slickensided, undulating 1.5
E Rough or irregular, planar 1.5
F Smooth, planar 1.0
G Slickensided, planar 0.5
(¢) No rock-wall contact when sheared
H Zone containing clay minerals thick enough to prevent rock-wall contact 1.0
J  Sandy, gravelly or crushed zone thick enough to prevent rock-wall contact 1.0
Source:  After Barton 2002.
Notes: (i) Descriptions refer to small-scale features and intermediate-scale features, in that order. (ii)

Add 1.0 if the mean spacing of the relevant joint set is greater than 3 m. (iii) J, = 0.5 can be
used for planar, slickensided joints having lineations, provided that the lineations are orien-
tated for minimum strength. (iv) J, and ], classification is applied to the joint set or discontinu-
ity that is least favourable for stability both from the point of view of orientation and shear
resistance, T, where 1=G, tan~'(}/J,).
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Table A.5 Joint alteration number

O, approx.
(deg) Ja

(a) Rock-wall contact (no mineral fillings, only coatings)

A Tightly healed, hard, non-softening, impermeable filling, that is, quartz or ~ — 0.75
epidote

B Unaltered joint walls, surface staining only 25-35 1.0

C Slightly altered joint walls, non-softening, mineral coatings, sandy 25-30 2.0
particles, clay-free disintegrated rock, etc.

D Silty- or sandy-clay coatings, small clay fraction (non-softening) 20-25 3.0

E Softening or low friction clay mineral coatings, that is, kaolinite or mica. 8-16 4.0
Also chlorite, talc, gypsum, graphite, etc., and small quantities of
swelling clays

(b) Rock-wall contact before 10 cm shear (thin mineral fillings)

F Sandy particles, clay-free disintegrating rock, etc. 25-30 4.0

G Strongly over-consolidated non-softening clay mineral fillings 1624 6.0
(continuous but <5 mm thickness)

H Medium or low over-consolidation, softening, clay mineral fillings 12-16 8.0
(continuous, but <5 mm thickness)

J Swelling-clay fillings, that is, montmorillonite (continuous but >5 mm 6-12 8-12
thickness.Value of |, depends on percent of swelling clay-sized particles,
access to water, etc.

(c) No >rock-wall contact when sheared (thick mineral fillings)

KLM Zones or bands of disintegrated or crushed rock and clay 6-24 6,8 or 8-12

N Zones or bands of silty- or sandy-clay, small clay fraction (non-softening) — 5.0

OPR Thick, continuous zones or bands of clay (see G, H, ] for description of 624 10,13 or
clay condition) 13-20

Source:

Reprinted from Barton N.2002. Some new Q-value correlations to assist in site characterisation and tun-

nel design. International Journal of Rock Mechanics & Mining Sciences, 39: 185-216, with permission from Elsevier.

Table A.6 Joint water reduction factor

Approx. water

pressure
(kglem?) W
A Dry excavations or minor inflow <l 1.0
B Medium inflow or pressure, occasional outwash of joint fillings 1-2.5 0.66
C  Large inflow or high pressure in competent rock with unfilled joints ~ 2.5-10 0.5
D  Large inflow or high pressure, considerable outwash of joint fillings 2.5-10 0.33
E Exceptionally high inflow or water pressure at blasting, decaying >10 0.2-0.1
with time
F Exceptionally high inflow or water pressure continuing without >10 0.1-0.05

noticeable decay

Source:  After Barton 2002.

Notes:

(i) Factors C to F are crude estimates. Increase J,, if drainage measures are installed. (i) Special problems
caused by ice formation are not considered. (iii) For general characterisation of rock masses distant from excavation
influences, the use of J, = 1.0, 0.66, 0.5, 0.33, etc. as depth increases from, say, 0-5, 5-25,25-250 to >250 m is recom-
mended, assuming that RQD/J, is low enough for good hydraulic connectivity. This will help to adjust Q for some of
the effective stress and water softening effects, in combination with appropriate characterisation values of the SRF.
Correlations with depth-dependent static deformation modulus and seismic velocity will then follow the practice used
when these were developed.
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Table A.7 Stress reduction factor

/o, G,/C, SRF
(@)  Weakness zones intersecting excavation, which may cause
loosening of rock mass when tunnel is excavated
A Multiple occurrences of weakness zones containing clay or 10
chemically disintegrated rock, very loose surrounding rock
(any depth)
B Single weakness zones containing clay or chemically 5
disintegrated rock (depth of excavation <50 m)
C Single weakness zones containing clay or chemically 25
disintegrated rock (depth of excavation >50 m)
D Multiple shear zones in competent rock (clay free), loose 7.5
surrounding rock (any depth)
E Single shear zones in competent rock (clay free), (depth of 5
excavation <50 m)
F Single shear zones in competent rock (clay free), (depth of 25
excavation >50 m)
G Loose, open joints, heavily jointed or ‘sugar cube’, etc. (any 5
depth)
(b)  Competent rock, rock stress problems
H Low stress, near surface, open joints >200 <0.01 2.5
J Medium stress, favourable stress condition 200-10 0.01-0.3 |
K High stress, very tight structure. Usually favourable to 10-5 0.3-0.4 0.5-2
stability, maybe unfavourable for wall stability
L Moderate slabbing after > h in massive rock 5-3 0.5-0.65 5-50
M Slabbing and rock burst after a few minutes in massive rock 3-2 0.65-1 50-200
N Heavy rock burst (strain-burst) and immediate dynamic <2 > 200400
deformations in massive rock
(c)  Squeezing rock: plastic flow of incompetent rock under the
influence of high rock pressure
(o] Mild squeezing rock pressure 1-5 5-10
P Heavy squeezing rock pressure >5 10-20
(d)  Swelling rock: chemical swelling activity depending on the presence
of water
R Mild swelling rock pressure 5-10
S Heavy swelling rock pressure 10-15
Source:  After Barton 2002.
Notes: (i) Reduce these values of SRF by 25%-50% if the relevant shear zones only influence but do not intersect

the excavation. This will also be relevant for characterisation. (ii) For a strongly anisotropic virgin stress field (if
measured), when 5 < 6,/0, < 10, reduce 6, to 0.75 6..When 6,/c; > 10, reduce 6, to 0.5 6., where G_ is the uncon-
fined compression strength, 6, and G; are the major and minor principal stresses and G is the maximum tangential
stress (estimated from elastic theory). (i) Few case records are available where depth of crown below surface is less
than span width; suggest an SRF increase from 2.5 to 5 for such cases (see H). (iv) Cases L,M and N are usually most
relevant for support design of deep tunnel excavations in hard massive rock masses, with RQD/J, ratios from about
50 to 200. (v) For general characterisation of rock masses distant from excavation influences, the use of SRF =5, 2.5,
1.0 and 0.5 is recommended as depth increases from, say, 05, 5-25, 25-250 to >250 m.This will help to adjust Q for
some of the effective stress effects, in combination with the appropriate characterisation values of J,. Correlations
with depth-dependent static deformation modulus and seismic velocity will then follow the practice used when these
were developed. (vi) Cases of squeezing rock may occur for depth H > 350Q'. Rock mass compression strength can
be estimated from SIGMA,,, = 5YQ* (MPa) where y is the rock density in t/m? and Q. = Q x ,/100.



Appendix A 405

On the basis of empirical data, Barton (1999) suggested an approximate relationship
between PR and Qg as shown in Equation A.4.

PR = S(QTBM)_O'2 (A.4)

and AR as shown in Equation A.S.

AR = 5(Qrpy) 2 X T™ (A.5)

where T is total time in hours (24 per day, 168 per week, etc.) and m is defined from the
empirical data as follows:

Best performance m~ —0.13 to —0.17 (variable)
Good m~ —0.17
Fair m~ —0.19
Poor m~ —0.21
Exceptionally poor m~ —0.25

m can be further refined based on the diameter of the tunnel D, CLI, q and n using
Equation A.6.

