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Preface

Fresh air to the conception of
tunnels in urban areas

Sebastiano Pelizza

The world of underground engineering and construction has acquired a wide-rang-
ing and high-level experience on tunnel construction with Tunnel Boring Machines
(TBM), thanks to the remarkable increase in the number of tunnels that are becoming
longer, going deeper, and growing larger in diameter; in other words, becoming more
difficult to realize.

In urban areas, the acquired consciousness of preservation and care for the an-
thropogenic environment, accompanied by the improvement in the quality of life, has
raised the level of difficulty and challenge in respecting the constraints deriving from
human presence and, therefore, the necessity for a technological and intellectual ap-
proach to respond appropriately to these constraints.

This recent, invaluable experience gained from a series of accidents in urban tun-
nelling worldwide has made us aware that the TBM is simply not a fully mechanized
tool integrating the various operations of the conventional excavation method for
excavating more rapidly, and overcoming all (or almost all) the well-known problems
and uncertainties. Instead, the TBM and the tunnel to be excavated, constitute a deli-
cate and sensitive, unitary system, which should be managed with a new approach,
rationally organized and scientifically sustained, in a unified context of research and
design of the tunnel, the machine, and the environment.

In particular, all the principal risk factors are found to be associated with tunnels
in densely populated urban areas, including the properties and services subject to risk,
poor geotechnical conditions of the ground, presence of and consequent interference
with water table, and the small overburden with respect to the excavation diameter.

The focus of this book is exactly on the problems of urban areas. Its authors want
to analyze and propose not only the machines, but also, above all, the new special
techniques for controlling the proper operation of machines and, consequently, the
ground water drainage, the stability of the excavation face, and the resulting tunnel
profile, for the purpose of minimizing the risks of subsidence. Therefore, a substantial
portion of the book is dedicated to identify, evaluate, and manage such risks.

Framed in this particular manner, it seems to me that the book stands up above
customary texts, in drawing attention to mechanized construction of tunnels in urban
areas as a complex system that needs real or conceived certainties: adequate pre-
liminary investigations for small depths must supply exhaustive information; scien-
tific design that should not leave anything to be invented during construction; re-
liable and correctly equipped machines to face the foreseen potential emergencies;
and planned construction managed by supervisors and technicians with demonstrable
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qualifications. In this sense we try to supply at Politecnico di Torino a serious contri-
bution of training with the commitment of a Master’s course of a year’s duration on
“Tunnelling and Tunnel Boring Machines”.

To sum up, I like this book for many reasons, just a few of which I would like to

highlight:

1. It brings fresh air to the conception of tunnels in urban areas, placing in the fore-
front the fight against the risks, thus supplying a reliable instrument for making
rational and transparent choices to the decision-makers, who may be shocked by
the many cases of damage and collapse manifested in urban tunnelling history.

It is useful for the TBM users and operators who, in facing their duty to make the
machine run at its maximum capacity, must acquire the consciousness that the
consequent risks should be very well evaluated, anticipated, and minimized. The
book is also useful for the students to whom we must try to impart the sense of
“scientific humility” (auto-criticism is never enough!) and who must, as quickly
as possible, learn the lessons from the available, collective experience.

Another important reason for my appreciation of this book emerges from the
above two reasons: it is written by experienced technicians who clearly intend to
show, through specific examples in which they were directly involved, what the
origin was for the manifested risks, how they were approached and overcome,
and how these risks could be avoided in the future.

[\

(O8]

How much more useful is it in our profession to re-analyze the critical situations,
rather than taking glory for a piece of work that was well developed without obstacles!

Sebastiano Pelizza
Professor of Tunnelling at the Politecnico di Torino, Italy, and
Past President (1995-1998) of International Tunnelling Association



Preface

A creative application of the
principle of Risk Management

Harvey W. Parker

Cities are not sustainable without infrastructure and, in many cases, the best choice
for much of this infrastructure will be a tunnel. Accordingly, there is already, and will
be in the future, a great demand for tunnels to be constructed in difficult and crowded
urban settings. Not only are the constraints that these urban settings pose to tunnel
construction quite challenging, but there are also extremely demanding performance
requirements for minimal disturbance to the public and to the surrounding utilities,
structures and the environment.

Fortunately, the authors have written this book which does an excellent job in
describing the special approaches and requirements currently required when design-
ing and constructing tunnels in urban areas. Very little about this important subject
is currently available in our literature, except for short articles and conference papers
which do not have the space to develop the subject in sufficient detail. This extensive
and comprehensive book allows the authors to share their great combined experience
and creativity at a level of detail not available elsewhere.

The data and methodology presented by the authors range from guidelines and
practical rules of thumb to sophisticated computerized analyses. The authors have
unselfishly shared their vast experiences and impressions of future trends in the fields
of design, analysis, construction, and management. Thus, this book conveys wisdom
of experience while still offering the promise and creativity of a rapidly advancing
state-of-the-art.

The points made by the authors are backed up by references and case histories
giving the reader practical, common sense examples.

One of the principal themes of the book is that creative application of the princi-
ples of Risk Management can, and should be, systematically applied throughout the
planning, design, and construction of every project. The authors develop the concept
of continuous, intense, and detailed evaluation of risks, which richly interconnects
the various phases and tasks of a project together, in not only a realistic but also a
practical manner.

The geotechnical uncertainties and the constructability, management, and health
and safety issues, as well as risk avoidance and acceptance of residual risk are pre-
sented in a practical way based on common sense. Examples and guidelines are given
rather than abstract ideas.

Although this book primarily addresses larger-diameter tunnels, the principles
and methodology, especially those associated with systematic risk management, can
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be applied to other tunnel and underground space construction that is required in the
urban environment.
Again, the authors are commended for unselfishly sharing their experiences.

Harvey W. Parker
President, Harvey Parker & Associates, Inc. and
President, International Tunnelling Association (ITA)



Executive summary

The need for mechanized excavation of tunnels in urban environments has continu-
ously increased in the last two decades, especially as a result of the global expansion
in the number of tunnels being constructed for subways, railway underpasses, and
urban highways.

The hazards associated with the tunnel construction in urban areas include poor
ground conditions, presence of water table(s) above the tunnel, shallow overburden
(often approaching feasibility limits), and ground settlements induced by tunnelling
with potential damage to the existing structures and utilities above the tunnel.

Special technologies have been developed to control the stability of the face and
roof of the tunnel and to minimize the surface settlements. The application of the
technology for achieving the specified goals requires the use of the methodology pre-
sented in this book. The methodology is named PAT (Plan for Advance of Tunnel) and
is based on the principles of Risk Management illustrated in Figurel.

A Risk Management Plan (RMP) is an essential component of PAT which in-
volves the following sequential steps:

e Risk identification.

e Risk quantification.

e Primary response to the identified risks (mitigation measures, including correct
design-construction choices).

e Evaluation of residual risk.

e Predefinition of countermeasures to the residual risks.

The topic of mechanized tunnelling has been addressed in numerous articles, but
only in a few books. Furthermore, mechanized tunnelling in “urban areas” as a sub-
topic has not yet received the due attention that it deserves; This book is intended to
fill this gap.

The book is structured starting from the fact that tunnel construction in urban
areas is generally associated with high-level risks, which can cause potential damage
to structures and/or people. Therefore, such risks must be identified, evaluated, and
managed.

In other words, before starting with tunnel design and construction, the first step
is to identify all potential hazards related to the excavation process (geology, design,
construction) and to evaluate the likelihood of their occurrence and the potential
consequences (impacts or damages). The second step is to decide if the level of an
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Figure | The principles of Risk Management.

identified risk needs application of mitigation measure(s). If mitigations were necessary,
the last step would be to design them, for eventual activation during construction.

The application of an RMP demands that the design be developed using proba-
bilistic methods and the resulting design should be checked and, if necessary, op-
timized during execution using the PAT methodology (Fig. 2). PAT is a “running”
method that allows the update of the design and construction-control parameters for
the stretches of the tunnel to be built, based on the results derived from the already-
constructed stretches.

It is also illustrated in the book that the efficient application of PAT can be
facilitated by a real-time monitoring system, implemented on a GIS (Geographic Infor-
mation System) platform and accessible via the World Wide Web, for sharing informa-
tion among all Parties involved. All monitoring data, including those from both the
PLC (Programmable Logic Controller) of the TBM and from the various instruments
installed on the structures, in the ground and on the buildings, are stored in a database
according to their location and time of occurrence.

This database represents a kind of “flight recorder” which can help, not only to
investigate the causes of any accident after the “plane” has crashed, but also to ac-
tively and continuously control and intervene to avoid the “plane” crash.

This book is the fruit of collaboration of about 20 engineers and geologists who
have worked exclusively for GEODATA S.p.A., and it is a reflection of the essential
activities of a company specialising in geo-engineering, which is without doubt multi-
disciplinary and requires effective integration of diverse competences and skills to be
successful.



Executive Summary  xvii
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Figure 2 The principles of PAT.

Engineering of underground structures in congested urban environments has to
be based on the assumption that practically nothing is certain about the major input
parameters: the geotechnical and geomechanical interpretation of the ground behav-
iour, the assessment of the interaction between the tunnel structure and the surround-
ing environment, the construction variables and market factors, and the opinion and
response of the final users of the infrastructure to be built.

We believe that ‘engineering’ a tunnel is an ‘iterative’ activity which, starting from
probabilistic bases, must involve: (1) a comparison with the reality, gradually revealed
by the construction, and (2) modification of the initial design and consequent adjust-
ment of the design picture to the ‘evolving’ reality, through a dynamic and continu-
ous design process (implementation, monitoring, checking, and optimization of the
design) till the completion of the works, the moment by which the design shall be
completed.

It follows that the construction and, especially, the control of the construction
process should also be seen as an integral part of tunnel engineering.

Uncertainty and risks are real-world matters, which the modern man has learned
to live with, and which the modern designers and contractors should face constantly
by a logic of ‘analysis’ and ‘management’ of the potential events or hazards that are
at the base of the risks.

The goal for the tunnel designer, suggested by this book, is to face the risk, under-
stand it, quantify it, and mitigate it; or, in other words, to manage it through design,
monitoring during construction, controlling the construction operations according to
best practice, updating the design.
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The book consists of 8 Sections, 7 Appendices, and one Annex.

In Section 1, the challenges related to the urban works are shown, highlighting
the relevant links to the “design methodology”, which is the scope of this book.

Section 2 introduces the philosophy of Risk Management, considered as a must
for urban projects; this is followed by the description of the Plan for Advance of
Tunnel (PAT).

Section 3 is focused on the project configuration and alignment design, particu-
larly taking into account the environmental requirements and the already existing
constraints along the tunnel route, including some particular problems about TBM
logistics.

Section 4 deals with the correct choice of excavation methodology in response
to the risks identified and evaluated following the RMP. It is stressed that the pecu-
liar characteristics, which the machines should possess in order to work in an urban
environment, are unique and many, so that it is convenient to consider them as a
class which is associated with the so-called “City Tunnel Boring Machine”, or City
Machine for short. The correct choice of the right type of machine (complete with its
proper equipment) is an essential element to ensure the success of a project. Therefore,
in terms of risk analysis, the correct choice of the machine should be considered as one
of the primary risk-mitigation measures for controlling the effects of the tunnelling-
induced settlements (or a possible instability or collapse of the excavation face).

The subject of Section 5 is the engineering of the tunnel, which is subdivided into
four subsections:

e study of the consequences that the tunnel excavation could induce to the build-
ings and other structures existing above and around the tunnel and the determi-
nation of the required counter measures, including the treatment of the ground
and the reinforcement of the existing structures;

e design of the excavation face-support pressure, as an essential (but not unique)
element to assure the maintaining of the required stability specifications;
design of the final lining, made of rings of prefabricated concrete segments;
design of the grouting of the tail void between the extrados of the lining and the
excavated tunnel profile.

Section 6 is dedicated to the study of systems for controlling the excavation, using
true and proper “secondary counter measures” aimed at further containing the re-
sidual risks. Subsection 6.1 is related to the process of implementing PAT. Subsections
6.2-6.3 concentrate on the actions to be taken to prevent dangerous events from hap-
pening in the use of Slurry and EPB machines, respectively. Subsection 6.4 is dedicated
to the monitoring system, which data shall be integrated and collected in a GIS-WEB
platform, giving all parties the access to all the information.

Section 7 is devoted to the subject of Health and Safety, an essential part of the de-
sign and construction control activities, which should not be neglected in urban tun-
nelling, even though in recent years very important advancements have been made in
this direction. From the time of the grand borings in the Alps, when the fatal accidents
were counted in terms of 10 per kilometre, the count was reduced to the magnitude
of 1 per kilometre in the 1980s and nowadays it is minimized to the level of 0.1 per
kilometre. Unfortunately, precise statistics on the accidents are not available, but the
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trend is surely what has just been stated above. However, we should not lower the alarm
level because, today, we not only can save the lives of people and prevent the workers
in the tunnel from being injured, but also we can try to improve the quality of life for
the workers and the environment they have to work in by paying more attention to
the safety measures.

The most significant experiences gained by the authors (in recent years) from
mechanized tunnelling projects in city environments are presented in Section 8, Case
Histories. The various problems of tunnel excavation and support in urban environ-
ment are solved by applying and gradually perfecting the most modern techniques as
well as PAT; i.e. design and control of the construction operations.

Appendix 1 gives an overview of the machines for tunnel excavation based on
the classification of ITA (International Tunnelling Association). Appendix 2 gives a
short presentation of the TBM manufacturers in Europe, North America, and Japan.
Appendix 3 provides relevant details on the methods for investigating the geologi-
cal, hydrogeological, and geotechnical parameters, both in-situ and in the laboratory,
which are applied in the various stages of development of a project. Appendix 4 gives
a summary description of the methods for calculating face-support pressure, which
were referenced in Section 5.2. Appendix 5 provides an example of Risk Management
Plan, based on the experience gained in the EOLE project in Paris for the construction
of the Line E of RER and in the St. Petersburg metro Line 1 project. Both of these
projects are summarized in Section 8. Appendix 6 depicts an example of the typical
procedure for tunnel excavation using an EPB machine, which is based on the experi-
ence from Porto, Torino and Bologna, discussed in Section 8.6. Appendix 7 gives a
summary of the mechanized tunnelling projects realised in city environment in Italy.

Finally, we believe that the contractual aspects which tie the ‘Constructor’ or
‘Contractor’ with the ‘Client’ or ‘Employer’ should assume a great importance in
the iterative process of design-construction-control for realizing a tunnel in urban
environment. However, since this subject was not in our asset of knowledge, we in-
vited an independent consultant, Dr. Ing. Gianni Alberto Arrigoni, to write a kind
of ‘Monograph’ on this subject. Dr. Arrigoni has extensive experience in managing
international tunnelling projects, both as an engineer and as a contract specialist and
he graciously accepted our invitation to write this monograph on “Contract and Con-
struction Aspects” of mechanized tunneling in urban areas, which forms the Annex
to this book.

Piergiorgio Grasso
President and Principal Engineer of
Geodata S.p.A — Turin - Italy






Introduction: tunnels in
urban areas and
the related challenges

.. THE OPPORTUNITIES

The world’s cities today are closed networks of transportation systems, utilities, and
residential and industrial buildings. Millions of people live and work in such major
cities, often in restricted and congested spaces. And, according to various studies (Ray,
1998), the world’s urban population is expected to rise significantly, such that in fifty
or so years many cities of today will grow in size from small to medium, medium to
large, and large to mega.

Such trends will constantly demand a proper allocation and re-distribution
of the limited urban space to the various urban functions, both existing and new.
A good summary, on the challenges posed by the world population and consequently
the planning needs, can be found in the keynote lecture by the current President of
ITA presented to the International Seminar on Tunnels and Underground Works in
Lisbon (Parker, 2006a). As already demonstrated by the development worldwide in
the last century, the resolution of the constant conflict between the demand (for infra-
structures and services) and the supply (limited urban space) has often led the planners,
politicians, architects, and engineers to consider tapping a seemingly invisible resource:
the underground space.