0.20 0.15 0.10 0.05
w22 ()0
S CLI 20 2

where n = porosity (%). Some case history data using Qyy Were reported by Sapigni
et al. (2002) and Figure A.2 is reproduced from Palmstrom and Broch (2006).

Fair |Good| Very good |Good| Fair Tough
20F ¢ \
qn.A.5 .
m = —0.30 Sites
O Maen
% ] O Pieve
E15F X Varzo
[0
kS
[0]
o
g
> 1.0
2
° o
0.5
X o) D
[e]
o} %O\%\
D
(0]
0.1 1 10 100 1000 10,000 100,000

QTBM

Figure A.2 AR for three TBM tunnels plotted against Qqgy. (Sapigni et al. 2002, reproduced from
Palmstrém and Broch 2006.)
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Appendix B: Analytical calculation of a sprayed
concrete lining using the continuum method

B.l Introduction

There are different analytical methods to estimate the internal forces in a tunnel lining
which give an indication on the type of support needed (see Section 3.5). In this section,
the focus is on tunnels which have a large overburden (h > D). This allows the ground to
be treated as a continuum, that is, a plate with deformations in one plane (Figure B.1).
The plate has a circular hole (the tunnel), which is stiffened by a circular ring (the lin-
ing). It can be assumed that the area above the tunnel is not softened and can carry
some load. The primary stresses can be calculated without the associated deformations
and the lateral coefficient of earth pressure is K.

For the approach of a rigid interconnection between the ground and the tunnel
lining, it is important to note whether the tangential component of the stresses from
the earth pressure can be transferred into the tunnel lining, for example, through fric-
tion. In many cases, it is better to assume tangential slippage between the ground and
the tunnel lining in order to be on the safe side. This can sometimes also be supported
from a construction point of view by the type of tunnel construction, for example,
for a shield driven tunnel or a tunnel with a membrane layer between the lining and
the ground. The earth pressure approach displayed in Figure B.1 has first been sug-
gested by DGGT (1980) and is valid independent of the depth of the tunnel and the
chosen analytical model. Earlier analytical models assumed different approaches for
the earth pressure using tables and diagrams for the simple determination of internal
loads.

B.2 Analytical model using Ahrens et al. (1982)

Main assumptions and requirements:

Straight tunnel

Load, ground parameters and cross-sectional area remain constant along the tunnel
The tunnel construction is completed

Primary stress condition 6% = —y xh; of =Ky xyxh

Circular tunnel cross section

Homogeneous, isotropic and ideal-elastic material behaviour for the ground and
the lining

Thin tunnel lining

e Constant area and constant second moment of area in the ¢-direction

407
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(a) T

>

Py

(b)

Ee 1

cilc
b

Figure B.I (a) Analytical model for deep tunnels and (b) primary loads. (Ahrens et al. 1982.)

-
1

If segmental linings are used, the following additional assumptions are made in the
analysis:

e Pre-deformations of the segmental linings resulting from the erection of the seg-
ments are proportional to the elastic deformations

e The annular gap between the ground and the lining is completely grouted

¢ Linearised theory of second order (small strain, large deformations) can be applied

B.3 Required equations and calculation process

The calculation of the internal forces of the analytical model is carried out using the
displacement method. This requires that the primary stress situation or the stresses
determined from the earth pressure approach are used as a load displacement condi-
tion, where the as yet unknown deformations (in this case the deformation of the tunnel
contour) are assumed to be zero (Figure B.1).
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However, since additional limitations of the deformations do not exist, the forces due
to the earth’s pressure are not in equilibrium around the tunnel contour. Furthermore,
the deformations along the tunnel contour are not equal to zero. Instead, these can be
calculated taking into account the appropriate forces — the transition condition between
the perforated disc and the circular ring — with the help of the unity deformation condi-
tion from the equilibrium conditions along the tunnel contour. The consideration of the
equilibrium conditions for the individual components of the Fourier series leads to an
equilibrium system, which allows for a more or less easy calculation of the unknown
deformations, resulting in the internal forces. For the case of a tunnel support with
infinite axial stiffness, the equations of the systems can be decoupled so that explicit
equations can be given for the calculation of the deformations.

The following are the equations, using first-order theory, for the case of a rigid bond
between the tunnel support and the ground assuming infinite axial stiffness. If using
segmental lining, the pre-deformations of the segments as a result of the installation
can be considered using second-order theory (Ahrens et al. 1982). It is assumed that the
tunnel lining has an infinite axial stiffness.

The following equations are from Ahrens et al. (1982) and further explanations can be
found in this reference. The parameters used in these equations are defined in Figure B.2.

Earth pressure:

p.=-Yxh (B.1)

pn=-Koxyx(h+r) (B.2)

o Pr=Pro + Pro
0 Pt = Pio

Figure B.2 Definitions of the parameters.
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Transformation into polar coordinates:

Pr = Pro + Pr2 X €0s2¢ (B.3)

Pt = Pr2 Xsin20 (B.4)
With

Pro =0.5xyx[h+(h+r)xKg] (B.5)

Pr2 = P2 =0.5xyX[h—(h+r)xKg] (B.6)

The load and deformation variables of the plate are denoted with a superscript ‘D’,
while the load and deformation variables associated with the circular ring frame are
denoted with a superscript ‘R’.

Deformations:
w(h) = wo + W, - cos20 (B.7)
v(h) =+V, -sin20 (B.8)

With (EA — )
wo =0 (B.9)
_ Erz +0.5x% ﬁtz

W)y =
% X (2.25 —1.5u) x B OH (B.10)
(B—p—4u) r

v, =0.5x W, (B.11)

The proportion of the earth pressure acting on the circular frame and the continuum
is equivalent to their relative stiffnesses. The circular frame load is

1350 = Pro — 52)

EA — oo: ppy =0 (as a result of the infinite axial stiffness, the complete constant load
is supported by the circular ring frame)

Pro = Pro
1352 =Pr— 133

—D EC 1 —D =D
D=—tx——— x| (S—6U) X W) +(—4+6 .
P = ><(3—u—4u2)x[( Hpews ! e ] (B-12)

Po =P — P
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E. 1
X

7D _
P2 =

mx[(—4+6u)xw?+(s—6u)v?] (B.13)

Proportional internal force parameter:

Load part pry:
No = —rxph (B.14)
Qo=0 (B.15)
M, =0 (B.16)

Load part i, po:

N, =%><(2><§§2 +p% ) x cos 20 (B.17)
Q, =—§><(13F2 +2+ ) xsin20 (B.18)
I_2
M, = x(pih +2x i) xcos 2 (B.19)
Or simpler:
Q, = —6—]?>< Wk xsin2¢ (B.20)
r
M, :LI?X\TVZR X cos20 (B.21)
r

Final internal parameters and deformations:

N=N;+N, (B.22)
Q=Q: (B.23)
M=M, (B.24)
W =w, (B.25)

B.4 Example for a tunnel at King’s Cross Station, London

Figure B.3 shows the schematic representation of the geology associated with a
tunnel at King’s Cross Station in London, UK. The overburden is assumed to be
h=11.0 m.
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Made v 116.6 | |
Ground v 113.7 § |
T
| I
London | )
Clay : :
[ ,
w 96.48 |
Upper |
Molted *

Laminatedy Beds
Lambeth [gogs

Group Lower !
Molted |
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v 78.35 |
Thanet
Sand All dimensions are estimates in metre above sea level.

Figure B.3 Schematic representation showing the geology around the tunnel.

B.4.1 Ground parameters

Density p =2000 kg/m?

Stiffness E; = 87 MN/m? (E_ = f(Es))
Poisson’s ratio u=0.15

Coefficient of lateral earth pressure Ko=12

The ground is idealised as a homogeneous continuum assuming an average density
for the ground of 2000 kg/m?3.

B.4.2 Structural system, loads and parameters

In order to simplify the calculation, it is assumed that the construction has been com-
pleted. The effects of groundwater are neglected as the tunnel was constructed in
London Clay. No dead load is considered at the ground surface now or in the future. A
rigid bond exists between the lining and the ground.

Weight of the ground: vy=20 kN/m?3

The tunnel weight is neglected
Radius of the system axis: rg=3.05m
Overburden: ho=h=11.0m

PvsPh - Prs Pt

Pro=0.5xyXx[h+(h+r)xKg]
=0.5%20%[11.0+(11.0 + 3.05) x 1.2] = 278.6 kN/m>

Pr2 =0.5xyx[h—(h+r)xKg]
=0.5%x20x[11.0-(11.0+3.05)x 1.2] = =58.6 kN/m?
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B.4.3 Tunnel support parameters

The material is sprayed concrete (C20/25) with a Young’s modulus of E =2.88 x 10*
MPa. The key parameters are

Profile parameters: A = 0.175m*/m
[=4.466x10"*m*/m
W, =5.104x10° m’/m
W. =5.104x107° m*/m

Allowable compressive stress:

6. =11.3MPa (includes factor of safety and long-term influences)

B.4.4 Stiffness parameters

Ground stiffness: Eg = 87 MPa (stiffness parameter)

In general, the stiffness parameter Eq is used as the deformation parameter for soft ground
and is determined in laboratory experiments using a compression test with restricted
strain. This parameter cannot simply be used as an Elasticity modulus E when applying
the continuity calculation. In this case, the Elasticity modulus for the three-dimensional
(3D) continuum can be determined with Poisson’s ratio of L= 0.15 using Equation B.26

L+ -2w o

] (B.26)

c=

A further conversion of the Elasticity modulus of a disc like structure in a plane strain
state is not required, as these specific modifications for the model are already included in the
following equations. With the given parameters, the Elasticity modulus can be calculated

(1+0.15)(1-2x0.15)

sz
¢ (1-0.15)

87 =82.4MPa (B.27)
Tunnel support stiffness: EI=2.88 10*x 4.466 104 =12.86 MNm?*/m

B.4.5 Determination of the internal forces

Assumption: Tunnel lining with an infinite axial stiffness; first-order theory assump-
tion: EA—co

Radial displacement w, =0

Radial displacement w,

W, =

ﬁrZ +0.5x% ]T)tz

i E.  9FI
b p2s—1syx e 2
(3—p—4u?) ( W r rt
o 58.6+.05 X (~58.6)
L=
1 X(2.25-1.5x0.15)x 52000, 912860
(3-0.15-4x0.15) 3.05 | 3.05

=-0.0042m
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The tangential displacement

v, =0.5xw; =0.5%(-0.0042) =-0.0021m

Partial load py, (the total constant partial load p,, is carried by the circular ring
system (EA—o0))

PR =278.6kN/m?

Load parts pi, po

The load part acting on the circular ring support derived from the load parts p,, and
Pr2 can only be calculated indirectly from the difference between the total load and the
portion of the load acting on the plate due to EA — «

b _ Ec 1 —D —D
n=—X——"—X|(5-6U)XW; +(—4+6
pr=" (3_u_4u2)x[< W)X W5 + (—4+ 61)v7) |
5 _ 82000 1
pr2= X 2
3.05 "~ (3-0.15-4x0.15?)
X[(5—6x0.15)x (-0.0042) + (—4 + 6 x 0.15) x (~0.0021)]
=9.787 x[-17.03+6.44] = -103.7 kN/m*
ﬁg=Eﬁx———l——fx[b4+anxwg+6—6uﬁ?]
r G-p—4u7)
_p 82000 1
po =

X
3.05 ° (3-0.15-4x0.15%)
X[(—4+6x0.15)x(-0.0042) + (5 -6 x0.15) x (-0.0021)]
=9.788x[12.87 —8.51] = 42.7 kN/m?

— PY =Pr — P2 =—58.6 — (-103.7) = 45.1kN/m?

— PS = Pu—pa =—58.6-42.7 =-101.3kN/m?

B.4.5.1 Internal loads

Load portion pL

Ny =—rxphy =-3.05%x278.6 = —-849.7kN/m
Q() = OkN/m
M, = 0kNm/m

Load part p5, p:

Ny = Ex(2xpl 4l xcos20 = L§5x(z X (—101.3) + 45.1) X cos 20

=-160.3 X cos20 kIN/m
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Q= —gx(pi‘z +2%pry)xsin2¢ = —%x(—101.3+2x45.1)><sin2¢

=11.3xsin2¢ kN/m

3.052

2
M, = %x(ﬁg +2x k) xcos20 = X (~101.3+2 x 45.1)x cos 20

=-17.2 X cos 20 kNm/m

Calculation to check Q, and M, from the radial displacement w5

Qu = - B wh wsin2g = — 12860 5 0042) xsin 26
r 3.05
=11.3xsin2¢ kN/m
M, = 3 8 x cos 20 = % % (~0.0042) X c0s 20
iy .

=-17.2 X cos20kNm/m

B.4.5.2 Final internal parameters and deformations

N =N, +N, =-849.7-160.1 % cos 20 kN/m
Q=Q, =11.3x5in20 kN/m
M=M, =-17.2 X cos2¢ kNm/m

B.4.5.3 Radial displacements

w =w, =-0.0042 X cos2¢m

B.4.6 Stress analysis
Using Ahrens et al. (1982) Section 2.3.4.2 and the following equation,
_N,M

6=—+-"1
A W

The crown stresses are

Extrados:

1010 = 17.23
Ce=— +
0.175 0.0051

=|-2.4/MPa < 11.3MPa

Intrados:

5 1010 1723
" 0.175  0.0051

=|-9.15|MPa <11.3MPa
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The bench stresses are
Extrados:

5 - 690 1723
7 0.175 0.0051

=|-7.32| MPa <11.3MPa

Intrados:

690 17.23
+

o, =-— =|-0.56] MPa <11.3MPa
0.175 0.0051

The invert stresses are

Extrados:
6, =010 17.23 _\ ) 4 MPa<11.3MPa
0.175 0.0051
Intrados:
1010 17.23

C;,=-— - =|-9.15|MPa <11.3MPa
0.175 0.0051

This shows that all the stresses are within the allowable stresses for the sprayed con-
crete lining.

B.4.7 Presentation of the internal forces and the deformation

The internal forces are shown in Figure B.4.

N, = =1010 kN/m

M, =-17.23 kNm/m

Normal
forces

N, = -690 kN/m

N; =-1010 kN/m

Figure B.4 Moments, normal forces and radial displacements.
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Abbey Wood, 336

abrasiveness test (CERHAR), 31

accuracy, 37, 150, 222, 279-280, 283-284,
288, 301-302, 358, 390

acoustic shed, 338-339, 341-342, 346

advance length(s), 62, 161-162, 170-175,
296, 346, 363

advance rate(s), 52, 61, 124-125, 152, 177,
181, 286, 294, 296, 346, 355, 363,
401, 405

age-dependent elastic model, 76

age-dependent nonlinear model, 76

analytical methods, x, 67, 69, 71, 387,
407; see also Bedded Beam Spring
Method; Continuum Method; Tunnel
Support Resistance Method

anchoring, 133, 182, 184, 186, 297, 308

anchors, 88, 133, 149, 161, 176, 183-184,
187-188, 192, 194-196, 202,
296-297, 330, 355, 378; see also
bolts; dowels

anthropogenic, 346

anti-drag system (ADS), xv, 211, 213-216,
218-219,222,225

aquifer, 10, 37, 40, 82, 326, 346

aquitard, 346

Archimedean screw, 150, 152; see also screw
conveyor

Atterberg limits, 29, 30; see also liquid limit;
plastic limit

auger, 15,21-22, 29,127, 195, 349

automated total stations, 301, 304

Backfill(ing), 189, 190-191, 198, 200202,
207, 209, 282, 297, 308, 310,
312-313

banksmen, 343, 345

Bassett Convergence system™, 303

Bedded Beam Spring Method, x, 67, 69

Bench(es), 6, 50, 123-124, 174, 184-186,
188-190, 282, 287, 310-311, 318,
324, 328-330, 332-333, 416

bentonite, 27, 87, 109, 145, 150, 152, 155,
157, 159-160, 195-197, 214, 219,
229,233, 249, 365, 371, 384

bentonite-cement-grout, 349

blasting, 46, 50, 57, 139, 160-165, 167-170,
172-174, 178, 180, 184, 250, 382,
388-389, 391, 403; see also drill
and blast