In fact, underground spaces have historically been created in urban areas and
mainly used to host traffic ways (streets, subways, railways) and public-service utilities
(water supply ducts, sewers). Nowadays, the underground space is created for storage,
security, commerce, underground electric stations, and various other purposes. An ex-
haustive review of the reasons for going underground can be found in the well-known
booklet published by ITA (2002), entitled “Why go underground?”. In the same booklet
it is stated that “whatever the type of underground structures in an urban environment,
they all aim to free surface space for more noble human needs, improving the living
conditions of our cities. In the case of interurban links, long-length tunnels are justi-
fied by saving time and reducing costs (shorter journeys and less energy consumption),
maximizing safety and minimizing environmental impacts”.

An analysis of the increasing demand perspectives of underground structures world-
wide was made by Assis (2003), including a focus on the methods for their construction.
In terms of the large-scale development and use of the underground space in the
future, the typical urban functions such as transportation (through infrastructures
like metros, highways, motorways, railways), utilities (water-supply, sewage, telecom-
munication, heating), and safety (flood protection) make up a promising group of
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incentives to use underground space. Another strong reason for putting these typical
urban functions underground is to reduce their visual impacts, limit the acoustic pollution,
and preserve the surface environment. Furthermore, for the underground develop-
ment of structures of long extent, tunnelling is a must, independent of the digging
technique used.

According to Pelizza (1996) “going underground is not an obligation: it is a reason-
able choice from among the various solutions, and one that is influenced by a multiplic-
ity of social and economic factors, the perfecting of which should lead to an improved
quality of life”. “In an ever more populated world, the use of underground space will
certainly be one of the most useful instruments for conserving — and, if possible, for
improving — the quality of life that is compatible with the needs of human beings”.

The ever-increasing need for tunnels in urban areas is, in turn, one of the most effi-
cient prime movers for the development of tunnelling technologies and, in particular, for
mechanized excavation. In the latter case, the continuous search for fast and safe solu-
tions in any conditions has significantly increased the feasibility limits for the realization
of tunnels, for example, see Figure 1.1 for the biggest (for the moment) Earth Pressure
Balance (EPB) shield in the world.

In fact, today it is possible to excavate tunnels rapidly under small overburden, in
loose ground, and under a water table, minimizing at the same time the ground settle-
ments, and not causing significant disturbances to the surface activities in an urban-
centre area, thanks to the great developments in mechanized excavation technologies
achieved in the last 30 years.

Compared with the conventional excavation methods, the clear increase in the use of
mechanized techniques in urban tunnelling is mostly due to the following advantages:

e The work environment is “factory” like, not the “mining” type, and characterized
by higher levels of comfort and safety for the workers.

Figure |.] The biggest (in 2007) EPB Shield: the 15.2-m diameter Herrenknecht S-300 for Calle 30
project, Madrid.
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e The rapidity and industrialisation of the construction cycle with possible auto-
mation for all the working processes and activities: excavation, lining, trans-
portation, mucking out and, consequently, the shortening of the construction
period.

e The possibility to measure and keep under control the principal construction param-
eters like the quantity of excavated material, the support-pressure applied on the
excavation face, the over-break, the ground movements around the tunnel periphery,
and the surface settlements.

e The low noise levels, limited dust dispersion in the environment, and minimum
disturbance to the water table.

e The use of pre-cast segments to line the tunnel, facilitating the control of the con-
struction phases, and enhancing the quality of the finished work.

e Often, the overall cost is lower than that of the conventional method.

Moreover, it is possible to state that, in some special cases, the desired infrastructures,
such as the crossing of a railway line under important historical centres, could not
even be conceived or built in urban areas, except through mechanized excavation,
because of better control of a series of high level risks involved.

It is observed that, in cases other than those of micro-tunnels (with diam-
eters of 2-3 m), which are increasingly common in cities for the installation of
new subsurface utility networks, tunnel excavation by mechanized shields has been
mainly used for construction of transport infrastructures including light-rail metro
systems.

Applications of mechanized excavation to other transport systems, which are less
frequent today but surely of great interest in prospect, concern the construction of
road penetrations and by-passes in urban areas, obviously when they are sufficiently
long to justify recourse to mechanized tunnelling. Some recent and significant projects
in this category include the ring-road around Moscow involving a 2.2 km tunnel exca-
vated using a 14.2-m diameter TBM, and the Madrid M-30 project involving a 3.6 km
long, twin-bore tunnel excavated using two 15.2-m diameter TBMs, the largest shield
machine in the world in 2007.

Even in the field of water supply structures, the excavation of large-diameter, collec-
tor tunnels using TBMs is also becoming quite common. For example, the 1.9 km long
Ivry-Masséna tunnel (TIMA) in Paris, the largest and deepest rainwater accumulation
tunnel in Europe, was excavated with a 7.9-m diameter TBM.

There are other important urban tunnels that perform multiple functions, such as
the SMART system in Kuala Lumpur (Fig. 1.2), where a 13 km long tunnel, excavated
using two 13.3 m-diameter TBMs, serves both as a road tunnel for traffic deviation
and a storm-water diversion duct to mitigate the high risk to flooding in the centre of
the city (see project details in Section 8.6).

It should be pointed out that the demand for mechanized excavation is also increasing
for installation of gas-supply and waste-disposal pipelines in urban area.

In summary, there is an ever-increasing potential for application of mechanized
tunnelling in urban areas because, in theory, any linear infrastructure that can be
developed on surface can also be readily developed underground, perhaps also with
reduced life-cycle costs.
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Figure 1.2 Pictures of Kuala Lumpur SMART Project.

1.2 THE PARTICULAR CHALLENGES
OF URBAN TUNNELLING

The development of infrastructures and the related underground space in urban areas
must, in particular, meet the requirements for sustainable development: the challenge for
Owners, Planners, Designers and Constructors, is to build both for the future and for
today in such a way as to disturb as little as possible the daily activities of the cities, guar-
anteeing at the same time the quality, safety, time, and cost targets of the development.

In comparison with tunnelling in open-space rural areas, tunnelling in urban areas
has some major and peculiar characteristics and constraints as listed below.

e The layout is strictly related to the final use and to the functional aspects of the
tunnel. Hence, in spite of the apparent “topographic freedom” of the 3-dimensional
planning, many constraints intervene to limit the alignment location, resulting
in frequent and often unavoidable, potential interferences with buildings at the
surface, underground utilities, and other pre-existing underground structures.

*  The accessibility for doing the necessary site investigations can be limited due to
a lack of permission or to the occupation of the surface.

e Urban tunnelling is generally carried out at a shallow depth for functional and
cost reasons. This gives rise to a series of consequences in terms of geology, sub-
surface, and impacts.

e The sub-surface at shallow depth often consists of loose soils, alluvial deposits,
or manmade fills. The poor quality of the ground is one of the key factors for the
tunnel design and construction control.

e The immediate underground level of the sub-surface is reserved to the installation
of underground utilities that have to be identified and assessed, in terms of the risk
of potential damage caused by tunnelling-induced settlements, and subsequently
diverted and relocated permanently, if needed.

e In many parts of the world, the cities have an important historical background.
Hence, in the immediate underground level of the sub-surface, important archae-
ological features could be hidden; these have to be recognized and dealt with,
especially when planning the tunnel accesses or the service shafts.
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e Urban tunnelling at shallow depth usually induces settlements at the surface, even
under the most strictly controlled tunnel-driving operations. The magnitude of
settlements is a function of many interrelated factors: the quality of the ground;
the behaviour of the ground when tunnelling; the control of the tunnel face and
tunnel section stability during construction; the presence of underground water
and the hydrogeological regime; etc.

e The response of buildings and utilities to tunnelling-induced settlements has to be
rigorously assessed both in normal and anomalous conditions, i.e. considering a
set of potential scenarios.

e To put the maximum effort in reducing, as much as reasonably possible, the
occurrence of anomalous conditions (excessive settlements and/or collapses) is
a ‘must’.

e The high level of interaction with the life above the surface has to be analyzed and
solved carefully with solutions that can be accepted by the public without causing
major disturbances. This implies an appropriate plan for the temporary diversion
of the traffic, an accurate planning of worksite areas, a particular attention to
control of dust and noise emissions, and a special care for safety issues.

* An extensive and redundant geotechnical, structural, and environmental moni-
toring plan is required, which needs not only extra and direct money input but
also additional human effort.

e Urban tunnelling is generally related to the implementation of strategic infra-
structure projects, which have a high political relevance. The politicians and the
financiers of the project, together with the public, will all demand for a certainty
of the project budget in terms of cost and duration.

Finally, the public opinion can heavily influence the development of the project, be-
cause it is virtually in everybody’s backyard. Hence, the public should be kept in-
formed correctly and offered the possibility to voice its opinion and give input to the
project. Further, every effort should be made to always guarantee the public safety,
so that the project can be accepted by the public and the huge negative effects of a
potentially adverse public opinion are minimized.

1.3 THE CORRECT APPROACH TO SUCCESS

Under normal conditions, the fundamental goal for the design and subsequent con-
struction of a tunnel is to assure that the work is realized within the budget and
constraints of time and cost, is stable and durable over a long time, and corresponds
to the technical specifications and requirements of the Client. These objectives are
really very important, but they are not comprehensive enough for tunnelling in a city.
Indeed, in an urban environment, it is also necessary to take into account a set of
completely distinct elements or factors (see Section 1.2) that frequently influence the
choice of the design and construction. The presence of these elements requires that
particular attention be paid to the rules like:

e Disturb as little as possible the integrity of the ground surface and the built-up
environment above.
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Figure |.3 One of the Earth Pressure Balance Shields operating in the Porto Metro; the 8.7-m - diameter
Herrenknecht TBM.

e Take into account all existing structures and all underground services, such as the
sewage system and superstructures.

*  Respect the limits specified in the design for surface settlements, which is a func-
tion of the type of ground and the pre-existing conditions (or coefficients of vul-
nerability) as well as the construction technique to be used.

*  Avoid absolutely the collapse of the tunnel face, which can cause property and/or
personnel damage.

In fact, a potential tunnel collapse in a rural, non built-up area, a hazard which should
be avoided whenever possible, can cause, at maximum, a stoppage of the works with
a variable duration depending on the time required to recover the situation and imple-
ment the measures necessary to allow the restart of the tunnel. However, a collapse
due to tunnelling in a densely populated urban area can have a very serious impact
on public opinion and, in the extreme case, it may cause damage to properties and
people or, even worse, when fatalities are involved it can lead to a complete blockage
of the project for months or even years. Clearly, the risks related to such hazards need
to be minimized, when it cannot be possible to avoid them totally, choosing alterna-
tive solutions.
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For properly managing the risks in urban tunnelling projects the following key
elements are required at the design stage:

*  Experience to define (i.e. identify and quantify) the project risks and to propose
technical layouts and technological solutions, for the conception of the infrastruc-
ture, which are consistent with the necessity to reduce the risks.

e Particular approaches and methodology to systematically and consistently ana-
lyze and manage the project risks throughout the design process.

*  Special thinking and innovative tools that can facilitate the decision-making proc-
ess, for example, by providing an easy access to, and a timely availability of, all
the collected monitoring-survey data and the investigation results to the involved
specialists.

It is clear that the first response to risk is the selection of the appropriate construction
method. Considering the huge technological improvements achieved in the last dec-
ades, the method of mechanized shield tunnelling can make construction feasible and,
at the same time, minimize the undesirable interferences. However, mechanized shield
tunnelling is not a risk-free technology, even though it is a modern and advanced
technique, and the potential risks cannot be ignored.

There are also occasions when the risk analysis approach assumes a strategic
importance for overcoming the difficult or unforeseen geological conditions. The need
(and use) of the risk analysis approach is exemplified by the construction of the Porto
Metro in Portugal (see Fig. 1.3 and Section 8.2). In this example, the potential to
encounter fractures filled with water and loose materials in the class II granite could
not be ignored and therefore, the correct approach for minimizing the risk of instabil-
ity of the ground surface (even in granite) was to apply support pressure to the face.

In general terms, the logic for the risk analysis (regarding the tunnel construction
in urban areas) would suggest that, even if the probability for a negative event (such as
a fall or a chimney type of incident under a structure or under a street crossing) can be
reduced to very low values using adequate measures, the resulting damage (including
the potential loss of human life) can render the level of corresponding residual risk
absolutely unacceptable. Therefore, it is often important to take additional, precau-
tiounary, mitigation measures such as consolidation of the foundation of a structure
or a temporary closure of traffic in the affected area, or both.

Nowadays, within the international tunnelling community there is an agreement
that Risk Management is the key to success for all kinds of tunnelling work, especially
for urban mechanized tunnelling (Parker, 2006a). In fact, “risk analysis and manage-
ment” has been a constant theme on the agenda of the ITA’s meetings, with guidelines,
procedures and models being established for risk identification, analysis, and mitiga-
tion as well as for the best practice of risk management (ITA, 2006, ITA, 2004, Grasso
et al., 2002, Reilly et al., 1999).

As shown in Section 8, in the last decade the authors developed and applied in
various urban mechanized tunnelling projects the concept of Risk Management Plan
(RMP). As already mentioned in the Executive Summary, the implementation of a
RMP has been a demonstratively correct approach to success; the approach shall be
explained in detail in some of the subsequent sections.
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1.4 A BRIEF HISTORY OF MECHANIZED TUNNELLING

1.4.1 The first excavation machine

The tireless wormy shape mollusc, shown in Figure 1.4, with the scientific name of
Teredo Navalis, will probably not be considered the precursor of mechanized excava-
tion, but at least it provided the inspiration for this technology.

Until the early 1800s, tunnel building in urban areas was possible applying two
different methods:

e Cut and Cover excavation.
e Tunnel excavation using timber frames inside the advancing cavity and immedi-
ately lining with masonry.

Those excavation methods were successfully applied in both cohesive and non cohesive
ground, also in the presence of limited water seeping through porous ground or fis-
sures, but never really under the phreatic surface.

By observing the feared Teredo Navalis excavating with its tough jaw and cover-
ing the hole with its excrement, Sir Marc Isambard Brunel found the inspiration for
the technology that later on allowed, for the first time, to build a tunnel underneath
the river Thames, in London (Fig. 1.5).

The first idea of tunnelling under a water table was in reality suggested in 1806 by
the same Brunel, for the realization of a tunnel under the river Neva in St. Petersburg
where in winter, because of the presence of ice blocks from Lake Lagoda, a bridge
constructed with piers was seriously damaged year after year. Brunel finally submitted
plans for a suspended bridge; only in 1818 did he patent for the first time his inven-
tion: the shielded excavating machine.

The opportunity to apply his technology arose in 1825, when the River Thames
tunnel underpass started to be excavated. The first excavation attempt was done be-
tween 1825 and 1828 using a shield which was found unsuitable and so removed and
substituted by a rectangular shield.

Stack (1982) described the rectangular shaped shield which was employed for the
second attempt (1835-1843): it was made of cast-iron, composed by 12 compartments

Figure |.4 The “Teredo Navalis”, working on the excavation and the lining of “his tunnel”.
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Figure 1.5 Brunel’s shield in action on the left under the Thames (Mathewson et al., 2006) which is
today still part of the “East London Metro Line” (on the right).

each about 1 m wide, divided into three cells (upper, middle and lower cells). Each com-
partment was capable of independent movement (Fig. 1.6).

The entire shield was 11.43 m wide, 6.78 m high and 2.74 m long. Chisel shaped
stoves or sliders attached to the top and bottom of each compartment slid forward to
cut and support the ground immediately ahead of the shield.

Advancement was by means of screw jacks which thrust against the finished ma-
sonry of the tunnel. Each compartment supported its part of the tunnel face by means
of 14 or 15 horizontal breasting boards, held in position of advance by means of a
pair of screw jacks.

The 12 compartments were advanced alternately one at a time; each advancement
step was no more than 15 cm. The best performance was 4.3 meters per week.

After the successful application of the Brunel machine, many inventors suggested
evolutions and innovations to improve productivity, safety, and capability to face seri-
ous water inrush. Amongst them it is worth mentioning:

* S.Dunn (1849) for the first time a patent for a shield advancing as one piece was
taken out;

e PW. Barlow (1864) made the important suggestion that [...] space as it is left
between the earth and the extension of the tunnel may be filled by injecting or
running in fluid cement |...].

It was finally A.E. Beach (1826-1896) and J.H. Greathead (1844-1896) who actu-
ally built and used shields incorporating such proposals in the same year (1869), but
Beach for the Brodway pneumatic railway tunnel in New York, while Greathead for
the New Thames tunnel in England.

In particular J.H. Greathead excavated a new, 402 m long, tunnel underneath the
Thames, this time using a circular shield with an external diameter of 2.18 m.

The construction of this tunnel was without particular difficulties, because of the
low permeability of the clay involved which guaranteed advancement without the
problem of water inflow.

To support the excavation, steel rings were used for the first time instead of tim-
ber frames. Greathead’s shield became the model for the majority of shields built
afterwards (Fig. 1.7).
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Figure |.6 Brunel’s shield representation system used for the first time for tunnel excavation under
River Thames (London 1825-1843), where workers could safely excavate inside each cell
(on the right).

Figure .7 A picture of the “Greathead’s shield”, taken in the 1900s, used for tunnel excavation since
late 1800s, illustrating the circular shape and the metallic rings lining the excavation walls.

Subsequent improvements of shielded tunnelling machines were focused on two
important aspects: the face support and a more industrialized process.

As a result, today’s mechanized excavation methods can construct tunnels more
rapidly, secure the safety of the workers and minimize the environment impact.
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1.4.2 Introduction of compressed air

Despite the success of the Brunel shield application, the problem of controlling water
inrush was not solved satisfactorily until the introduction of compressed air.

First successful applications of this face support technique were in Antwerp Dock
tunnel (1879) and in the Hudson river tunnel, New York (1880).

In particular, the failed attempt to drive the Hudson river with caisson and com-
pressed air in 1880 (Fig. 1.8) led Sir B. Baker and J.H. Greathead to suggest a com-
bined use of compressed air with the shield technology to support both the face and
the tunnel profile (Fig. 1.9). This important improvement made possible to drive suc-
cessfully 1130 m of tunnel by mid 1891 (when works were interrupted for economic
reasons) and many other tunnels in following years.

But improvements were still needed: several important problems were associated
with working with compressed air, because the entire tunnel had to be maintained
under pressure. Those problems were mainly related to:

* health problems for the workers, because they had to move frequently and rap-
idly back and forth between the front tunnel section under pressure and the rear
tunnel section under atmospheric pressure;

e the non effective application of this method to large diameter tunnels, because
the uniform compressed air pressure is not compatible with non uniform face-
support pressure (which increases vertically downward).

Only in the late 1950s an innovative solution was found using a medium of high density
to provide face support, which gave birth to the modern Slurry and EPB machines.

1.4.3 The first mechanized excavation examples

For many years excavation and muck removal were performed manually using picks
and shovels, rendering the tunnel construction an unsafe and slow process. After
many years of focused efforts by many engineers, in 1876 a mechanized solution was
found enabling tunnel construction using a shield as an industrialized process.

l""rﬁ
. ,

[

Figure 1.8 Scheme of the compressed air technology used in 1880 for tunnel construction under the
Hudson River in New York (Burr, 1885).
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Figure 1.9 Greathead’s compressed air shield in action in the silt deposit below the Hudson River in
New York. The figure shows the implied circular shape, the steel lining, and the advance-
ment for extrusion of the front (Scientific American, 1980).

The first patent in this regards was due to J. Dickinson and G. Brunton in 1876:
a first true mechanized shield, which was later on further improved by EO. Brown in
1886, J.H. Greathead in 1887-1889 and J.J. Robins in 1893.

Finally, the first mechanized machine was realized and used by J. Price in 1896-1897,
for the excavation of the Central London Railway Line (Fig. 1.10).

According to Stack (1982), the Price machine had a cutterhead consisting of four
radiating arms on which cutters or scrapers were mounted to dig and collect the loos-
ened material. The scrapers served to lift up the muck allowing it to slide down by
gravity along a chute to the waiting skips.

Successive improvement made the machine more reliable and more effective,
reaching an advance rate of 55 m/week (obtained in the Charing Cross and Hampstead
railway line).

1.4.4 The modern evolution

Starting from the prototype of Mechanized Shield by Greathead, the evolution of this
kind of tunnelling machines went very quickly to the sophisticated current types of
TBMs, following two principal roads: one for rock and the other for soft-ground.
Initially, machines for rock were only open type, i.e. without shield and with
tunnel-temporary-support practically the same as used in the conventional tunnel-
ling method. Then, to better face heterogeneous conditions, a shield was added to
some rock machines, initially only a single shield (requiring the use of segmental lin-
ing to provide the thrust for advance) and, later on, an additional shield was added,
i.e. the birth of the so-called double shield (allowing advance either with or with-
out installing segmental lining, depending on the rock conditions to be excavated).
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Figure |.10 Price’s shield developed from the prototype of Greathead’s Shield, with the first cutterhead
mechanically driven by an electric motor.

All three types of machines are currently in use and their choice naturally depends on
the ground conditions along a given tunnel route.

The machines for soft-ground were historically shielded machines; they evolved
rapidly to the type of machines capable of providing also an active support to the
excavation face, in order to better control and reduce to a minimum level the risks of
having both excessive surface settlements and face collapses.

A short description of all types of TBMs in current use is given in Appendix 1, following
the classification scheme of the International Tunnelling Association (ITA).

For some special types of modern machines, it has become very difficult to classify
them in a distinct category of machines: these special machines are often conceived
and constructed for excavating in very sensitive environments and heterogeneous geo-
logical conditions. In fact, this category of TBMs are equipped both with the facilities
of a soft-ground machine to control settlements and collapse risks, and also with the
necessary tools to excavate in rock. A first example of this kind of special machine was
the hydroshield used to excavate the EOLE tunnel in Paris (see Section 8.1) going through
sands, marls, and limestones. Another important example was the EPB machines used
in Porto Metro (see Section 8.2), which excavated ground ranging from residual soils
to fractured fresh granite of Porto.

The machines described in this book are substantially those special TBMs which
we call “city machines”, because they are especially conceived for use in sensitive
urban environment. The fundamental requirements for this category of machines are
described in Section 4.

1.5 THE SCOPE OF THIS BOOK

The short history of mechanized excavation presented in Section 1.4 has demon-
strated the human anxiety and need to search for excavation tools that are more
and more suitable for difficult situations and provide, at the same time, increasingly
higher levels of safety. In fact, after two centuries from the first idea of Lord Brunel
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to underpass the Neva river in St. Petersburg (1806) and 130 years from the first
prototype of a slurry shield invented by Sir Greathead (1874), today we are still
researching for a “perfect” machine, even though we know subconsciously that we
will never find it.

Nevertheless, in this apparently hopeless search for perfection, some important
achievements have constantly been made in terms of the safety, the speed, and the cost
of the excavation. Furthermore, with each achievement accompanied by a new practi-
cal experience, the “feasibility limit” of the technology of yesterday is raised or moved
a step forward by the technology of today, resulting in machines of larger diameters
and enabling excavations in more and more difficult conditions.

It can be stated that today many projects exercising great vision can be con-
structed and operated because of recent significant advances in technology (Parker,
2006a). Accordingly, planning of tunnels and underground space can now be bold
and visionary because new technology will develop during and after the plan-
ning stages that will positively affect the feasibility of the project. Technology is
now developing at such a fast rate, that planners and decision makers have great
opportunities and challenges to ensure that their planned tunnel or underground
space will be at, or exceed, the state-of-the-art at the time their underground facility
will be constructed.

The great benefits of the encouraging achievements have shown that not only we
should not stop the search for the “perfect” machine, but also there is a constant need
for both applied and basic research in the field of mechanized tunnelling, in general.
Therefore, one of the purposes for compiling the available technological information
and putting forward the concept of a “city machine” in this book is to stimulate more
creative thinking regarding the current and future needs of research, in the light of
sustainable development of urban environment while tapping the resource of under-
ground space.

As explained in Sections 2 and 3, successful tunnelling in the cities requires a cor-
rect understanding of the urban environment which is made up of dense infrastruc-
tures on the surface, above-surface and subsurface utilities, and man-made ground as
well as the natural geological medium. While the first three components may be, to a
certain extent, documented and can be investigated with relative ease, the last element,
i.e. the natural ground, represents the most difficult element to be understood. Due
to the diverse origin and history of the ground found in different city environments,
no two natural deposits are exactly alike with regard to their physical properties and
behaviour. Indeed, as pointed out wisely by Peck (1969), the engineering properties
cannot be specified, they can only be investigated, determined, and coped with under
the physical conditions to which they may be subjected, whether in foundations, excava-
tions (tunnels or trenches), or other engineering works. No two jobs are exactly alike.
Yet the designer must design and oversee the construction of a project that serves its pur-
pose safely and economically. This leads to other important objectives of compiling
this book, i.e. to let the potential owners or clients of future urban tunnelling projects
know what is the correct approach, methodology, scope, etc. for an urban tunnelling
project, providing them (where appropriate) with checklists, so they can expect and
ask for the best engineering services from the market. Consequently, another princi-
pal purpose of this book is to give a comprehensive review of the state-of-the-art of
the mechanized excavation technology at the beginning of the third millennium and
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indicate particularly a methodology for the design and construction-control of mechanized
tunnelling in city environments.

As previously emphasized, when analyzing the challenges faced by anybody want-
ing to construct a tunnel in a city, the only correct approach to deal with this type of
problems is through a rigorous and complete analysis of the risks involved. It was also
anticipated that the choice of the excavation method should necessarily be directed
towards shielded TBMs with pressurized face support, such that the selected method
should constitute the “primary counter measure” to the major risks identified in the
project. It shall also be shown later that only through implementing a rigorous moni-
toring plan and control mechanism of the tunnel construction process, by means of a
series of operative procedures (“secondary counter measures”), it will be possible to
assure the success of the project.

All these themes will be treated in detail in the subsequent sections of this book,
to arrive at the conclusion that the choice of the excavation methods, the monitoring,
and the control of the execution, aimed at eventually modifying and/or optimizing the
design, are all the elements of a wide process which should be managed in a unitary
way. Figure 1.11 gives a flow chart of the key elements of a mandatory approach for
tunnel construction in urban areas.

One may think that this approach is another version of the old “design as you
go” method, which maintains (correctly) that the design has to be flexible enough
for changes to be made during or subsequent to construction of remedial works. The
concept is clearly valid for all kinds of large infrastructure projects, but it will espe-
cially find application in underground construction projects or geotechnical engineering
works in general, where the uncertainty regarding the input data is generally high
and is mostly related to the poor knowledge of the characteristics of the ground to be
excavated or, in any case, to be “treated”.

In the presence of uncertainties, and of possible unforeseen conditions, the Designer
may be induced to be over cautious, taking into examination the worst cases or the
poorest geotechnical parameter values (if not combining the worst of both!), producing
thus a kind of “worst case design” generalized for the entire project, while the real neces-
sity for such a worst-envelope case may be limited to just some parts of the project.

Similarly, it is possible to make a comparison between the advocated approach
and the so-called “observational method”, code-named by Ralph Peck in the distant
1969, the latter being opposite to the “predefined design method”.

It is certainly useful to recall the definition of the observational method given by
CIRIA (1997) as “...a continuous, managed and integrated process of design, construc-
tion control, monitoring and review which enables previously-designed modifications
to be incorporated during or after construction as appropriate. All these aspects have
to be demonstrably robust. The objective is to achieve greater overall economy without
compromising safety” (“Meeting Report”, Ground Engineering, May 1998).

It is also interesting to note the following disadvantages of the “observational
method” pointed out by the members of the CIRIA study team (which include Sir Alan
Muir Wood):

e Absolute planning is not possible.
*  Restriction on method of construction.
*  Need for good control system.
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Project and Construction
Management (Not discussed N
in this Book)

Figure |.1| Key elements of a mandatory approach for tunnelling construction in urban areas.

e Sophisticated level of engineering and construction management.
e Ability to handle risk is mandatory.

e Ability to live with uncertainty.

e Only limited use on small nonlinear multidiscipline sites.
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The principles enunciated in the earlier paragraphs are fully respected by the design
method based on Plan for Advance of Tunnel, PAT, presented in Section 2.7, with a
rational use of the probabilistic criteria and the elimination, at the same time, of most
of the limitations of the observational method, thanks also to the modern techniques
of probabilistic analysis, monitoring and control, and “Risk Management” avail-
able today. In fact, with the PAT methodology the above list can be reconsidered as

follows:

“Planning and Cost estimation™ are not only possible, but also necessary for mak-
ing informed/conscious choices, yielding more reliable results than those given by
the conventional deterministic design, by applying tools like DAT (Decision Aids
in Tunnelling, see Sections 3 and 5 for details).

The “Restriction on method of construction” shall no longer exist, thanks to
the modern techniques of mechanized excavation, taking into consideration
that sometimes it is obligatory to use certain methods, for example, excavat-
ing in “closed mode”, as a response to the results of the risk analysis (see
Section 4).

The subsequent “Need for good control System”, “Sophisticated level of engi-
neering and construction management”, “Ability to handle risk mandatory”,
“Ability to live with uncertainty”, have all become indispensable requirements
for success of a project in urban environment and, after all, their presence is the
only possibility for the success of the project in terms of respecting the construc-
tion time and cost (see Sections 5 and 6).

Not “Only limited use”, but “No limits to the use” of this methodology, indeed,
the larger and the more complex a project is, the more it lends itself to be man-
aged using the advocated methodology (see Section 8 “Case histories”), to as-
sure the execution of the tunnelling works without causing any damages to the
surroundings.

Client -contractor
Geological Supervision team
conditions
Training Workmanship
Structure Ground treatment
performance loading Monitoring Interpretation

Risk Management
Successful
Project

Figure |.12 “Balance” of Risk Management, representing the precarious equilibrium of “Observational

Method” (Ground Engineering, May 1998).
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Figure 1.13 The “Active Stabilization” of the process, by means of the “Plan for Advance of Tunnel” (PAT).

This book intends to demonstrate what has been introduced in this section and is
illustrated in Figures 1.12-1.13, showing how the use of the control techniques
and the continuous updating of the design-construction protocol called PAT could
help to “stabilize” actively the equilibrium, otherwise known as unstable by the
observational method.
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Initial risks: definition, analysis
and management

Formal Risk Management has become an important tool in many technical fields
and is being more widely accepted by the tunnel and underground industry. It is now
(2007) becoming more common for underground projects to systematically and con-
tinually conduct formal risk management evaluations at all stages of planning, design,
construction, and operation of underground projects.

Indeed, guidelines for systematic risk management published by the International
Tunnelling Association (ITA, 2005) have become a standard for the industry. The
insurance industry, especially the re-insurance industry, is very actively promoting
risk management at all stages of a project in order to minimize insurance losses. An
International Code of Practice, which follows the ITA guidelines closely, has been
published by the International Tunnelling Insurance Group (ITIG, 2006). This interna-
tional code was based on an earlier Code developed by the British Tunnelling Society
(BTS, 2003). Accordingly, the practices of risk management described in this Section
are being endorsed and enforced by a worldwide increasing number of projects.