Blomfield Box, 341, 345, 351

blowout, 4, 97

bolts, 50, 52-53, 88-90, 105, 109, 177-181,
188, 282, 284; see also anchors;
dowels

boom-in-shield tunnelling machine, 125-127

Bond Street Station, 336

bored piles, 109, 194, 196, 198, 377

borehole geophysical logging, 14

borehole(s), 1, 9, 13, 14, 15, 18, 19, 20, 21,
22,24,25,26,27,37,48, 58, 78,
79, 82, 85, 88, 161, 162, 167, 173,
207,218,281, 282, 296, 298, 299,
300, 395

bottom-up method, 191

Broadgate Ticket Hall, 341, 345, 353

Brunel’s shield (Brunel’s Thames tunnel
shield), 2, 3, 4, 121, 124, 214, 376

building damage (classification of),
277,386

buoyancy, 128, 192

buried services (buried utilities), 9, 12, 272

burn cut, 173

cable percussion boring (shell and auger), 11,
15,21, 22

caisson, 4, 97, 112-113, 200, 253

Cambridge Heath Shaft, 338, 352

case studies, see tunnel examples

cavern, 14, 18, 51, 157, 188, 338-344, 381

centrifuge modelling, 63, 274, 381, 384

Chalk, 5, 15, 43, 108, 148, 157, 159, 175,
217, 346, 373

Channel Tunnel, 4, 116, 153, 243, 250;
see also fire

Channel Tunnel Rail Link (CTRL), xv, 108,
148, 153, 154, 156, 267, 273, 301,
378,158, 162, 269, 275

chemical grouts, 87

Circle Line, 351

417
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classification, ix, xxvi, xxvii, xxviii, 6,
9, 31, 40, 43-46, 48-49, 52, 54,
56-57, 256,272, 275, 277, 376-377,
379-380, 382, 387, 389, 395-397,
401-402; see also rock mass
classification

charging, xi, 161, 162, 164, 250

coarse grained soils, x, xxiii, 11, 21, 23, 36,
61,63-65,79,92,266-267, 347

coefficient of lateral earth pressure (K,), x,
xxiii, 12, 26-28, 59-61, 65-67, 69,
75,105, 407, 408-410, 412

coefficient of volume compressibility, xviii, 30

cohesion (apparent), xxiii, 11, 35, 36, 43, 44,
45, 65,70,297,397

cohesionless soil, 11, 143-144

compaction grouting, 86

compensation grouting, x, 72, 93, 95-96,
262,269,277,279, 282,302, 338,
345, 352-353, 358, 382

compressed air, x, xii, 4, 65, 96-99, 101-102,
123-124, 143-144, 146, 150, 157,
186, 244-245, 248, 251-252, 269,
343, 378, 383, 391

compression seals, 109

compressive strength, xix, 11, 31-32, 42-43,
48, 53, 76, 108, 133, 304, 330,
359-360, 369, 395, 399

concourse tunnel, 341, 345-346, 351, 353

concrete lining(s), x, xi, xiii, xvi, 52-53,
55, 63,90, 93, 100-102, 107-108,
112, 115, 187, 190, 202, 210, 212,
247-248,294-298, 382-384, 389,
391, 407, 416

cone penetration test (CPT), xv, xviii, xix,
xxvi, 21, 23-25, 386

consistency index, xviii, 11, 30-31, 150

constitutive models, x, 74-75

construction shaft, 337, 341-343, 345, 352, 357

contiguous pile wall, 196, 198

contingency measures, 294-295, 297,
308, 310; see also advance rate;
anchoring; backfill; divided face;
elephant’s feet; face support; footing
piles; forepoling; grouting; post
shotcreting; sealing the ground;
sheet piling; support core; temporary
invert; tree trunks

Continuum Method, x, xiii, 54, 67, 69, 70, 407

conditioning, 150, 151-152, 159, 385, 389

preconditioning, 95

convergence—confinement method, xvii, 73

convergence gauges, 299

corrosion, 88, 99, 108,272,277

crack control, 203

cross-hole seismic techniques, 14

Crossrail, xiii, xxi, xxv, 8, 84, 153, 155-156,
253,267,269,273,275,294, 301,
303, 335, 337-346, 348-356,
367-368, 377, 383, 386, 388, 390,
391-392; see also tunnel examples

crown, xviii, xix, 6, 20, 28, 33, 46, 50,
64, 67-70, 73,78, 81, 90-92,
95,125, 174, 177, 184186, 190,
269, 282-283, 286-289, 293, 297,
298, 301, 310-314, 318, 321, 324,
326, 328, 329-330, 333, 343, 347,
354-355, 358, 404, 415

cut types, 169; see also burn cut; fan cut;
parallel drill hole cut; pre-splitting;
smooth cut; wedge cut

cut-and-cover, xi, 5, 57, 190-192, 198,
209-210, 212, 221, 278; see also
bottom-up method; contiguous
pile wall; diaphragm wall; ground
anchors; king piles; bored piles;
secant pile wall; shoring systems;
sheet piling; top-down method

cutterhead(s), 99, 109, 119, 120, 121, 122,
123, 124, 125, 127, 128, 131, 132,
133, 135, 136, 137, 138, 139, 141,
142, 144, 145, 146, 147, 148, 149,
150, 151, 152, 153, 158, 243, 247,
252,362,363, 365,370,373

cutting tools (cutter dressing), 31, 99, 119,
128, 136, 137, 141, 142, 143, 144,
146, 236, 363, 365; see also discs;
drag bits; round shank cutters;
scraping tools

decompression, 90, 97-99, 245, 252-253, 385
decompression illness, 97, 98, 245, 252, 385
deep well, 82-84
deflectometer, 299
deformation, xii, xviii, 12, 24-25, 27, 28,
30, 33-36, 43, 69, 70-71, 74, 86,
96, 99, 100, 104, 151, 183, 258,
261, 271-273, 275, 283-284, 286,
289-293, 297,299, 300, 319, 352,
356, 358, 376, 384, 386, 389,
403-404, 407-411, 413, 415-416
critical deformation, 70-71
deformation characteristics, 28, 35,
43,272
deformation measurement, 71, 299
deformation modulus, xviii, 12, 24-25,
28, 30, 403-404
deformation of the lining, 100
ground deformation, xii, 261, 271-272,
275, 300, 384
Demec™ gauge, 302
depressurisation, 326, 347-349, 390
desk study, ix, 8-10
detonation, 164-167, 170, 172-175, 186, 250
detonator (blasting) cord 167-9 detonator(s),
161, 166-170, 173-174, 180; see also
electronic detonator; millisecond
detonator; non-electrical detonator
diaphragm wall (or slurry wall), 109, 191-192,
195-197, 253, 314, 371, 377
dilatometer, 21, 24-25, 27, 67; see also
pressuremeter
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dip (dipping), 19, 38-39, 66, 397-398, 401
disc(s), 133, 136, 138-139, 141, 144, 153,
326, 362-363, 373, 409, 413
discontinuities, 1, 5, 37-38, 40, 45, 47-48,
54, 69, 89, 140, 246, 395-402
displacement(s), xviii, xix, 1, 33, 38, 77, 93,
95,101, 142, 182, 219, 261262,
264,266-272,275-276,278, 280,
284-295, 299, 301, 304, 307-308,
310-314, 319, 321-323, 330,
332-335, 356-358, 379, 382, 385,
386, 390,408, 413-416
development of, 284-285
displacement curve, 284-285
horizontal, xii, xviii, 268, 270, 289-291,
299, 301, 312, 321-322, 334, 358
radial, 413, 415-416
tangential, 414
vertical, xix, 264, 268, 286-290, 304,
311-314, 321, 357-358
divided face, 296
dowels, x, 85, 87-94, 105, 188; see also
anchors; bolts; face dowels
double load plate test, 28
double shell lining(s), 102, 104
double-shield TBM (or telescopic shield), xiii,
134-137, 139, 362; see also shield
dressing, see cutting tools
drag bits, 142
drawbridge, 353
drill and blast, xi, 3, 48, 57, 84, 117, 139, 141,
159-161, 167, 169, 170, 176178,
180-181, 183, 247-248, 250, 307, 324,
376, 381, 384, 391; see also charging;
detonation; detonators; dust; explosive;
mucking; stemming; ventilation
drilling (drill) rig(s), 1519, 162, 233, 236, 28
drilling, xi, xv, xxv, xxvi, 15, 17-20, 40,
47-48, 50, 81, 84, 86, 92, 140,
149-150, 161, 163-164, 170-172,
174,178, 180-181, 195, 233, 236,
238-240, 248, 250, 347, 349, 353,
362, 381, 389, 391-392
drilling carriage, 161; see also jumbo
drilling mud, 233, 236
dry mix, 101-102
durability, 12, 87, 99, 101, 106, 137, 255, 389
Durward Street Shaft, 337-338, 353-354,
340, 357
dust, 102, 119-120, 137, 152, 157, 164-165,
168-169, 175-176, 248-250, 252,
258,278, 284