In simple terms, the risk management approach consists in identifying and listing
the potential hazards associated with the tunnelling activities, assigning a probabil-
ity of occurrence to each hazard, and allocating an index of severity to the conse-
quence. The next step involves a definition of the measures to reduce the probability
of occurrence of an event and to reduce the severity of the consequence (the so called
“mitigation measures”). An example of the use of the Risk Management Plan, RMP,
is provided in Appendix 5.

In practice, the degree of risk associated with a probability-impact pair is rated,
and the rate can be quantified as a product of the probability (percent) and the index
of severity (or impact) as a percentage of the maximum conventional value, thus
defining the “initial risk level”.

In cases where the initial risk level is not acceptable, the relevant mitigating meas-
ures should be identified and designed. After application of the mitigation measures,
an analysis should be performed to reassess the remaining risk level, obtaining an
updated risk level, which is called the “residual risk level” and which should be exam-
ined for acceptance as the maximum risk level that is to be confronted with its “global
cost”, necessary for reducing or completely eliminating the risk itself. Figure 2.1, which
a simplified version of Figure 2.2(b), illustrates the relationship between the initial
and residual risks.
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Figure 2.1 The risks level definition.

2.1

BASIC DEFINITIONS

One of the principles of the Risk Management Plan, RMP, is a clear definition of the
basic terms to avoid misunderstanding (Chiriotti ef al., 2003). The various terms used
in this section are defined below:

“Hazard” is an event which may translate into a situation that has a potential
to cause damage. To each hazard are associated a probability (or likelihood) of
occurrence, P, and an impact (or consequence, or severity), I, in terms of safety,
time, and cost.

The risk, R, associated with an identified hazard is defined as the product R =PI,
and is called “initial risk” (Fig. 2.2).

The “project-based risk acceptability” is a set of criteria for defining if an initial
risk in a certain context can be assumed or has to be reduced (through specific
mitigation measures) at the design and/or construction phase.

The “mitigation measures” consist of a set of predefined measures to be system-
atically implemented at various stages of a project in order to reduce each single,
unacceptable initial risk, with respect to the acceptability criteria, by acting on its
probability and/or its impact.

The risk remaining after the implementation of the mitigation measures is called
‘residual risk’ (Figs. 2.1, 2.2b). Residual risks refer to the acceptable risk levels.
The “key-parameters” are those elements on which the residual risks depend or
by which the residual risks can be controlled.

The “countermeasures” are those actions, defined at the design stage, which
will be activated during construction according to predefined triggering criteria,
should the key-parameters reach predefined thresholds.

Hazards are something we can do little about, except identifying them. The risks they
pose can be (and should be!) reduced.
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Figure 2.2 Initial and Residual risk values.

2.2 SOURCES OF INITIAL RISK IN MECHANIZED
URBAN TUNNELLING

The main sources of risk addressed in this book, and associated with urban mecha-
nized tunnelling projects, are related to geology and hydrogeology, design, and con-
struction (Chiriotti et al., 2003).

*  Geology and hydrogeology related risks could depend on:

- limited investigations at design and/or construction phase (see Appendix 3
for details of geotechnical investigations);

— lack of site accessibility;

— inappropriate on site and/or laboratory tests;

— insufficient understanding of rock mass/soil behaviour;

— insufficient understanding of rock mass/soil response to tunnelling;

— insufficient understanding of the peculiar mechanisms of ground failure;
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lack of systematic face-mapping during construction,

lack of validation/update of the geological and hydrogeological model
during construction, and

local conditions being different from those foreseen for the design.

*  Design related risks could depend on:

insufficient experience of the Designer;

incomplete analysis of the potential risk scenarios;

incomplete evaluation of loading conditions acting on the lining;

low or difficult constructability of proposed solutions;

lack of design flexibility to adapt to the actual ground conditions;
inadequate method for predicting settlements and assessing potential dam-
ages to existing buildings/utilities;

inadequate definition of the operational ranges of the TBM’s key parameters;
inadequate monitoring system and/or frequency of readings;

lack of predefined threshold limits for the monitored parameter;

poor or missing definition of counter measures, and;

poor or missing definition of triggering criteria to activate the counter-
measures.

e Construction related risks could depend on:

inappropriate choice of the construction method;

poor management of the ‘learning curve’ period;

lack of Contractor experience;

lack of training of the personnel;

inadequate procedures;

incompatibility of the TBM with the ground;

major mechanical failures;

inadequate logistics;

inadequate face pressure;

inadequate injection of the tail void;

lack of TBM’s parameter controls and/or review and interpretation;
insufficient probing ahead of the face;

occurrence of instabilities;

non-ideal performance or behaviour of the shield machine itself, and;
deviation of the actual ground-machine system behaviour from the theo-
retical one.

The above list is not exhaustive, but gives an idea of the complexity of the variables to
be taken into account and draws attention to the need of working by comprehensive
check-lists as the first step to address risk management consistently.

2.3 ANALYSIS AND MANAGEMENT OF RISKS: THE RISK
MANAGEMENT PLAN

Urban mechanized tunnelling can be associated with a series of risks and the prin-
cipal risks generally derive from the uncertainties and hazards associated with the
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geological, hydrogeological, and construction conditions or parameters, plus the
political and/or public opinion constraints that require special attention. Materialisa-
tion of these risks can have negative impacts on the project performance with respect
to time, cost, safety, and environmental aspects.

The Risk Management Plan (RMP) is a robust and transparent risk-management
methodology composed of clearly identified steps and tools for managing such risks.
The objective of implementing a RMP for a project is to ensure that all risks are
reduced to acceptable levels and managed most efficiently. An RMP should be estab-
lished based on four essential principles (Grasso et al., 2002a; Chiriotti et al., 2003):

e Risk Identification:

define project objectives and requirements;

establish the tolerance of the Owner to the risk, both for the degree of
uncertainty and for the level of risk assumption;

characterisation of a Project Reference Scenario and identification of risks
through the preparation of a Risk Register (i.e. a complete list of potential haz-
ards and related initial risks) covering all the project disciplines and phases.

e Risk Quantification:

for each identified hazard, the potential causes are specified and the risk
is evaluated through an assessment of its probability of occurrence and its
impact on the project,

a preliminary estimate of the Project vulnerability to different types of risks
is achieved if qualitative evaluation methods are used (e.g. engineering
judgment), while a more reliable estimate can be provided if quantitative
methods, such as probabilistic analyses, are used to define both P and I;
an order of priority is assigned to the identified risks and a selection is made
of those risks which need to be considered later on and are not acceptable.

* Risk Response Development:

if a risk is unavoidable, it has to be mitigated by identifying a list of re-
sponse actions: a design approach and/or a construction technique and/or
an installation method to reduce the initial risk;

assuming that the mitigation measures have been implemented, the risk
has to be re-evaluated in order to quantify the residual risk, taking into
account the fact that, after the introduction of the mitigation measures, the
responsibility for managing the residual risk may be changed;
systematically communicate and/or further reduce the residual risks.

* Risk Response Monitoring:

make sure that construction/installation procedures are in place for ex-
ecuting the works in accordance with the strategies identified, at the design
stage, to reduce the initial risk;

design an efficient Plan of Controls to manage residual risks during con-
struction, installation and testing; this implies that key parameters/indi-
cators to control quality, safety, and progress of the works have to be
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identified and relevant monitoring procedures (i.e. instrument type and
location, frequency of the readings, alert and alarm thresholds, etc.) have
to be put in place;

- design a robust Plan of Countermeasures to be implemented during con-
struction if alarm thresholds are exceeded. For extremely critical situa-
tions, an Emergency Plan also needs to be prepared.

The Logical sequence of RMP components (or steps) is given in Figure 2.3.

The activation of the RMP assures the timely identification and resolution of po-
tential problems. Hence, the RMP should be: implemented as soon as possible; inte-
grated in all phases of the project, from conceptual design to exploitation; extended to
every single investigation, design, and construction discipline involved in the Project.
The objective is to reduce, to a level as low as reasonably possible, all the risks iden-
tified in each phase of the Project life and to implement the preventive measures for
reducing risks during construction.

As a logical consequence, the RMP should be intended as a dynamic process that
needs to be handled, updated, integrated, and communicated along the entire Project.
Hence, ensuring that the Risk Register is periodically and systematically updated is
one of the essential features for a successful application of the approach.

The implementation of the risk management should incorporate the different
technical perspectives and involve the participation of all the concerned parties: Owner,
Project Management, Supervisor, Contractor, Experts and Designer.

Project risks can also depend on how the management of Project interfaces is dealt
with. In fact, urban mechanized tunnelling is generally related to huge infrastructure
projects such as metros, urban railways, storm-water conveyance tunnels, and service
tunnels for utilities, sewage or roads. Consequently, the Project consists of different dis-
ciplines that have to converge to deliver the final result in quality, on time, and within
budget (i.e. reducing all the risks that are potentially against the achievement of these
objectives). A method to successfully ensure this convergence and to facilitate the imple-
mentation of the RMP is the use of a ‘Group of Permanent Coordination’, GPC, in a
Centralised Design Management structure (Grasso et al., 2007) aiming to identify, man-
age, and coordinate the interfaces between disciplines/activities during both the design
and construction, to prevent blockages and problems before they arise, and to find solu-
tions when there are conflicts. The Group of Permanent Coordination, GPC, can be set
by the Owner or can be promoted by the Designer. The GPC is in charge of: guaranteeing
the coherent and integrated development of the project, leading the onset of the inter-
faces among the disciplines, and addressing and managing the resolution of risks.

The establishment of an ‘Exchange Table’ within the GPC is not only a physical
place of interface coordination where specialists meet each other, but it is also the ex-
pression of a shared working methodology that permeates into the domains of all the
Project Actors. The Exchange Table is then the right place to activate and coordinate the
RMP among the Actors, for example, by initially compiling the Project Risk Register.

Last but not least, when applying an RMP, the following factors should be kept
in mind:

*  “No construction project is risk free. Risk can be managed, minimized, shared,
transferred, or simply accepted, but it cannot be ignored” (Sir Michael Letham,
1994 also reported in Clayton, 2001).
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e Realistically, not all risks associated with underground construction can be
entirely avoided or mitigated.

e In fact, risk management will not remove all risks from the projects.

e For each risk, it is necessary to determine the level of acceptance.

e The RMP should be integrated in all phases of development of a project.

e The RMP is a dynamic process: initial risks will have to be constantly updated
during the project life, while specific strategies for controlling the known residual
risks will have to be put in place, and residual risks will have to be systematically
re-assessed.

e The Client and the project manager must recognize that a certain risk will remain
to be borne by the Client. This ‘residual risk” must be accounted for in the Client’s
estimate of time and cost (Thompson et al., 1992).

2.3.1 Identification of initial risks: the use of the Risk
Register

Once the designer has identified the basic requirement of the Client and his tolerance
to risk, the process of risk identification along the tunnel alignment and in the tun-
nelling process should be preceded by the definition of the Reference Design Scenario
that involves the following actions (Chiriotti et al., 2003):

e formation of a group of specialists according to the size and complexity of the
project;

e a desktop study to gather all relevant information which could influence the
choice of the construction methods: published data on the regional and local geo-
logical and hydrogeological conditions, utilities network, and sensitive structure
along the identified project corridor; this information should be complemented
later on by adequate surveys and investigations;

e collection and critical review of the experience gained from similar conditions,
especially those where risks did actually become manifest, consulting also the
Contractors and equipment Suppliers involved;

e collection of site investigation data and use of the field work done by experienced
geologists and hydrogeologists to produce the best estimate of the geological
model, the likely ground conditions, and their variability;

e identification of the possible construction techniques, and

e characterisation of the typical sections of the tunnel.

Once the Reference Design Scenario is defined, workshops and engineering judgment
based on previous experience are used for identifying the associated risks through a
check list (also integrating a check list from a similar project), i.e. start compiling the
first part of the so-called Risk Register.

The Risk Register should be structured to include all of the following parts:

e families of hazards and, within each family, the list of hazards and their causes;

e quantification of the likelihood and impact of the hazards and, hence, of the risks;

* indication of unacceptable initial risks;

e identification of a specific strategy to reduce each initial risk (mitigation
measures), and
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* quantification of residual risks through a re-assessment assuming that the mitigation
measures have been implemented.

The ultimate results of the analysis of initial risks shall provide a guide for making the
necessary adjustments of the Reference Design Scenarios, selecting the best construc-
tion method for the tunnel, designing a plan of additional site investigations to reduce
uncertainties, and identifying the optimum project alternative and all the relevant and
necessary design and construction actions to be carried out.

If properly used, the Risk Register becomes an effective guide for development of
the project, since it allows to support the strategic project decisions and to track, in
a ‘tabloid’, the proposed action plan in terms of organisation, investigations, and the
design and/or construction needs to reduce the identified risks.

In order to start listing the families of hazards, one should consider that design-
ing the civil works of a new underground infrastructure in an urban area means
starting from factual data to give birth to an ambitious idea that has to become a
reality through the construction. Hence, the families of hazards have to be looked
at in two parallel contexts: design input and construction methods. An example of
Risk Register structure, which is not meant to be exhaustive, with the identification
of hazards within different families of factual data and construction hazards, is given
in Figures 2.4 and 2.5.

Among factual data and input information, families of hazards can be related
to geology, hydrogeology, geotechnics, hydraulics, utilities, buildings, environment,
road conditions, etc. For each family the list of peculiar hazards can be produced
by interviews with key project participants and/or brain-storming within the project
team. Figure 2.4 gives an example of a list of identified hazards related to geology,
hydrogeology and geotechnics.

Regarding the selected construction method (e.g. EPB-TBM), families of hazards
can be related to technology, start-up, drive, construction procedures, lining, tail void
injection, dismounting of the TBM at the end of the drive, transport of the TBM
through town, human factors, etc. Figure 2.5 describes an example of a list of identi-
fied hazards related to the drive mode and the segmental lining.

Causes can be intrinsic in the hazard or can be related to aspects that are not
properly dealt with during investigation, design, and/or construction. An example of
identification of hazard causes is given in Table 2.1.

The result of the brainstorming session will be a comprehensive list of potentially
critical situations that will have to be quantified (i.e. quantification of the associated
risk) and to be given a response at the design stage, through proper design choices or
through design prescriptions for the subsequent construction phase.

A rule derived from experience is that a Risk Register should be updated con-
stantly during the project life and used to communicate and share risk policy and
residual risk acceptance.

2.3.2 The initial risk: qualitative risk analysis

Risk analysis can be both qualitative and quantitative, but in the relatively early
step of the project qualitative risk analysis is often used. The qualitative risk analy-
sis also becomes necessary whenever the nature and extent of the data are not suf-
ficient for developing meaningful statistics and when the statistical analysis of the



L

— Geology I—
—— Hydrogeology
——  Geotechnics I—'
——  Hydraulics I
FACTUAL DATA
and — Utilities I

RISK REGISTER

checklist -2" level
LIST OF HAZARDS

INPUT

INFORMATION T W
Road conditions |
—— Grther constraints |
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Table 2.1 Simplified example of listing hazards and related causes referring to input information and
construction method in a urban mechanized tunnelling project.