earth pressure balance machine (EPB and EPBM),
xiii, xv, 62, 65, 79, 81, 106-107, 123,
131, 143-144,147,150-157, 159-160,
215,252,261, 264, 267, 269, 273-274,
301, 303, 363, 365-368, 373, 375, 377,
381, 383, 385, 388-390, 392; see also
Archimedean screw; conditioning;
screw conveyor

effective stress, xvii, 12, 36, 37, 60, 193, 299,
382, 403-404
effects of tunnelling, xii, 63, 73, 270,
272-274, 384
on buried utilities, 272
on existing tunnels, xii, 272-273, 379,
390, 393
on piled foundations, 273-274, 384, 275
on surface and subsurface structures,
xii, 270
Eggemouse, 308-310, 314; see also invert
control
electrolevel, 299-301, 303-304, 376
electromagnetic, 14, 149
electronic detonator, 168-169
elephant’s feet, 295-296, 329; see also
contingency measures
Elizabeth Line, 336-337, 367
emulsion, 162, 166-167, 178, 180
enlargement, xv, 24, 118, 189-190, 295, 316,
319, 328, 339-341, 346-348, 351,
357-358
excavation chamber, 142, 145, 147, 157, 158;
see also plenum
excavation sequence, xiii, 182-183, 188-190,
287-288, 328, 330
existing tunnels, xii, xiii, 77, 96, 272-273,
301, 304-305, 336, 350, 376, 379,
390, 392-393
explosive, xii, 13, 136, 162, 164-168, 170,
171-176, 178, 180, 248-250, 377,
382, 388; see also emulsion; gelatin-
dynamite; powder
extensometer, 284-285, 298-300, 303-304
borehole magnet, 298
rod (or invar tape), 299-301
strain gauge, 299-300, 302
tape, 284, 398-399, 303-304

face dowels, x, 85, 92

face support, xvi, 61, 63-64, 96, 121, 123,
127, 135, 141142, 144, 154, 156157,
211,214, 225, 264, 296, 384

face stability, 57, 62, 65, 118, 125, 127, 142,
150, 153, 188, 296, 375, 385

falsework, 112

fan cut, 170-172, 178

Farringdon, 336, 367-368

Fenner-Pacher curve, 70

fibre, 51-53, 55, 87, 101, 106-108, 111, 115,
177-179, 188, 231, 296, 302-303,
317-318, 367, 371, 373, 381-382,
384, 386, 390

fibre optics, 302-303, 381-382, 384, 386

fibre-reinforced, 51-53, 55, 106-108, 111,
177-179, 231, 296, 317-318, 367,
372-373, 384

field investigation, ix, 10, 21

fine grained soils, x, 11, 23, 30, 36-37,
44,61, 63,79, 87,142, 195, 261,
266, 269
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Finsbury Circus, 341, 344, 350-351

fire, x, xii, 77-78, 97, 99, 112, 115-116, 128,
243, 246-248,250-251, 253, 377

fire resistance, x, 112, 115

footing piles, 296; see also contingency
measures

forepoling, x, 50, 82, 90-94, 296, 330

forepoling plates (or sheets), 90, 92;

see also dowels

formwork, 112, 202, 326

full face excavation, 121, 123, 127, 183, 188

‘Gap’ method, 73

gelatin-dynamite, 166

geophysical methods, xxvi, 13-14, 375;
see also borehole geophysical logging;
cross-hole seismic techniques;
electromagnetic; magnetic methods;
resistivity/conductivity; seismic
reflection; seismic refraction

Geotechnical Adit, 345, 351-353

geotechnical baseline (report), xv, 56,
140, 380

geotechnical factual (report), xv, 55-56

geotechnical interpretive (report), xv, 56

Gina gasket, 206

girders, 91, 104-105, 183, 187, 296, 307, 317,
326-327

glass fibre reinforced plastic (GRP), 231

Goswell Sewer, 351

gripper TBM, xiii, 123, 128, 131135, 140,
149, 359

gripper shoes, 132-135, 137
ground: hard, 5, 57, 104, 117, 261, 384-385
soft, x, xi, xii, xvi, xxvii, xxviii, 5-6, 11,

15,21, 23, 25, 31, 37, 43, 45, 48—49,
57,59, 61, 63, 65, 67-69, 71, 75,
77, 84,90, 93, 104-105, 117-118,
121, 141-143, 148, 153, 156, 167,
187-188, 194, 196, 236, 239, 243,
247-248, 252, 261-265, 270, 272,
274,282,289, 294,297, 305, 317,
324, 326, 328, 358, 365, 375-377,
379-391, 413; see also hard rock

ground anchors, 194-196, 378

ground conditions, xiii, xxi, 1, 5, 7, 17, 19,
20,37,56,72,79, 89, 100, 103-104,
109, 117118, 127-128, 137, 139, 141,
1492150, 154-157, 159, 172, 178,
180—181, 184, 186, 188, 207, 210-211,
214, 217-218, 221, 225-227, 230, 239,
342,248,258, 261, 267, 269, 275,
281-282, 316, 347, 356, 359-360,
362-363, 367,370

ground (rock mass) classification, see rock
mass classification

ground freezing, x, 77-82, 92, 99, 217,
221-222,279, 377, 382

ground improvement, x, 2, 59, 61, 77, 86,
117, 205, 387; see also ground
treatment

ground investigation, ix, 7-10, 31, 140, 336,
375, 377-378, 383, 390

ground movement, xii, xxviii, 6, 37, 42, 63,
128, 154-156, 221, 261-262, 264,
266-270,272-275,278, 376-377,
379-383, 386-390, 392-393; see
also horizontal displacement; long
term settlement; multiple tunnels;
surface settlement; trough width
parameter; volume loss

ground reinforcement, x, 87; see also anchors;
bolts; dowels

ground risk, xii, 245-246, 248

ground treatment, 72, 86, 93, 217, 281-282;
see also ground improvement

groundwater, x, xv, xvii, xix, 8, 10, 13-14,
37,39, 48, 57-61, 63-64, 67,
77-79, 82-84, 87, 96, 102, 104, 109,
113, 129, 135, 142, 157, 159, 180,
191-193, 252, 261, 279, 297, 299,
326, 330, 346, 379, 388, 400, 412

groundwater table, x, xv, xvii, xix, 13, 60,
63-64, 82, 96, 109, 142, 192-193

groundwater lowering, 37, 82, 84, 379; see

also deep well; wellpoints

grouting, x, 4, 72, 78, 82, 84-88, 93, 95-96,
99-100, 104, 110, 140-141, 157,
181, 195, 215, 217, 219, 261-262,
269,277-279, 282,297, 302, 338,
345, 352-353, 358, 362, 376-377,
382, 384, 392; see also chemical
grouts; compaction grouting;
compensation grouting; jet grouting;
permeation grouting; suspension
grouts

hard rock, xi, 11, 33, 43, 48-49, 52-53,
87-88, 100, 104, 123, 128, 130-131,
134, 136-142, 159, 1635, 180, 236,
243, 247-248, 307, 324, 326, 370,
382, 391; see also ground

Harwich formation, 346, 367

hazard(s), xii, 9, 37-38, 167, 235, 243-254,
256,258-259, 330, 390

health and safety, see safety see also safety;
compressed air; ground risk;
hazards; occupational health; risk
management

horizontal directional coring technique
(HDCT), 17, 182

horizontal directional drilling (HDD), xi,
xv, xxv, 17, 182, 233, 236-240,
376, 381, 387, 389; see also drilling
mud; pilot tunnel; pre-reaming;
pullback

horizontal displacement, xii, xviii, 268, 270,
289-291, 299, 301, 312, 321, 322,
334, 358

hydraulic fracturing, 26-27

hydrogeological model, ix, 36-37

hydrophilic seals, 109
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hydroshield, 144
Hypothetical Modulus of Elasticity (HME),
xv, 76

immersed tube tunnels xi, 57, 198-199,
201-209; see also crack control;
water tightness

inclinometer, 299-301, 371

in situ concrete linings, x, 112

in situ testing, 8, 15, 21, 248, 386; see also
cone penetration test; dilatometer;
double load plate test; hydraulic
fracturing; pressuremeter; standard
penetration test

instrumentation, xii, xxviii, 6, 19, 37, 96,
188, 278-280, 298, 300-301,
379-380, 392

interjacks, see intermediate jacking station

intermediate jacking station, 221, 225,
227,230

internal friction angle, xvii, 23, 35-36,
43-45, 63, 67

in-tunnel monitoring, xii, 101, 261, 280, 282,
298, 303-304, 330-332

invert closure, 183, 188

invert control, 309; see also Eggemouse

jacked box tunnelling, xi, xxviii, 159,
210-211, 220-221, 375, 389; see also
anti-drag system (ADS); jacking base;
jacking rig

jacking base, 211-214, 216, 218-220

jacking pit, 199, 211-212, 214, 220-221,
225,227-230

jacking rig, 212-213, 216, 219-220, 225,
228-229

jacks, 4, 105, 107, 112-113, 123124, 126,
132-133, 135, 145, 151, 195, 200,
206, 212, 214, 216, 221, 225,
229-231, 311, 388; see also rams

jet grouting, 86, 377

joints, xi, xviii, 37, 39, 45, 48, 89, 97,
108-109, 174, 188, 197-198,
202-203,205-207, 231, 250, 252,
272-273, 282,286, 295, 319-320,
323,329, 333, 371, 384, 402-404

jumbo, 161, 178, 248

king piles, 194-196
knee, 6

laboratory tests, ix, 21, 24, 28, 31-32, 37;
see also abrasiveness test (CERHAR);
Atterburg limits; point load index;
triaxial test; uniaxial test

Lambeth Group, 346-347, 367, 412

LaserShell™, xi, xiii, 188, 314, 316-318, 324,
340, 380, 382

lattice girder, 91, 104-105, 177, 187, 190, 307

layering, ix, 1, 9, 19, 36, 38, 40-41, 66, 170;
see also stratum

lining design, x, 3, 69, 99, 102, 378, 382,
384-385, 391

liquid limit, xix, 11, 30

liquidity index, xviii, 11, 30

Liverpool Street Station, 8, 303, 335-336,
343-347,350-351, 353-355, 358,
367-368, 390

logistics, xxvi, 128, 133, 154, 176, 342, 346,
353,390

London Clay, 5, 67, 95, 118, 125, 142-143,
157, 188, 267-269, 274, 300-301,
316-317, 319-320, 339-340,
346-347,367,379-380, 382-383,
387,390, 392-393, 412

long term settlement, xii, 269, 358

magnetic methods, 14

measuring profile, 282-283

mesh reinforcement, 111, 187, 307

Metropolitan Line, 351

microtunnelling, xi, xxvii, 222-223,225-231,
233-235, 239, 242,247, 381, 388,
391; see also pipe jacking

millisecond detonator, 173-174

Mixshield, 144-145, 147, 148-150, 156-157,
363-364, 366-367, 378, 384; see
also slurry TBM

modulus, ix, xv, xviii, 10, 12, 24-235, 28, 30,
32-35, 38,40-41, 54, 57, 69-70, 76,
292, 382,403-404, 413

modulus ratio, 34

monitoring, xii, xiii, xxviii, 6, 19, 101-102,
128, 139, 149, 160, 182-184, 188,
218-220, 246, 249, 258-259,
261,267-269, 273-274,278-289,
291, 293-295, 298-304, 307-311,
313-314, 319-320, 323-324,
330-333, 335, 344, 352, 355-358,
363, 365, 373, 375-376, 378-381,
383-386, 389-392; see also
contingency measures; in-tunnel
monitoring; observational method;
stress-intensity-index; trigger values

monitoring targets, 283, 344, 355

Moorgate Shaft, 345-346, 351, 353

Moorgate Ticket Hall, 341, 351

muck bin, 339, 343, 346

mucking, xi, 121, 139, 147, 161, 176, 178,
180, 187, 324-326, 346, 355

multimode TBM, xi, xiii, 154, 156-159, 367,
370, 378

multiple tunnels, xii, 72, 270, 379

nails, 88; see also dowels

NATM, see New Austrian Tunnelling
Method

New Austrian Tunnelling Method (NATM),
xi, xv, 73, 75, 101, 180, 182-190,
198, 261-262, 278, 280, 282, 294,
363, 375-376, 382-383, 390-391

non-electrical detonator, 167-168
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Northern Line, 5, 345-346, 351

Norwegian Method of Tunnelling (NMT), xi,
xv, 51, 104, 141, 177-178, 180, 376,
381, 393

numerical modelling, x, 6, 71-75, 274, 391,
393-394; see also age-dependent
elastic models; age dependent
nonlinear models; constitutive models;
convergence—confinement method;
‘Gap’ method; progressive softening
method; volume loss control method

observational method, xii, 6, 43, 102, 248,
280-281, 307, 387, 388

occupational health, xii, 235, 244-2435,
251-253, 385

Omega seal, 206

one pass lining, 103; see also single shell lining

open face, x, 57, 61, 79, 99, 118, 123-124,
139-143, 156, 214, 218, 261, 264,
267,370, 380, 385

Paddington, 336
parallel drill hole cut, 172
parallel tunnels, 153, 270, 303
partial excavation, x, 123-125, 127
partial face boring machine, x, 119-122, 124,
184; see also roadheader
particle size distribution, 11, 29, 154-155
percussive boring, 15; see also cable
percussion boring (shell and auger)
permeability (hydraulic conductivity), xviii,
10, 12, 29-30, 37, 39, 42-44, 57, 59,
61,77,79, 82, 84, 87, 107, 140, 145,
155,203, 233, 269, 382
permeation grouting, 86
piezometer, 37, 79, 299-301, 349, 392,400
pneumatic, 299-300
standpipe, 37, 299
vibrating wire, 298-301, 392
piled foundations, xii, 272-274, 384
pilot tunnel (pilot drilling or pilot bore), xvi,
51, 118-119, 190, 233, 236, 338,
340, 346-348, 355
pipe jacking, xi, xv, xxv, xxvi, 96, 113,
124, 155, 214, 221-226, 228-235,
379, 382-383, 386, 388; see also
intermediate jacking station; jacking
pit; jacking rig; microtunnelling;
reception pit; thrust wall
plastic limit, xix, 11, 30
plasticity index, xviii, 21, 23, 30, 46
platform tunnel, xvi, 303, 337-338, 340-341,
345, 348, 351-353
plenum, 109, 144-145, 147, 150-152, 158
plumb lines, 302
point load index, xviii, 11, 31
Poisson’s ratio, xvii, 12, 28, 34, 65, 412-413
poling boards, 194-195
pore water pressure, xix, 24, 36, 60-61, 262,
269,299, 392