Family of hazards  Causes

Design Construction (mechanized)
Factual dataand - Insufficient data collection — TBMis not equipped to probe ahead
input information — Insufficient field work of — Face mapping is not systematic during
GEOLOGY experiences geologists cutterhead maintenance and

— Local experts not involved

— Lack of site investigations to -
reduce local uncertainties

— Lack of geological model validation —
during pre-construction activities
(boreholes to install in-ground
monitoring equipments)

— Lack of geological model validation
during construction (probing ahead,
face mapping)

whenever possible

Lack of strict controls of face pressure
to maintain face stability

Recruited personnel without enough
experience

Factual data and  — Insufficient data collection -
input information — Late start in the collection of data  —
HYDRO- — Groups of available data statistically
GEOLOGY not meaningful -
— Insufficient tests both on site and
in labs -

— Ground failure mechanisms related
to tunnelling not fully understood

Insufficient piezometers

Insufficient correlation studies of
rainfall data vs. piezometric readings
Late start in the installation of
monitoring instruments

Monitoring instruments not installed

Factual data and - Insufficient data collection -
input information — Groups of available data statistically
GEOTECHNICS not meaningful -
— Insufficient tests both on site and
in labs
— Tests are not adequate to define all
the peculiar behaviour of the ground
— Design using just average parameters
— Ground failure mechanisms related
to tunnelling not fully understood

Lack of controls on the excavated
material

Lack of correlation of TBM parame-
ters and geotechnical conditions at
the tunnel face

Construction — Operational face pressure ranges -

method not prescribed

(EPB-TBM) — Operational face pressure ranges  —

DRIVE calculated by using inadequate
methods -

— Lack of prescriptions for the
advance mode -

— Lack of prescriptions for validating
advance mode and face pressures
during construction according to -
the encountered conditions

— Insufficient collection of data on -
potentially interfering structures

Lack of automatic controls of key
driving parameters

Face pressure out of prescribed
ranges

Advance mode not consistent with
the prescribed one

Lack of procedures for validating
advance mode and face pressures
during construction

Unexpected underground

feature causing pressure loss
Recruited personnel without enough
experience

(Continued)
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Table 2.1 Continued

Family of hazards  Causes

Design Construction (mechanized)
Construction — Insufficient reinforcement in the — Lack of quality controls during
method segments segment production
(EPB-TBM) — Wrong or low-pressure resistance  — Lack of quality controls during
LINING gaskets construction
— Insufficient load conditions — Lack of maintenance
considered during the dimensioning — Defective installation
of the segments — Defective storage and handling of the
— Critical scenarios not considered segments during transportation

in the dimensioning of the segments  and on site
— Recruited personnel without enough
experience

data cannot identify the specific problems (such as location of the faults or anomalous
ground).

The process of qualitative risk analysis starts with the identification of risk and
aims to give an initial risk assessment.

The Risk Register is used to associate with each identified hazard the probability
of occurrence and an impact in terms of likely consequences, including a first ap-
proximation of their potential effect on health and safety, estimates of cost and time,
and exploitation.

Probability (P) and impact (I) are assigned using the qualitative scales that are
prepared to suit the requirements and constraints of the typical project. An example
used for the Porto Metro Project is given in Figure 2.6. For both the definition of the
qualitative scales and the assignment of P and I to hazards, engineering judgment is
used, again through interviews with key project participants and experts and through
brain-storming sessions with the project team and experts.

The qualitative description given to probability has to be relevant to the project
duration and conditions. The impact can be assessed in terms of: health, safety, and
environment impact during construction; construction delay; foreseeable extra-costs;
health, safety and environment impact during exploitation. The criterion for quali-
tatively assessing the impact has to suit the peculiar characteristics of the Project and
can also consist of a combination of criteria.

In the case of Figure 2.6, three criteria were used for assessing the impact : (1)
health, safety, and environmental impact during construction; (2) commercial impact
(extra-cost for additional safety measures); and (3) health, safety and environmental
impact during exploitation. By defining P and I, the risk, R, is defined as their prod-
uct. Hence, construction, commercial, and operational risks are estimated separately
(see Fig. 2.7). The resulting scale of risks (or risk matrix), with score rates from 1 to
25, is associated with a level of estimated risk (from irrelevant to unacceptable, see
Fig. 2.7) and, more important, with the project-specific acceptability criteria (‘low’ =
accepted; ‘medium’ = to be further analyzed in order to decide whether to accept or
reduce it; ‘high’ = to be reduced). Risks can then be prioritized, singling out those that
need to be mitigated and those that can be accepted.
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SCORE DESCRIPTION | DESCRIPTION
| Improbable About | in 1000
2 Remote About | in 100
3 Occasional About | in 10
4 Probable More likely to happen than not
5 Frequent Expect it to happen
SCORE | HEALTH, SAFETY AND ENVIRONMENT COMMERCIAL RISK H, S AND E RISKS DURING OPERATION

Risk during construction

Cost of implementing safety
measures

(assuming |00yr life)

Minor injuries/inconveniences.
Operative can continue work. Short
term local damage

[ 10k extracost

Minor injuries/inconveniences. Operative
can continue work. Short term local damage

Minor injuries. Operatives require first
aid treatment. Stop work. Medium
term local/ regional damage

[ 100k extracost

Minor injuries. Operatives require first aid
treatment. Stop work. Medium term local/
regional damage

Reportable / lost time injury or illness.
Long term local/ regional damage

Delay in project of several
weeks. Cost to project 1Ms

Reportable / lost time injury or illness. Long
term local/ regional damage

Major injury or illenss with long term
effects. Long term widespread
damage

Delay in project of several
months. Cost to project
(10Ms

Major effect to city. Closure of a railway for
at least 24 hours

Fatalities. Widespread permanent

Potential close down project

Fatalities. Widespread permanent damage

damage

Figure 2.6 Examples of the qualitative scale of the probability and the impact of an event.

Alternatively, the impacts from the various categories of risk-generating aspects
(referred to in Fig. 2.9): ‘construction’, C1; ‘commercial’, C2; and ‘exploitation and
long-term safety’, C3 can be added to obtain the total impact I = [(C1) + I(C2) + I(C3).
In this case, a unique risk matrix will be obtained, as shown in Figure 2.8.

Figure 2.9 provides an example of Risk Register Form. After identifying the haz-
ards, the Risk Register Form is used to track the specific risk analysis of each haz-
ard. The hazard, for example, ‘tunnelling - TBM operation - ground loss’, is given a
code. Then it is described by listing its causes and describing qualitatively estimated
consequences in terms (for example) of construction, commercial, and exploitation
impacts. Based on the specific qualitative scales of P and I, the initial risk is quantified
and, in case it is unacceptable, mitigation measures are listed to be implemented both
at the design and at the construction stages, in order to reduce the probability and/or
the impact. By assessing again, both P and I, and assuming that the mitigation meas-
ures are in place, a qualitative estimate of the residual risks can be obtained.

The Risk Register Form can be completed with additional information such as the
Owner of the initial and of the residual risks (sometimes, after implementing the miti-
gation measures, the risk owner can change) or the estimate of the residual additional
cost, in case residual risk materializes. The latter information, even if it is produced
through engineering judgment, allows the uncertainty in the cost to be declared, as
recommended in Figure 2.3.

The main advantage of the qualitative risk analysis is to allow the proper tuning
of the Reference Design Scenario in a clear, consistent, and shared way. The quali-
tative risk analysis is usually based on the rich experience of the designer and his
experts who systematically analyze every single detail to create the comprehensive list
of actions that can make the Reference Design Scenario become the Most Safe Refer-
ence Design Scenario.
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LEVEL OF
RISK

REQUIRED ACTIONS

substantial

The construction is not initiated before the risk has been reduced. The
solutions for risk exist, but require the use of additional resources.

The construction can be started and continued until such time as the
counter measures need to be implemented.

significant

PROBABILITY

HEALTH & SAFETY RISK COMMERCIAL [ OPERATIONAL
RISK RISK
Check that no further risks can be eliminated by Seek alternative, and assess cost
modifications of design. to benefit ofmitigation measures in
Proceed with design. relation to severity of risk.

Consider alternative design or construction method. | Disseminate risk assessment

If alternatives are not available, specify precautions information to senior

to be adopted. management, affected stake

List residual hazards in risk register. holders and third parties as
appropriate.

Seek alternative solutions. List residual hazards in risk

If alternatives are not available, specify precautions register.

to be adopted, and advise senior management and
Planning Supervisor (where applicable).

List Residual hazards in risk register.

Figure 2.7. Example of a qualitative scale of risk associated with an event.

PROBABILITY

7-9

IMPACT

Figure 2.8. Risk Matrix and acceptablility criteria for | = [(Cl) + I(C2) + I(C3) (see Fig. 2.9 for additional
illustration).

However, the qualitative risk analysis is not sufficient for reaching the goal of
RMP. In fact, the qualitative risk analysis is not able to provide answers to the fol-
lowing questions:

* Based on the identified risks, what is the reliability of the estimated project cost
and duration?

*  How much impact do residual risks have on project cost and duration?

*  How can different project alternatives be quantitatively compared, from the per-
spective of (1) their effectiveness in managing the identified risks, and (2) reduc-
ing their impacts on potential cost and time overruns?



REGISTRY OF RISK IN MECHANIZED TUNNELLING

CODE: TUNOI

| HAZARD: Ground loss

DESCRIPTION

Ground loss leading to excessive surface settlements

CAUSES

CONSEQUENCES (components of impact |)

0 Over-excavation Cl — Construction (schedule, health and safety)
O Insufficient face pressure Major construction problems related to potential
O Incorrect cutterhead speed long-term stoppages of the works and damage to
O Unexpected ground feature third parties.
0 Slow response of operator to changing C2 — Commercial (cost)
conditions intersected Medium cost impact for repairs; severe cost
impacts in case of evacuation, induced damages
and/or fatalities.
C3 — Exploitation and Long-term Safety
Minor issue during exploitation.
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E
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NOTE: Initial Risk UNACCEPTABLE
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IMPACT

MITIGATION MEASURES

DESIGN PHASE

CONSTRUCTION PHASE

Q Calculate the operational ranges of the TBM key | O Implementation of TBM construction procedures
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To give effective answers to the above questions, a further step has to be taken in the
RPM: the quantitative risk analysis.

2.3.3 The initial risk: quantitative risk analysis

Quantitative risk analysis means substituting the qualitative risk judgment with a
quantitative estimate of the probability and impact of a hazard or risk event.

Statistics allow assigning a probabilistic distribution to various events, both dis-
crete (e.g. through Poisson distribution) and continuous (e.g. through Gaussian, loga-
rithmic, or exponential distributions).

Probability describes the level of uncertainty associated with a variable. In the field
of urban mechanized tunnelling the concept of probability can be applied to most of the
project input variables, such as the geotechnical parameters, the spatial sequence of the
state of a parameter (e.g. lithology changing from A to B to C along the tunnel profile),
the duration of a construction cycle, and discrete events such as the rise of an adverse situ-
ation (e.g. unknown ground feature, tunnel face instability, accidents, etc.).

Hence, data regarding the ground characteristics, the construction variables, and
the unpredictable events can be treated statistically to identify the most appropriate
probability distribution function for each variable. For example, the unconfined com-
pressive strength of the ground and its modulus of deformation can be represented
through a Gaussian distribution; joint spacing is well described by a negative expo-
nential distribution, and a simple triangular distribution can be used to represent the
duration or cost of a single construction cycle under predefined conditions.

From the geological and geotechnical/geomechanical points of view, the concept
of probabilistic characterization allows for the definition of a probabilistic geologi-
cal profile, hence permitting visualization of the level of uncertainty associated with
the ‘geo’ aspects. The main advantage is that the geological uncertainty is considered
explicitly, in comparison with the classical engineering geological profile that is just a
best-guess, representing the most likely conditions along the tunnel alignment (i.e. one
of the possible predictions based on the geologist’s experience). In urban tunnelling,
the geological profile does not influence heavily the calculation of the tunnel segmental
lining since, being in a situation of shallow cover, the load condition to be considered
for the dimensioning is generally the overall overburden. However, the geologic profile
does influence many other aspects: the confining pressure to be applied at the tunnel
face, the injection pressure of the annular tail-void, the potential of settlements, the
width of the settlement trough, the wearing of the cutters, the advancing speed, and the
potential for over-excavations and collapses if the excavation procedures are not timely
adapted to sudden geological changes at the tunnel face (see Section 6). Finally, the
geological profile also influences the time and costs. Therefore, it is possible to prepare
a probabilistic profile to introduce the concept of ‘variations’ in terms of time and cost
impacts.

Quantifying the impact of a hazard is mainly done to quantify its consequences
in terms of project time and cost from different perspectives (e.g. construction, main-
tenance, exploitation). That is, to quantify how a potentially critical event, E, whose
likelihood of occurrence is described by a probability, P, can impact the cost of the
project in reference to a best-estimate base cost. Because the estimate of a future
project cost or schedule involves substantial uncertainties (risks), the uncertainty must
also be included in the cost-estimating process.
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Considering that there are natural fluctuations in the project time and schedule due
to the likely range of variation of some of the input parameters (e.g. geology and con-
struction aspects), and considering that risk events, if they occur, all produce impacts
which add cost and/or time to the project, the cost estimation must include both the ex-
pected (or foreseen) variation and the risks (i.e. account for uncertainty), using a logical
and structured process. A range of ‘probable costs’ can then be defined (Figure 2.10).

The ‘range of probable costs’ consists of three components (Grasso et al., 2006):

e The ‘normal cost’, that is the best-estimate of the basic cost, is calculated on the
basis of a “bill of quantities” with reference to the Most Safe Reference Design
Scenario.

e A ‘variance’ corresponding to the foreseen variation in the ground and construc-
tion parameters.

*  The cumulative cost of each identified residual risk.

In urban mechanized tunnelling projects, unacceptable residual risks can be due to the
occurrence of face instability when operating by a combination of open and closed
modes when the closed mode is not timely activated in response to the changes in
geology at the tunnel face or when, due to human error, an inadequate face pressure
is applied.

The ‘variance in cost’ is not calculated directly. It is assessed by subtracting the
normal cost from the range of total cost obtained by simulating (a relevant number
of times) the process of construction along the probabilistic profiles. A Monte Carlo
sampling procedure can be implemented to extract from the distribution of the vari-
ous parameters the values to be used in the particular simulation. The simulation also
accounts for the probabilistic distribution of duration and costs of the tunnel con-
struction in each particular geotechnical context identified along the tunnel layout.

Additionally, it is important to choose the correct way of summing up the indi-
vidual residual risks. There are two possible methods:

e To analyze any risk independently of others, with no attempt to estimate its prob-
ability of occurrence, and to accumulate the estimated effects of each risk, thus
providing the maximum and minimum project-outcome values. Clearly, this is a
simplified method which may exaggerate the total project risk.

e To apply probabilities to the risks and consider the inter-dependencies between
the risks. Especially in urban areas, ‘risk inter-dependency’ should also include an
evaluation of the negative, evolving consequences (impacts) of a recurring, dis-
crete event in terms of increase in the political and social impact. In these cases,
exponential functions can express the increasing time and cost impact of a recur-
ring event due to an increasingly negative opinion of the public.

2.4 DESIGNING FORTHE IDENTIFIED RISK SCENARIO

The Designer should be able to manage all kind of design risks related to geology,
hydrogeology, load conditions, construction method and all physical and environ-
mental impacts both surface and subsurface, from the conceptual design to the fol-
low-up of the construction.
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In the previous subsections, attention was drawn to the identification and
quantification of risks affecting an urban-transformation project in which the use of
underground space and the application of mechanized tunnelling are prominent.

Once the Reference Design Scenario has been established and the sources of risks
have been properly characterized, a consistent method needs to be developed to give
response to risks through the design process.

The RMP for an urban mechanized tunnelling project generally requires the fol-
lowing design components:

e Planning and conducting investigations that are adequate for the level of geotech-
nical and environmental risks of the project.

*  Recognizing that the deterministic approach is generally less appropriate and giv-
ing preference to sensitivity and risk scenarios analysis and to probabilistic ap-
proaches. This applies in particular to the definition of the geological profile, to the
calculation of any factor of safety and to the prediction of project time and costs.

*  Design through risk scenarios not only considering the most likely load condition
or the average geotechnical parameters, but also analyzing the consequence of
encountering - even locally - the most unfavourable situations.

* Adopting a transparent risk mitigation policy throughout the design process.

*  Adopting a flexible design, in order to be prepared to face unfavourable situa-
tions, giving attention to the following critical elements:

- defining countermeasures to manage and reverse adverse trends during
construction;

— identifying key-parameters and/or key-events to be controlled and moni-
tored during construction in order to timely detect adverse trends;

—  defining the relevant operational ranges or threshold limits of the key-pa-
rameters, and

—  predefining the triggering criteria for activating the countermeasures, if
ranges/limits are exceeded.

*  Quantifying (at least using qualitative methods) and communicating residual
risks.

°  Whenever possible, using probabilistic methods to assess the design reliability:
average factors of safety (for the support and the prescribed face pressure) are
replaced by the probability of occurrence of a negative event (e.g. face instability),
and the probability has to be reasonably low.

* Adopting special care for establishing a Building Protection Strategy which
requires the following actions:

— survey all identified buildings in the construction-influence zone before
construction starts (BCS - Building Condition Survey);

— use the BCS results for assessing the vulnerability of the buildings to
damage;

— establish a specific damage classification system for the project;

- perform settlement-sensitivity analysis for each identified building and de-
fine its tolerance to tunnelling-induced movements;

—  classify all identified buildings into different risk categories;
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—  single out the buildings at risk that require protection and design the rel-
evant mitigation measures;

- identify the buildings requiring surveys and special monitoring during con-
struction;

— develop an effective monitoring plan;

-~ perform a post-construction BCS, independent of whether the damage has
occurred or not, and

— archive and maintain all relevant data in a dynamic-and-relational data-
base for use by all Parties.

The optimum effectiveness of the RMP is achieved if the appropriate excavation
method is accompanied by the competence and training of personnel and by the es-
tablishment and implementation of procedures to guide all the relevant construction
processes, to govern the key events, and to address all the potential anomalies with
a proper and predefined action plan. Within the RMP framework, the Designer can
assume two important roles in the construction phase:

e Interact with the TBM Manufacturer and the Contractor in order to contrib-
ute new ideas for technological innovations, with the aim to assure safety and
improve the production in terms of advancement in all kinds of geological
context.

e Validate the design hypothesis by observation and monitoring during construc-
tion and make use of the construction feedback to match the design assump-
tions to the actually encountered conditions and to optimize the design, also in
terms of costs.

An example of designing through risk scenarios and of tracking and communicating
the initial and residual risks, is given in Figures 2.11-2.16. The example refers to the
design of the segmental lining of a TBM tunnel.

Figure 2.1 Design of tunnel lining in response to risks: assessment of initial risks.



Figure 2.12 Design of tunnel lining in response to risks: measures for reducing the geometrical risks.

Figure 2.13 Design of tunnel lining in response to risks: measures for reducing the risk of unforeseen,
ordinary load conditions.



Figure 2.14 Design of tunnel lining in response to risks: measures for reducing the risk of critical
scenarios leading to anomalous load conditions, cracking and defects.

Figure 2.15 Design of tunnel lining in response to risks: measures for reducing the risk of cracking.
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Figure 2.16  Design of tunnel lining in response to risks, assessment of residual risks and evaluation
of its acceptability.

The following observations can be made regarding the design and performance
of the segment lining in this example (with due regard to the risk register of Fig. 2.5):
Figure 2.11 shows the list of potential hazards related to the segmental lining design and
the associated qualitative risk assessment, obtained according to the criteria described
in the previous section.

From an analysis of the results, it is clear that the majority of the risks will have
to be reduced at the design stage through different kinds of actions:

e selecting the most suitable segmental ring (for the project alignment) and its
geometrical characteristics (Fig. 2.12);

e considering all the possible load conditions to dimension the segments, including
the ordinary loads (different stages of curing, see Fig. 2.13, de-moulding, storage,
transportation, handling, etc.), and the critical scenarios leading to cracking and
anomalies, such as asymmetric loads by the hydraulic jacks or failure of connec-
tors (see Fig. 2.14);

e dimensioning an adequate steel reinforcement and setting appropriate quality
control procedures in the prefabrication plant (Fig. 2.15).

Once all the actions to mitigate potential initial risks have been implemented, the
residual risk can be estimated (Fig. 2.16). This is a simple and fundamental step of
the design process since it allows one to communicate, to the Project Actors, the
risks that are still present and to decide whether accepting or further reducing them
(for example, by increasing the steel reinforcement or improving the ring erection
technology and procedures).
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2.5 QUANTIFYING THE RISK OF TIME AND COST
OVERRUNS AT THE DESIGN STAGE WITH
THE USE OF DAT

The system DAT (Decision Aids in Tunnelling) is a software for making probabil-
istic estimates of the range of probable time and cost of constructing a tunnel, or a
network of tunnels, taking into account the variability and uncertainty in the geo-
logic and construction variables and the impacts of residual risks, which could lead
to deceleration or even stoppages of the works along certain portions of the tunnel
alignment.

DAT was developed in the 1980s by MIT (Massachusetts Institute of Technol-
ogy) with the subsequent participation of EPFL (Ecole Polytéchnique Fédérale de
Lausanne); it has been applied to various projects by Geodata since the early 1990s
(Xu et al., 1996, Einstein et al., 1998a,b).

DAT simulates the construction cycles of a tunnel by following a proposed con-
struction sequence along a probabilistic geological profile (as defined in Section 2.3.3)
that stochastically changes for each complete simulation process, for a probabilisti-
cally-significant number of runs.

A DAT run is essentially a computer simulation of several random processes.
Simulation of the construction process generates statistical information about the to-
tal time and cost. This information gives a good idea on the average, minimum and
maximum expected values. By definition, the simulation of a random process uses a
random number generator.

A unique feature of DAT is its capability to make a comparative evaluation of the
performance of project alternatives (different construction schemes, in terms of align-
ment and methods of construction), with respect to the potential of these alternatives
in managing geotechnical and construction uncertainties within prescribed, or accept-
able, values of time and cost.

DAT has two interrelated simulation modules: Geology and Construction.

In the Geology Module, all relevant ‘geo-variables’ (geological, hydrogeological,
and geotechnical/geomechanical) that have an impact on the tunnel construction and
whose ‘parameter-state’ combinations define “ground classes” are input into the pro-
gramme in a probabilistic form.

The user’s (designer’s) task is are to identify and define those parameters and
what their possible states are. Uncertainty in this definition is either represented
by indicating the variability in the assigned value of the parameter, and/or re-
flected in the probability of occurrence of the possible states of that parameter at
a given location interval.

The process of a probabilistic profile generation, in terms of allocation of ground
classes along the tunnel alignment, consists of the following steps:

e Subdivision of the tunnel alignment into homogeneous zones defined by similar
‘geo’ conditions. The variable length of these zones may be defined using a trian-
gular distribution.

e For each homogeneous zone, the ‘geo’ parameters, which determine the excavation
method and the support measures, are defined in terms of their possible (parameter)
states. The ‘geo-variables’ are organized in various input matrices following an
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approach similar to that of defining a geotechnical profile, i.e. defining, chainage by
chainage, all the ‘geo’ conditions that have an impact on the tunnel construction.

e The variability of conditions inside a homogeneous zone is modelled using a
Markov process. For each parameter, the average state-extent and a transitional
matrix are provided (parameter states along the tunnel alignment can also be as-
signed deterministic values).

* In a manner similar to defining the geomechanical classification, different param-
eter states are combined to define homogeneous ground classes that are subse-
quently associated with different construction methods.

For example, if the groundwater pressure and the presence of high-strength abra-
sive rocks or unstable incoherent soils are identified as impacting parameters, their
possible states have to be defined, together with the influence of their possible state
combinations on every excavation phase modelled in the subsequent construction
module.

The Construction Module consists of two principal components:

e The first refers to the construction methods, where the construction cycle can be
simulated activity by activity. In this case, variability is introduced into the model
by statistical distributions of basic construction indices, e.g. advance rate and unit
cost, usually derived from practical case histories and price analysis.

e The second, referred to as the tunnel network, permits the definition of the se-
quence of realization of the various tunnel stretches comprising a project, e.g. two
opposite fronts for a tunnel advancing from two adjacent stations of a metro by
traditional excavation.

In both the geology and the construction modules, variability of the parameters is
described through a user-defined distribution function that can be chosen from among
Uniform, Triangular, and Bounded Triangular distributions. In the uniform distribu-
tion the variable always has the same probability of taking on any value. In the Trian-
gular distribution a minimum value, a most likely value (the mode), and a maximum
value have to be provided, recognizing that the total area under the triangle must
equal one (as the total probability of occurrence of the parameter must be 100%).
In the Bounded Triangular distribution, the probabilities on the minimum and maxi-
mum boundaries of the triangle are greater than zero.

The schematic process of a DAT simulation is described in Figure 2.17.

The construction simulation is based on the Monte Carlo method of random
sampling and follows, round-by-round, the already probabilistically-defined ground
class profile. The procedure is repeated for all zones of a profile, adding up to a final
cost-and-time value corresponding to that profile and to a point in the time vs. cost
scatter diagram (Fig. 2.18). This procedure is repeated for each probabilistic profile
generated by the Geology module. To achieve a statistically significant result, it is usu-
ally necessary to do no less than 200 and up to 1000 simulations.

Hence, the output of DAT is a probabilistic cost and time distribution, shown in
terms of a scattered time-cost diagram. The distribution of points in the dispersion
graph expresses, in an explicit form, the impact of uncertainties and/or residual risks
on cost and time of construction.
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Figure 2.18 Comparison between the deterministic duration and cost assessment of the project Ref-
erence Design Scenario and the time and cost assessment introducing the variance of the
geological and construction variables.

The probability of occurrence of a potential hazard leading to tunnel stoppages
and/or other big accident, anticipated by the designer, can be expressed by a Poisson
distribution, and its impact (on time and cost) can be described using an exponential
function. The accumulated cost of all the identified hazards can be simulated and
added (Fig. 2.19).

The fields of DAT application in urban tunnelling include:

e Evaluation of the total duration of the project and the associated costs consider-
ing the variance due to geological and construction uncertainties.

e Simulation of crisis scenarios (residual risks) and their impact on time and cost of
the project.

e Definition of the degree of accuracy in the exploratory data required with respect
to the predefined risk tolerance (see Fig. 2.20a).

e Comparison of project alternatives (see Fig. 2.20b).

In the case of urban tunnelling, DAT can be used both at the early stages of the design
path and during construction. Two case histories are summarized below as examples
of the use of DAT.

DAT was successfully used in 2000-2001 for the Porto Metro Project (for details
of the project see Section 8.2, and Chiriotti et al., 2003) in order to support decision-
making in identifying the best ‘acceleration’ solution to recover an accumulated delay
of 8 months (out of a total of 33 months) in the civil works construction of the run-
ning tunnel of Line C (2.3 km) and that of Line S (4.0 km). Initially it was planned to
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excavate both tunnels using the same EPB-TBM which would start excavation of Line
C first, proceeding East-West, from Campanha Station to Trindade Station. Then, the
TBM would have been removed and reassembled at the Salgueiros access ramp to
excavate the entire Line S down to Sdo Bento Station, proceeding North-South.

The first few hundred metres of Line C were excavated and the initial delay ac-
cumulated by the Contractor in the preparation works, together with some serious
technical difficulties encountered by the TBM and TBM operators during the learning-
curve phase were all pointing at the impossibility of meeting the contractual deadline
for completion of the tunnels, putting tunnelling on the critical path for the success of
the entire Project. The choice of an effective project alternative was required quickly.

Three project alternatives were identified in addition to the base solution, ‘do noth-
ing’ (Alternative 0.1, Fig. 2.21): (1) Pre-consolidation of ground to be done at some
locations along the alignment to allow a rapid advance rate of the tunnel boring ma-
chine in open-face mode. The consolidation would be effective in 80% of the cases
(no accidents); on the other hand, accidents would be possible in the remaining 20%
(Alternative 1.1, Fig. 2.21). (2) Reduction of the length to be excavated by the TBM, by
introducing two sections to be excavated by conventional drill-and-blast method (Al-
ternative 2.1, Fig. 2.21). (3) Acquiring a second TBM, and both TBMs would be always
operated in close-face mode for excavating the two tunnels (Alternative 3.1, Fig. 2.21).

The alignments of both Line C and Line S tunnels were divided into homogene-
ous zones from the point of view of the advance mode (open, closed but not-pressu-
rized face, and closed and pressurized face), on the basis of the geomechanical model.
A triangular probabilistic distribution was used to represent the advance speed for
each of the advance modes.

To realistically represent the excavation process, the DAT simulation also
included instances of inadequate face support pressure for short periods (i.e. delayed
reaction of the Construction Team to sudden geological changes at the tunnel face,
lack of boreholes ahead of the face, inadequate pressure, over-excavations, etc.).
This simulation was obtained by associating:

* to each advancing mode within a homogeneous zone the probability to drive the
TBM in a less conservative mode;

* to each less conservative mode, the probability to cause an accident and the dis-
tribution of occurrence of the typology of the accident (long, medium, and short,
in terms of the time required to overcome the accident);

* to each accident, a triangular distribution of the duration of the delay it would
have caused.

Also, the duration of the different types of TBM ancillary works was expressed
through a triangular distribution. Using the above procedure, a residual risk of insta-
bility of variable duration was introduced towards the possibility of decreasing the
advance rate.

The results of DAT analyses showed Alternative 3 to be the best technical solu-
tion in terms of risks, time and cost (Fig. 2.22), provided that the residual risk of
collapses was minimized by always operating the two TBMs in closed mode (i.e. with
the plenum full of well conditioned excavated material, adequately pressurized). If an
open-face mode is used in a situation where the use of close-face mode was foreseen
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(e.g. the contractor decides to change the advance mode foreseen by the design to
improve production, or a sudden change of the geology is not followed by a quick
operator response adapting the advance mode), there is a risk of excessive settlement
and collapse, which translates into a delay in the construction. The risks of inadequate
operation of the TBM and their impacts are simulated by means of DAT, introducing
the exponential delay effect of successive accidents (Fig. 2.23).
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Figure 2.22 Example of DAT application for urban tunnelling in Porto Metro (by Geodata during
2000-2001), including simulation of the effects of successive accidents or residual risks.
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Figure 2.23 Example of DAT application for urban tunnelling in Porto Metro, showing the impact on
the final deadline of accidents due to a wrong EPB mode selection by the operator or to
a series of late reactions to sudden changes of geological conditions at the tunnel face
(open instead of close mode).
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2.6 USE OF A PLAN FOR ADVANCE OF TUNNEL (PAT)
FOR CONTROLLING THE RESIDUAL RISKS

During the construction, the RMP, and the role of the Designer within the RMP, are of
paramount importance. The tools (like Risk Register) and methods (such as risk iden-
tification and quantification, design through risk scenarios, etc.) need to remain active
and dynamic to ensure that the design is always the most appropriate and is based on
the “best-estimate” knowledge of the ground and of the inherent situation.

The concept of iterative design through the use of a Plan for Advance of Tunnel
(PAT) was first introduced by Geodata in 2001 for the Porto Metro, Portugal (Grasso
et al., 2002b, Chiriotti et al., 2004). The PAT is a live document that provides a
dynamic link between design and construction and facilitates the management of
residual risks. In fact, the PAT is a low-cost, easy-to-implement, practical procedure
for the designer-contractor-engineer team to continuously update the risk scenarios
and the corresponding mitigation plans as construction proceeds.

A PAT is produced (or updated) in advance of the excavation for each 200 to
500 m-long stretch of the tunnel. It summarizes both the design and construction
requirements in order to achieve a safe performance; and it is based on the content
of the initial design documents, on the construction feedback from the previous PAT
stretch(es), and on new input data, if any.