portal, 3, 19, 51, 66, 79, 81, 114, 202, 210,
214, 246, 261, 307, 316, 336, 402
Post Office Tunnel, 351-352, 392
post shotcreting, 297
powder, 162, 164, 167
gunpowder, 3
precise liquid level settlement gauges, 301
precision, 168, 173,279
pre-reaming, 236
pre-splitting, 174
pressure cell, 24, 151, 298-300
pressuremeter, 21, 24-26, 67; see also
dilatometer
pressurised tunnelling, x, 37, 78, 96;
see also compressed air; blowout;
decompression; saturation working
primary lining, 102-103
primary stresses, 6, 26, 59-61, 67, 407
probe, 141, 218, 298-299, 347-349, 371
drill, 140, 157
drilling, 140, 150, 180-181, 347, 362, 392
hole, 347-349
progressive softening method, 73
pullback, 233, 236, 239-240

rams, 107, 125, 323; see also jacks
reaction frame, 123, 129
Reading, 336, 367
reception pit, 211, 225-227
resin bonded filter, 349-350
resistivity/conductivity, 14
ribbed systems, x, 103; see also lattice girder
rib reinforcement system, 179
risk, xii, 6-7, 10, 37, 52, 62, 84, 86, 97-99,
106, 128, 134, 140, 156, 167, 191,
201-202, 207, 235, 243-250,
252-259,262,272-276, 281, 330,
347, 378-380, 384-385, 391
assessment, 106, 156, 232, 244, 246, 255,
258-259, 262, 274-276, 330
management, xii, 67, 128, 243-245, 254,
255,378, 380, 384-385, 391
mitigation, 235, 246, 252, 255; see also
hazard
River Terrace Deposits, 346-347
roadheader, x, 57, 92, 117, 119-120, 122,
124, 247-248, 379; see also partial
face boring machine
rock mass classification, ix, xiii, xxvi, XxVii,
xxviii, 43-45, 49, 52, 54, 56, 377,
379, 389, 395, 401; see also Rock
Mass Rating System (RMR); Rock
Mass Quality Rating (Q-method);
Rock Quality Designation (RQD)
Rock Mass Quality Rating (Q-method), xix,
xviii, 45, 49, 52, 54-55, 401
Rock Mass Rating (RMR), xvi, 45, 48-51,
54,177, 395-400
Rock Quality Designation (RQD), xvi, xviii,
11, 20, 28, 45, 47-49, 52-53, 55, 89,
380, 395-396, 399-401, 403-404
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roof pipe umbrella, x, 92, 93, 94, 180, 324, 326
rotary drilling, 15-18, 84

round shank cutters, 142

Royal Oak, 336, 367-368

safety, xii, xv, xxv, 2-3, 6, 9, 50, 77, 98-99,
101-102, 110, 117-118, 124,
128, 139, 166-167, 170, 177, 180,
187-188, 191, 201, 209, 233, 235,
243-254, 256, 276, 288, 314, 317,
319, 329-332, 335, 356, 359, 375,
377-378,382-383, 385, 413
health and safety, xii, xv, xxv, 3, 6, 9, 98,
101-102, 110, 117-118, 124, 188,
191, 233, 235, 243-246, 253-254,
317, 319, 375, 377, 383, 385
legislation, xii, 244-245, 375
sampling, 8, 15, 21, 28-29, 40
satellite geodesy, 299
saturation working, 99
scaling, 174, 178, 285
Schaeff, 222, 224, 343, 345
scraping tools (flat bits or cutting teeth), 142
screen, 83, 145,232, 349
screw conveyor, 150-152, 155, 157-158,
369-370
sealing the ground, 297
secant pile wall, 196, 198-199
secondary lining, 102-103
segmental lining, x, 4, 68, 74, 104-112, 118,
121, 123, 125-126, 129, 133, 149,
184,247,253,282, 363,370,375,
384, 408-409; see also fibre reinforced;
spheroidal graphite (cast) iron (SGI)
seismic, xvi, xix, 13-14, 24, 26, 52, 148-150,
202,206-207, 371, 403-404
seismic loading, 207
seismic velocity, xix, 52, 403-404
seismic reflection, 13, 148
seismic refraction, 13-14
settlement trough, xix, 263, 265-267,
269-271, 275-276, 379
shaft(s), xiii, 9, 19, 37, 58, 68, 79, 81, 84-85,
95-96, 100, 103, 109-113, 123,
153, 160, 169, 176, 191, 224-226,
233-234, 246, 253, 274, 284, 314,
324-329, 332, 337-343, 345-346,
351-355, 357, 359, 363-364, 367,
369-373, 382, 386, 390-391, 394;
see also caisson; underpinning
sheet piling (sheet piles), 109, 191, 194, 296
Shenfield, 336
shield tail seal, 123, 129-130
shield, x, xiii, xvi, xviii, xxvii, 2, 3, 4,
62, 63, 68, 73, 84, 105, 107-108,
117-119, 121, 123-131, 133-137,
139-140, 142-147, 149, 151, 153,
156-157, 159, 210-215, 218-220,
222,225-227, 230, 243, 247248,
261-262,274,360-362, 369,
373, 375-376, 381, 383385, 388,

393, 407; see also boom-in-shield
tunnelling machine; double-shield
TBM (or telescopic shield); full face
excavation; partial excavation; single-
shield TBM; tunnel boring machines

shotcrete, x, 52-53, 55, 89, 100, 104, 126,
133, 141, 177-178, 180, 186, 189,
248, 287, 355-356, 359, 375; see also
sprayed concrete

shoring systems, xi, 192-193

shoulder, 6, 291, 354-355, 357

shrinkage, 30, 76, 101, 203, 269, 295, 371

side wall drift, 102, 283, 287, 329-330,
334, 342

single shell lining, 103; see also one pass lining

single-shield TBM, xiii, 134-136, 360-361

site investigation reports, ix, 1, 7-8, 55;
see also geotechnical baseline
(report); geotechnical factual (report);
geotechnical interpretive (report)

site investigation, ix, xiii, xvi, 1-2, 6-10,
38,40, 52, 55-56, 75, 84, 139,
160, 180, 182, 207, 210, 214, 246,
280, 346, 362, 376, 379-380,
383, 390; see also desk study; field
investigation; ground investigation;
site reconnaissance

site reconnaissance, ix, 8-9

sleeved tube, 84; see also tube-a-manchette

slip form (slip lining), 112, 371, 390

slump test, 152

slurry, xiii, xvi, 4, 25, 65, 67, 87, 108-109,
123, 129-130, 135, 141, 143147,
154-158, 166, 194-197, 214, 219,
226,232-233, 239, 249, 252, 261,
264, 267, 363, 370, 372-373, 375,
377,381, 388

slurry tunnel boring machines (STBM), slurry
machines, slurry shield, xvi, 4, 65,
108, 123, 141, 143-144, 146-147,
155-157, 267,373, 375

slurry walls, see diaphragm walls

smooth cut, 173-174

solid core recovery, xvi, 11, 28

sonic drilling, 17, 19

spiles, 90; see also forepoling

spheroidal graphite (cast) iron (SGI), xvi,
106-109, 118, 184, 320-321, 323

sprayed concrete, x, xi, xiii, xvi, xix, 1, 50-51,
62,71,74,76, 90, 92-93,100-104,
111-112, 118, 126, 133, 139, 176184,
187-188,190,247-248,258, 282, 284,
286-289,292-298, 304, 307-309, 314,
317-319, 326, 330, 333-335, 355-356,
358,376,379-384, 389, 391, 393-394,
407,413, 416; see also age-dependent
elastic models; age-dependent nonlinear
models; double shell lining; dry mix;
Hypothetical Modulus of Elasticity
(HME); shotcrete; single shell lining;
wet mix
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sprayed concrete lining (SCL), xi, xiii, xvi,
62,71,73,76,90,93,100-102,
117-118, 182-184, 187-190,
247-248, 267,282, 286,292-298,
307-308, 310, 314, 316, 319-323,
329, 332-333, 335-336, 339,
354-356, 358, 367, 380, 382-384,
389-392, 407, 416; see also New
Austrian Tunnelling Method