A multi-disciplinary approach is used to update the identification of the initial
risks and to keep under control the residual risks by:

e collecting, analyzing, and processing the TBM and the monitoring data relating
to the previously excavated section;

e collecting, analyzing, and processing new data that can affect the local geological-
hydrogeological reference model;

e collecting, analyzing, and processing the piezometric and the rainfall data in order
to determine the need for adapting the face-pressure operational ranges defined in
the design documents;

e reviewing the results of recent condition-surveys of the buildings and the informa-
tion on pre-existing interferences;

* reviewing the need for monitoring instruments or the frequency of the readings,
and

* reviewing the requirements in terms of TBM performances.

This information is then used to obtain an optimum prediction of the reference model
and to summarize in a drawing, and in a short report, the following operational in-
structions:

* need for additional consolidation works or for reduction of foreseen consolida-
tion works;

* most likely geological conditions at the tunnel face and in the overburden;

e most likely hydrogeological conditions and piezometric levels;

e position of the monitoring instruments (in the tunnels, in-ground, at the surface,
on the buildings and utilities);

e summary table of the monitoring thresholds;



Initial risks: definition, analysis and management 51

e frequency of readings for all foreseen monitoring instruments,

e operational ranges for the key parameters of the TBM: weight of the extracted
material per ring, apparent density of the extracted material, face-support pres-
sure, and injection pressure of the tail void,

e frequency and position of the probing-ahead holes,

e particular requirements related to the TBM drive: make no stoppages beneath
sensitive buildings, inject bentonite around the shield to reduce the geometrical
volume loss in sensitive grounds beneath sensitive buildings,

* requirements related to visual inspections of sensitive buildings starting from
when the TBM is approaching the building, and until the stabilization of settle-
ments is reached, and

° requirements for temporary evacuations in emergency situations.

The PAT facilitates the operators and technicians on the site since all the relevant
information is updated and synthesized in short and synoptic documents, instead of
being spread into different design documents.

The construction team is provided with the PAT documents, after the contents
have been discussed and agreed with the Owner. At this point, the PAT becomes a
live guide for driving the tunnel. It is used to further update the key parameters on a
daily basis as a function of the real-time-monitoring data and to support the decision-
making process.

All the Parties are, therefore, assured that the construction is proceeding as a
controlled process.






3

Selection of tunnel alignment
with low-level risks

3.1 INTRODUCTION

The construction of a new tunnel in any city environment is an immense task, often
involving the investment of hundreds of millions of dollars over a few years. The task
can be very difficult and challenging, especially where there is also the lack of experi-
ence, on the part of both the Owner and the local construction industry, in imple-
menting such a large and complex project, in addition to the many uncertainties and
risks involved in the project discussed previously in Section 2.

Selection of the alignment with low-level risks is a decision to be taken at an
early stage, usually the Preliminary Design stage, of development of an urban tunnel
project. This is indeed the second key step, after identifying the risks and assessing
the initial-risk levels, of the mandatory approach advocated in this book for tunnel
construction in urban areas (see Fig. 1.1).

Indeed, instead of waiting for troubles that will very likely emerge later on dur-
ing construction, the early selection of the alignment with low-level risks follows
the ancient Indian philosophy of “Be wise a priori”. It is true that we have modern
tools like an RMP to deal with hazards and manage the consequent impacts, if they
do manifest themselves during construction (see Section 2), but it is definitely more
convenient and economical if most of the high-level risks can be totally avoided
through the correct choice of the alignment. It is believed that Clients should qualify
their Consultants and Contractors on the basis of not only their ability to manage
risks in the construction stage, but, more importantly, also their capability in choos-
ing the right design-construction solutions that avoid medium- to high-level risks for
the project. Selecting the alignment with only low-level risks, whenever possible, is
laying down the solid foundation for, and preparing a smooth path to, the success
of the project.

Specifically, the scope of work of selecting the alignment with low-levels risks in-
volves: (1) carrying out a comprehensive desk study of the study corridor identified as
part of the alternative alignments study, (2) identifying and assessing the initial-risk
levels associated with each alignment option in the study corridor, (3) establishing a
structured framework to compare the various alignment options in a manner con-
sistent with the Preliminary Design, and (4) taking the decision on the optimum
alignment with inherently low-level risks, thus eliminating all those alignment op-
tions that will likely not produce a positive outcome. On completion of this selec-
tion process, it will be demonstrated that the project based on the selected alignment
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is both a technically feasible project and an economically productive investment for
the project Owner and, ultimately, for the taxpayers who are also the end users of
the final product.

A recommended study corridor, which encompasses all feasible alignments con-
sidered worthy of further investigation, is normally defined in one of the previous
project stages, i.e. before the Preliminary Design stage. The spatial and time-dependent
parameters of the study corridor should be wide enough to allow the evaluation of all
direct impacts, likely to arise from the construction and operation of the tunnel, and
should facilitate a definition of the study area sufficiently robust for the subsequent,
more detailed investigations of environmental, and socio-economic impacts of the
project’s implementation.

The basic information relevant to the selection of the alignment with low-level
risks usually includes:

* mapping of the study area, especially the corridor recommended by the previous
studies inside which all alignment options lie;

e aerial and satellite photographys;

e geological maps, soils data, and reports;

* meteorological and rainfall data and hydrological reports;

e previous designs and reports;

e utilities records, including locations of existing or planned utility lines;

* information about buildings;

e land use information;

e planning proposals, including strategic and regional development plans;

* data on current infrastructure projects;

* socio-economic data such as population, tourism, income, vehicle availability,
and ownership;

e traffic data (and passenger data in the case of metro projects);

e construction cost;

e design standards or other relevant standards for the works;

e international data for benchmarking purposes;

e environmental standards and data;

e historical and archaeological data;

e experience of the project promoter and/or owner as well as local construction
industry in implementing similar projects.

A list of the available data and data sources for the data categories listed above
should be compiled by the project owner, with the help of consultants if required,
to facilitate both the choice of the optimum alignment and the subsequent project-
development studies.

The specific technique for evaluating the various alignment options is “brain-
storming”. When doing the brainstorming exercise, mostly through a series of work-
shops, one should pay particular attention to the following aspects:

e The participation of all Stakeholders should be secured.
e The starting point for investigating the various alignment options will be the con-
ceptual design and/or the feasibility study developed previously, but in selecting
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the alignment with level-risks, one shall not be constrained by any of the param-
eters adopted in earlier studies.

e Initially, one shall not constrain his/her thinking by considering detailed issues of
cost, impact, and feasibility that can be expected to come into the final selection
process later on, i.e. the analysis of the initial-risk levels can be made mainly in
qualitative terms, to be efficient.

° For easy analysis and comparison of the options, the alternative alignments
should be drawn using a suitable CAD system, and ideally geo-referenced, with
plans and sections being produced at 1:5000 scale or better.

e The advice of a tunnelling expert and system-design expert will be essential dur-
ing the investigation of the alternative alignments; and the experts can help to
ensure that sufficient information is available during the geotechnical desk study
to make a meaningful contribution in terms of alignment, depth, station locations
(for metro projects), tunnelling methods, outline costing, and value-engineering
considerations.

e The presence of historical remains is likely to be a high risk factor for the project
during its implementation. Particular emphasis should be placed on this aspect
from the earliest stage; therefore, the advice of an archaeological expert will be
also essential to the successful selection of the alignment.

e Sufficient environmental information should be available to make a meaningful
contribution to the investigation of alternative alignments, and to ensure that sub-
sequent, more detailed studies does not call in to question the basis of the alterna-
tive alignments study or the decision to pursue the selected alignment option.

The following subsections shall examine in detail the typical key factors that can
strongly influence the selection of the preferred alignment for an urban tunnel, from
the perspective of risk analysis and management.

3.2 THE GENERAL LAYOUT OF AN URBAN TUNNEL

The design of an underground infrastructure in a city environment is an activity that
requires not only strategic urban planning and urbanisation choices, but also an
in-depth risk analysis and economic analysis that could involve years of work and
debate.

It is important to decide, during the feasibility studies, the limits within which the
basic choices should fall, which, as far as the design of tunnel structures is concerned,
can be traced back to the following aspects:

e The choice of the horizontal alignment of reference, understood as the corridor
within which the infrastructure is to be placed together with its service utilities
and/or connections to different parts of the city.

e The choice of the vertical alignment, related to the intended use of the infrastruc-
ture to be constructed, taking into consideration also the geological and geotech-
nical constraints.

e The integration of the infrastructure with respect to the urban planning and
upgrading of the city, which defines the relationship with the inhabited centre.
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e The choice, from among the different available technologies, of the most suitable
system in relation to the needs for the end users.

e The choice of the configuration of the infrastructure that best responds to the
requested functional and safety requirements (e.g. single or double tubes).

Starting from these basic choices, which can be made with the aid of multicriteria type
of comparative analysis, the engineering design of the civil structures begins to take
shape with the definition of the elements of a general nature, like:

e geological, geotechnical, and hydrogeological studies;

e environmental studies;

e geometry of the alignment;

e design of the characteristic sections;

e assessment of the construction impacts on the urban context, and
e study of solutions to mitigate the consequences.

3.3 ALIGNMENT CONSTRAINTS AND SPECIFIC
FUNCTIONAL REQUIREMENTS

3.3.1 General aspects

The environmental context and the tunnel-excavation method influence the defini-
tion of the (horizontal and vertical) alignment to a great extent and impose various
constraints that are rather different and often more important than those connected
to a structure on the surface in an area outside the town. Therefore, the tunnel often
becomes the centre of the Project.

The particular aspects that are valid for the different types of infrastructures are
examined here and some simple guidelines are given. Some characteristics are, how-
ever, common to all alignments of any linear infrastructure constructed in urban areas
through mechanized excavation, in particular:

1. The vertical corridor in which the planned infrastructure will be sited is often up
to a depth of 30 to 40 m and it is necessary to understand well, and with suffi-
cient reliability, what is present in this corridor as well as in the few meters below
it. This understanding can be achieved through a detailed characterization of the
underground in archaeological, geological, geotechnical, and structural terms.

2. Large urban centres are often situated in alluvial plains with quite high water

tables. Therefore, the routes are almost always destined to be excavated in dif-

ficult situations.

Regardless of the geological conditions, it is important that the tunnel overburden

is chosen to avoid interference with the archaeological layers, the utilities, and

foundations of adjacent and overlying facilities. The overburden should, in any
case, be at least 1.5-2 times the tunnel excavation diameter to allow an effective
control and management of the excavation-face stability. Clearly in this sense,

a good geotechnical characterization of the surrounding ground can allow the

optimization of the choice of the tunnel vertical alignment, looking for strata with

better geotechnical parameters.

(O8]
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6.

9.

Irrespective of the construction method adopted, there will inevitably be some de-
gree of disturbance to the normal daily activities of the city. Therefore, one of the
key issues in the chain of decisions to be made is to choose the design construc-
tion solution(s) that can not only reduce the level of the undesirable disturbance,
but also minimise the duration of the avoidable disturbance. In other words, the
project should be conceived in a way that will ensure the continuity of the con-
struction production process, minimising all possible interferences that can slow
it down.

Consequently, priority should be given to using mechanized construction right
from the early planning stage of a project and, in particular, to the use of TBMs
to construct tunnels, considering that mechanized tunnelling as an industrialised
excavation process can achieve remarkable advance rates, thus minimising the
duration of construction.

However, mechanized excavation, though the safest and most reliable excava-
tion technique, also has remarkable rigidity (geometry of the sections, radius of
curvature, programming and site work constraints, etc.) that could limit design
and construction choices. Furthermore, the resolution of these problematic situ-
ations is a critical response, which is often necessary for functional requirement
purposes such as cross connections, enlargements for lay-bys and platforms, large
connection chambers, etc.

The work sites for mechanized tunnelling are complicated and even cumbersome,
representing a very important constraint, which would suggest moving these sites
from the city centre to the suburbs. The start-up of the TBM excavation should
be made as easy as possible, and, if possible, in a straight, horizontal line, and in
areas that are easy to excavate. This will provide an opportunity, with virtually
no risks, to calibrate the performance of the TBM using the complex instrumen-
tation on-board, thus facilitating the “learning curve” necessary for a reliable
setting up of the excavation procedures to ensure the desired production rates.
The rigidity of the TBM imposes lower limits for the radius of curvature of the
horizontal and vertical curves, which are a function of: (a) the type of excavation
machine, (b) the characteristics of the precast final lining, and (c) the excavation
diameter. Such limit-values should be compared with the corresponding limit-val-
ues connected to the functionality of the system that has to go through the tun-
nel. In most cases, the construction limits (for the radius of curvature) imposed
by TBMs are the strictest. In general the smaller the curve radius, the bigger the
relevant over cutting, i.e. the bigger the risk level for instability.

The longitudinal slope of a route can also constitute a design constraint, inducing
various problems in the logistic working methods (muck and segments transport,
for example), although the slope values in urban infrastructures are not particu-
larly high (normally lower than 3%, exceptionally 5 to 6%).

3.3.2 Transport infrastructures

3.3.2.1 Characteristic-sections

A correct design of the tunnel alignment is clearly the first important step in the de-
velopment of an underground infrastructure project in an urban environment, as it is



58 Mechanized Tunnelling in Urban Areas

the result of the deliberations on a set of very different decision variables, which are
sometimes in conflict with each other. For example, the following 3 types of infra-
structure will generate different design requirements:

1. A functional and transport type, imposed by the technological system to be
adopted.

2. A town-planning type, which is represented by the final location of the stations
and/or the entrance and exit points of the tunnel, connections with both existing
and other future infrastructures, etc.

3. A construction and technological type, imposed by the excavation method and by
the effectiveness of the machines in relation to the dimensions of the excavation.

The parameters of the alignment and the geometry of the sections are defined in con-
formance with the constraints of a geometric nature, which are generated by the three
types of infrastructures.

Figure 3.1 gives a summary of the main functional characteristics of some selected
types of transport systems, including the relative range of tunnel diameters.

In defining the gauge section, i.e. the “envelope” of the functionally-required,
typical, internal section, the system designer will focus on avoiding any potential
intrusions into the “envelope”. To pass from the gauge section to the typical excava-
tion section (necessary for choosing the diameter of the TBM), the tunnel designer
needs to determine the thickness of the final lining and the annular void between the
extrados of the lining and the excavation profile (see Section 5.3 for more details).

“Heavy underground

Constraints i Constraints
= ®=35-40m 5- 7. L >®=85m-11.0m
>R plan.= all 2 5 -

Constraints Constraints Constraints Constraints

== 13.0m - 15.0m =®=100m- 11.0m > ®=45m- 60m > ®=65m-80m
>R plan.= 300 - 500m > R plan.= 300 - 500m > R plan.= 45 - 180m > Rplan.= 100 - 270m
>Slope = 6% = Slope = 12 - 36% = Slope = 4% - 10% = Slope = 35 - 40%

Figure 3.1 Typical transport system and corresponding range of tunnel diameters (current constraints
as of 2006).
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The thickness of the lining depends on the local conditions and the excavation diam-
eter itself and should never be less than 25-30 cm, while the annular void is a techni-
cally unavoidable space that should be minimized in urban tunnelling (10-15 c¢m).

Mechanized excavation imposes a circular shape, with the only variable being
the dimension of the diameter. As shown in Figure 3.1, the dimension of the circular
section is extremely variable and depends on the use of the tunnel in the intended
transport system (road, railway, or underground metro). In general, the minimum
dimensions of the tunnel sections depend on:

e the overall transverse dimensions of the vehicles in the curves;

e construction and loading dissymmetry;

e the inscription modality of the vehicles in the curves;

° the geometrical configuration of the transit or railway tracks in the curves;

e functional arrangements of the furnishings, system, safety, and maintenance;
* clearance and safety margins, and

e possible, future modifications of the track base.

For the restricted guidance transport systems the sections also depend on:

e the structure of the vehicles, including the interactions between the rail track and
the vehicle, and

e the distance between the rails, which is a function of the velocity (for double track
tunnels).