springline, 6, 78

stability ratio, xviii, 62, 63

stand-up time, 35, 45, 48-49, 51, 57, 61, 100,
112, 117-119, 121, 139, 141-142,
184, 206, 397

stair tower, 339, 343

standard penetration test (SPT), xvi, xviii, 15,
17,21-23, 86, 379, 391

steel, 1, 5, 12, 15, 50-51, 87-88, 90-92,
101, 103-108, 112, 121, 126,
130-131, 133, 141, 168, 176-177,
179, 183-184, 191, 194-195, 199,
201-203, 205-206, 208, 210, 212,
214-215,218-219, 222, 230-231,
238,242,272,284, 296,298, 308,
317-318, 371-373

stemming, xi, 161, 164-165, 167

stratum (strata), xviii, 9, 15, 19-20, 29,
37-38, 40, 61, 66, 77,79, 82, 89,
124, 128, 148, 217-219, 346

stress-intensity-index, xvii, 1, 292-294,
312-314, 334-335, 356, 389, 391;
see also utilisation (method)

stress-strain, 32, 75-76, 292

strike, 38-39, 397-398

support core, 296

surface settlement, xii, xix, 159, 194,
262-268, 274, 294, 299-301, 330,
365, 386, 389

suspension grouts, 86—87

swelling, ix, 10, 30-31, 41-42, 46, 207, 393,
403-404

TBM, see tunnel boring machine (TBM)

Tell Tale™, 294-295, 302

temporary invert, 296, 311, 314

Thanet formation, 346

Thanet Sand, 153, 367, 412

thrust wall, 214, 227-228

timber heading, 118, 234-235

top-down method, 191

total core recovery, xvi, 11, 28

total stress, xvii, 61

Tottenham Court Road Station, 336

tree trunks, 297-298, 308, 310

tremie, 195-197, 206

trenchless technology (trenchless technologies),
xv, 222-224, 381, 385, 387, 391; see
also horizontal directional drilling
(HDD); pipe jacking

triaxial test, xvii, 21, 32, 34-36

trigger values, 278, 280, 289, 352

trough width parameter, xviii, 263-266,
269-270
tube-a-manchette (TAM), xvi, 84-835, 95,
338, 345, 353, 358; see also sleeve
port tube
tunnel boring machine (TBM), xvi, xix, xxviii,
3,6,20-21, 37,48, 51-52, 56-57,
62,65,73,77,79, 81, 84, 87,92, 99,
105-108, 112, 117, 121, 123, 125,
127-137, 139-150, 152, 154-160,
180181, 184,, 198, 226-227,
232,246-248, 250-252, 261,
264, 267,274,278, 307, 314, 323,
336, 340-341, 359-367, 369-370,
372-373, 375-376, 378-379, 381,
385, 387-389, 392, 401, 405
tunnel design (tunnel designer), xxviii,
1-2,9-12, 26,42, 52, 55-56, 69,
140, 157, 246, 375-376, 378, -80,
384-386, 390-391, 393, 403
tunnel examples: 4th Elbe Tunnel (Germany),
148-149
Airside Road Tunnel (UK), 153
Angel Islington Station (escalator tunnel,
UK), 119
Chaglla Hydropower Project (Peru),
176, 386
Channel Tunnel Rail Link (CTRL) (UK),
xv, 108, 148, 153-154, 267, 273,
301, 378, 393
Crossrail Ltd (The Elizabeth Line) (UK),
336-337, 367; see also Crossrail
Docklands Light Railway (UK), 215
Dublin Port tunnel (Ireland), 127
Dulles Airport Train System Tunnels
(USA), 135, 360-361
Eggetunnel (Germany), xii, xiii, 282, 288,
298, 307-308, 311, 333, 340
Glendoe (UK), 133, 135
Gotthard Base Tunnel (Switzerland), 20,
105, 133-134
Grosvenor Mine Decline Tunnels
(Australia), 159, 367, 369
Heathrow Express Extension (UK), 125-126
Heidkopf Tunnel (Germany), 90, 170
I-90 Highway Extension (Boston,
Massachusetts, US), 221
Istanbul Bosphorus Strait Road Tunnel
(Turkey), 139, 150, 363, 375
Jubilee Line Extension (UK), xxvii, xxviii,
191-192, 269, 300, 302, 378, 390,
394
Katschberg Tunnel, 104, 161, 163-164,
168-169, 185, 187
King’s Cross Station (UK), 118, 301,
376, 411
Klang Valley MRT Project (Malaysia)
Lake Mead Intake Tunnel (USA), 157-158
Lainzer Tunnel LT31 (Austria), xiii, 82,
90-91, 93-94, 102-103, 287, 309,
324-325, 340, 382, 386, 389
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Lee Tunnel (UK), 370-371, 373, 387,
390, 392

Limerick Immersed Tube Tunnel
(Ireland), 209

Mexico City Wastewater Tunnel (Mexico),
157-158, 388

Nanjing Metro (China), 153, 365-367

Olmos Trans-Andean Water Transfer
Tunnel (Peru), 134, 359-360, 392

Owen Street (UK), 199

Piccadilly Line Extension (UK), xiii, xv,
125-126, 314, 316

Romerberg Tunnel, 356

Sochi Complex, 3 Project (Russia),
136, 362

Solbakk Tunnel (Norway), 180

Sparvo Tunnel (Italy), 153, 363, 365, 381

Spillvatten Tunnel (Sweden), 163-164

Storm Water Outfall Tunnel (SWOT) (UK),

xvi, 142
Ted Williams Tunnel (USA), 210, 212
Vehicular Under-bridge, M1 Motorway,
J15A (UK), 215, 218
Victoria Harbour Sewerage Treatment
Tunnel Scheme (Hong Kong, China),
181-182
Zhongzhou Avenue Undercrossing Tunnel
(China), 159-160
tunnel lining systems, 99
Tunnel Support Resistance Method, 67, 70
TunnelBeamer™, 319, 324
twin tunnels, 125, 128, 217, 267, 270, 303,
367,380, 383, 386-387

unconfined compressive strength, xix, 11,
31-32, 53, 359-360, 369, 404

underpinning, 79, 110-111

uniaxial test, xvii, xviii, 32, 34, 36

uphill excavation, 336

uphill excavator, 353-355

utilisation (method), xiii, xvii, 167, 292, 294,
336, 356-359, 391

Vallance Road Crossover, 336-339, 346-347

ventilation, 119, 133, 161, 174-176 ,178, 186,
191, 202, 235, 246, 248-250, 284,
314, 337, 339, 341-343, 346, 352

vibrating wire, 298, 302, 392

vibrating wire strain gauges, 299, 302

vibration, 17, 110, 120, 124, 160, 167169,
235,248, 250,252,280, 384, 387

Victoria Docks, 336

vitrified clay, 231

volume loss, xix, 73-74, 95, 266-267,
269-270, 274-276, 380, 385-386

volume loss control method, 73

water ingress, 18, 101, 123, 131-132, 135,
139-140, 145, 363

waterproofing, 12, 101, 104, 108-109, 112,
115, 201, 248

membrane, 112, 104, 201-202; see also

compression seals; hydrophilic seals;
Gina gasket; Omega seal

water tightness, 180, 203

weathering, 10, 21, 38,40, 44, 67, 390,
398-399

wedge cut, 170-171

wellpoints, 82-84

wet mix, 101-102, 381

Whitechapel Station, 8, 335-344, 346, 353,
357,390

working platform, 3, 124, 217, 344, 355

Young’s modulus, xviii, 10, 12, 28, 32, 35,
38, 40,292,413
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