For roads, in general, the sections also depend on:

e the width and number of lanes;
* possible enlargement of the radius of curvature, and
*  width of the lateral or emergency platforms.

It is, therefore, necessary to guarantee a space that is free of obstacles, from the fol-
lowing points of view:

e Design.

e Maintenance.

e Characteristics of the vehicles.

* Load and distribution of the load on the vehicles.

3.3.2.2 Urban roads and highways

Road tunnels have much larger excavation diameters than railway tunnels because
the roads always have at least two lanes and the sidewalks (see Fig. 3.2). The use of
a TBM implies the excavation of a larger volume of the ground per meter of tunnel
compared to that excavated by the conventional method (and this difference grows
with an increase in the diameter, as a function of the square of the diameter). These
factors have made mechanized excavation less competitive because of the higher costs
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Figure 3.2 Comparative dimensions of urban road tunnel and railway tunnels.

and the difficulty in constructing machines with adequate diameters for the functional
requirements for road circulation.

As already mentioned in Section 1, nowadays the ever-increasing requirement
of mobility and flow of road traffic in large cities makes it even more necessary to
construct the long urban tunnels that act as by-passes to the intense traffic areas or as
urban penetrations of large motorway arteries.

The effective application of the new reference norms by the various road net-
work administrations, which have been introduced in almost all countries to increase:
(1) performance requirements, (2) safety levels, and (3) need for standardisation of the
various types of roads (in the same way as already happened with the railways). These
three factors, together with the continual technological improvements of the tunnel
boring machines (even for very large sections), ensure that a great number of tunnels
can be realized using TBM.

Another aspect to be considered is that, unlike the case of rail transport, the cir-
cular section can also be successfully utilized (both at the top and at the bottom) for
the installation of the necessary plant and safety works. These works, traditionally
requiring less space for road tunnels, are today demanding greater spaces with the
improvement in the standards of safety and the necessity of having more plant that
are not closely connected to the road: cable ducts, escape routes, ventilation, signals,
illumination, safety apparatus, etc.

All this allows a better utilization of the circular section excavated by a TBM, com-
pensating for the greater costs derived from the otherwise larger-than strictly necessary
excavation section. The unit costs for the use of TBMs are gradually reducing, even for
road tunnels of large diameter in urban environments. For example, it is possible to
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insert an underground passage for utilities and for maintenance service under the road
level, which is easily accessed from the road, thus contributing, through the use of the
underground road artery, to the realization of a real “technology corridor”.

Even from the point of view of minimum radius of curvature, the need of less and
less tortuous routes to render the traffic more fluid and to satisfy visibility require-
ments, increasingly favours the use of mechanized excavation technologies for urban
roads.

In conclusion, it is correct to state that, apart from the remarkable technical dif-
ficulties and the high initial investment costs, a road tunnel is more demanding for
urban underground space than any other underground infrastructure; and its con-
struction represents a prime mover of great technology innovation and urban trans-
formation, not only in the road traffic field, but also in an urban environment and
implementation of the services in the city.

3.3.2.3 Ordinary and high velocity railway lines

The use of mechanized excavation is also becoming more common for the construc-
tion of railway tunnels in urban areas for many reasons: to move the existing lines
underground, to create direct underground fright shipping lines and rapid passenger
railway-links, to double the already existing tracks and, more generally, to improve
the already existing lines, and to realize new and direct High Speed links to the urban
centres.

One of the main constraints in selecting a mechanized solution is the radius of
curvature of the tunnel alignment; and the minimum radius varies according to the
type of line, the design speed, and the vehicle-fitting conditions at the curve. Even for
low design speeds (60—-80 km/h, the curvature radii do not usually fall below 250 m.
This value is approaching the limit for the construction of single-track tunnels real-
ized by a TBM (8 to 9-m diameter) and becomes difficult to obtain for double-track
tunnels (13 to 14-m diameter).

As far as the railway environment is concerned, each country has standardized
the criteria for defining the geometrical and functional characteristics of the possible,
typical sections for the different types of railway systems.

In any case, for the definition of the internal typical section, it is necessary to
take into consideration the aerodynamic, maintenance, and safety criteria. Another
important aspect to be considered is the railway limit profile itself. Finally, it is neces-
sary to consider construction tolerances of a tunnel, more importantly for mechanized
excavation than for conventional excavation, because the rail transport system is a
rigid-guided transport system.

A typical section for a low-speed, single-track, railway tunnel to be constructed
by mechanized excavation is shown in Figure 3.3. The internal diameter of the section
is about 8 m. Today, the dimension of this simple typical section is not constant across
various countries and, in some situations, the difference may be quite significant.
Consequently, the international rail organisations are making great efforts towards
standardization, and there is an increasing tendency to adopt single-track parallel
twin-tunnels for safety reasons, avoiding the involvement of both tracks in the case of
mishaps, accidents, or fires.
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Figure 3.3 Example of a typical internal section of a tunnel for a single-track railway (Italferr, 2004).

3.3.2.4 Underground railway lines

The first underground lines were built in the second half of the nineteenth century as
continuations of out-of-town railway lines. These transport systems had the role of:

* shortening the distance between the suburban areas and the city centres, accord-
ing to the concept that distance should not be seen in “spatial” terms but rather
in “temporal” terms;

*  boosting the transport capacity along already particularly loaded corridors, and

e creating an integration between the railway networks (at a national level) and the
urban transport networks.

According to the functional and dimensional standards, underground railway sys-
tems, also called metro system, are usually classified as “heavy” or “light”.

The typical set of system-design parameters, and the relative gauge values charac-
terizing the two systems, are given in Table 3.1, while the rolling stock characteristics
of the two systems are compared in Table 3.2.

Unlike the road and railway infrastructures for which codified geometrical config-
urations have been established by the different managing bodies, the internal section
dimensions of the metro systems basically depend on the transversal dimensions of the
vehicles adopted, which can vary greatly according to the types and models that exist
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Table 3.1 Summary of typical system-design parameters.

System characteristics Light railway Traditional underground
system on rails

Capacity of the vehicle/train 250-500 500-2000
(passengers)

Typical capacity of the system 1000-30,000 10,000-60,000
(passengers/h)

Commercial speed (km/h) 1545 25-60
Maximum speed (km/h) 70-90 70-100
Width (double track) (m) 5-7.5 5-8.0
Maximum frequency (vehicles/h) 40-60 2040
Distance between stations (m) 400-600 900-1800
Minimum radius (m) 10-50 150-300
Maximum surmountable slope (%) 5.0-15.0 3.0-5.0

Table 3.2 Comparison of rolling stock characteristics (Malavasi, 2005).

Category of underground line Level of Rolling Example
automation surface
LIGHT
Capacity: <=15-20,000 passengers/h Partially Rail Hannover
per directions Automatic (all lines)
Vehicle capacity: <=300—400 places/train Wheel -
Length of train <50-60 m Completely Rail Vancouver
Automatic (Sky Train)
Wheel Rennes (VAL)
HEAVY
Capacity:>15-20,000 passengers/h per Partially Athens (lines 2 & 3)
directions Automatic Rail Helsinki ( all lines )
Vehicle capacity:>300—400 places/train Osaka (line 7)
Length of train>50-60 m Washington DC
(all lines)
Wheel -
Completely Rail Nurenberg (line 3)
Automatic Wheel Paris (METEOR)

on the market. The worldwide mean value of vehicle dimensions for the traditional,
heavy, underground systems is about 2.65 m, while for the light underground systems,
the mean dimension is generally smaller, down to 2.08 m for the VAL system (Orly,
Lille and Rennes in France and Turin in Italy).

3.3.2.5 Configuration of the railway line and the stations

The choice of line configuration for a metro system is indispensably connected to the
choice of the station platforms. This is of strategic importance for the overall costs of
the structure due to the important reciprocal constraints between the construction of
the tunnel and the construction of the stations, in terms of the design contents and the
planning of the construction works.
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Figure 3.4 Configuration of a running tunnel and station platforms.

Depending on the choice of the running tunnel configuration (double-track, single
tunnel vs. single-track, twin tunnels), there can be six types of station configurations.
Four examples of such configurations are presented in Figure 3.4, which have been
employed successfully in different parts of the world. It is also noted that sometimes,
even for the same metro line, different configurations have been adopted for various
reasons. As can be seen in the same figure, the final diameter of the tunnel (thus also
that of the TBM) is a function of the choice of the platform configuration.

The selection of a suitable running tunnel-station configuration is no doubt a basic
design decision that has to be made in the early stages (usually in the technical feasi-
bility) of development of a new metro line, and it will subsequently condition the detailed
definition of the entire alignment. This decision can be made with the application of a set
of decision tools like risk analysis, multi-criteria analysis, decision trees, and cost-benefit
analysis. In any case, the decision criteria should include, among the other aspects, the
least occupation of the underground space and least disturbance to the environment.

3.3.2.6 The double-track, single-tube configuration: a typical
solution with relatively low-level risks

The single-tube configuration, under a given set of boundary conditions (geology,
archaeology, surface constraints, etc.), can offer certain advantages for both the infra-
structure and the railway installations:

e The greater freedom of constructing just one tube makes it possible to better
choose the route under the city streets.
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e With a single tube, the communication between the tracks is immediate, without
the need of connecting tunnels which are difficult to construct and can have a
negative influence on the regular ventilation flows and on the handling of emer-
gency situations.

e The double-track, single-tube solution, compared to the twin-tube solution, will
likely disturb a smaller area of the ground surface. Furthermore, the risk con-
nected to the possibility of geotechnical interference between the two tubes of the
line is removed.

e Itis easier to select the route in a way 50 as to facilitate the location of the stations
in areas which are less critical for the city, for example, at the main squares, thus
providing space for worksites for underground construction.

e The number of buildings that are passed under by the running tunnel is generally
reduced.

e It can allow for the running-tunnel continuity as the tunnel can cross the stations
directly.

However, this solution is not a perfect one and it has also some disadvantages:

e The tunnel diameter shall be relatively large and thus may impose a deeper verti-
cal alignment for stability reasons.

e Tt will be necessary to construct deeper and, possibly, more expensive stations.

*  An accident of a train on one track may cause the entire line to stop its service.

Consequently it is necessary to conduct a risk analysis for each feasible solution, even
though such analysis may be preliminary, and to determine a system-wise optimal
solution or combination of solutions with decision aids, as for example the DAT (see
Section 2.5).

3.4 CONSTRAINTS AND PECULIAR CHARACTERISTICS
OF THE URBAN ENVIRONMENT RELEVANT TO
THE SELECTION OF ATUNNEL ROUTE

When selecting the tunnel route for any urban tunnel project and subsequently defin-
ing the horizontal and vertical alignment, the constraints may cause hazards for the
tunnel design and construction. If these are not handled properly at the early project
development stage, there is a series of constraints that should be considered for a cor-
rect and accurate design. The final route design is usually the product of a compro-
mise between meeting the functional and technological requirements and mitigating
or avoiding the potential interferences related to the constraints.

The following subsections discuss the characteristics of a selected group of typical
urban constraints and provide some comments on how to deal with them.

3.4.1 Buildings and infrastructures

Buildings are surely the common type of interferences that can give the greatest prob-
lems when defining the horizontal and vertical alignments of an urban tunnel.
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To minimize the potential risk-levels associated with the buildings, it is necessary
to conduct a specific Building Condition Survey (BCS) and subsequently a Building
Risk Assessment (BRA). The detailed procedures for BCS and BRA are discussed in
Section 5.1.

At the early alignment definition stage, it is usually sufficient to gather all relevant
information through a careful desktop study. The key information to be gathered
about each building in the corridor should include:

e the destined use;

e the structural characteristics and its state of conservation;

e the type and the depth of the foundations;

e the presence or not of any floors in the basement;

e the geotechnical characteristics of the ground below the building foundations.

Such data should be presented on thematic maps and/or profiles both for easy visu-
alisation of the data themselves and for quick appreciation of their interferences with
the tunnel alignment, including the various alternatives.

There are elements, such as deep foundations and floors in the basement, represent-
ing physical obstacles that some times could be avoided only through modifications of
the vertical alignment. The special use and the historical/architectural importance of
some particular buildings can become difficult obstacles in terms of forcing the Owner,
or the public, to accept that the tunnel has to underpass these particular structures. In
this sense, it could be more complex, from a social point of view, to cross under a hos-
pital or a thirteenth-century church than to pass under a building of ten floors.

The main danger of direct interference is related to the presence of deep founda-
tions on piles. In this case, it is important to determine the geometric configuration of
the piled foundation as precisely as possible and to find in the first instance a horizontal-
vertical alignment.

Other important interferences are frequently linked by existing infrastructures
both above and below the ground surface, such as:

e underpasses and large road arteries;
e underground system lines;

* railway lines;

e car parks;

*  water supply pipes/tunnels;

°  sewers.

Such interferences constitute a group of rigid constraints for the definition of the tun-
nel route and they can be resolved by shifting the new tunnel to a different level (see,
for example, Fig. 3.5).

The traffic congestion of large cities has led to an ever-increasing use of under-
ground car parks, which can create remarkable problems for the excavation of an
urban tunnel both because of their depth (for example, car parks with more than
three floors or silos-shaped car parks) and because of the retaining walls that are
often anchored by many rows of tiebacks. The latter can effectively enlarge the area
of interference of the existing structure (see Fig. 3.6).
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Figure 3.5 The Road Tunnel in Heathrow: elevation variation foreseen to pass over the Heathrow
Express Tunnel.
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Figure 3.6 Possible interference between an underground car park and a tunnel to be constructed.

In this case, it is of fundamental importance to identify and avoid these interfer-
ences in the early design stage, because mechanized excavation can not easily deal
with an unforeseen obstacle. Facing this kind of interferences during construction will
inevitably lead to construction delays, a risk that should be avoided at the planning
stage.

Very often, the requirements of the route impose the necessity for the tunnel align-
ment to pass under infrastructures or underground car parks with reduced clearance:
in these cases it is only possible to pass under the structures if measures for protecting
the existing structures have been implemented using, for example, ground treatment
(Fig. 3.7) or underpinning of the structures themselves (Fig. 3.8).

3.4.2 Utilities

Utilities are the public service networks that have been placed underground in an ur-
ban environment (see Section 5.1). Significant utilities include: free-surface channels



Figure 3.7 Ground treatment through grouting to allow a TBM to pass under an underground car park
during the construction of a Metro Line.
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Figure 3.8 The Zimmerberg Tunnel in Zurich — Reinforcement through underpinning of an under-
ground car park underpassed by the TBM excavation (Kovari et al., 2004).
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(sewage and water ducts), pressure pipes (gas, district heating, aqueducts), electricity
networks, and telephone lines.

The construction of a tunnel and the related access to the stations (in the case of
a metro line) may directly interfere with, or indirectly impact on, the utilities. In some
cases, even the drilling of site investigation boreholes or ground treatment holes may
directly hit the utilities, and cause damage. Thus, as in the case of buildings, it is neces-
sary to make specific utility surveys and conduct subsequent utility-risk analysis, right
from the early alignment selection stage, in order to minimize the potential risk levels
associated with the selected alignment.

To gather the necessary, basic information, the first step is to do cartographic
research and record information about all the networks that are present in the area of
interest. Notably, many cities are becoming equipped with centralised and computer-
ized archives on updated and easily accessible WEB/GIS platforms, which are able to
very quickly supply the basic information necessary for developing the first design
hypothesis for an urban tunnel.

3.4.3 Existing historic structures

Interference with the pre-existing important structures of historic value is a problem
that not only concerns large archaeological cities like Rome or Athens, but also those
cities where the sub-soils have not been studied well or are not well-known from an
archaeological point of view.

When referring to historical-archaeological finds, it is necessary to consider not
only the remains of ancient vestige, but also the underground passages, cisterns, and
abandoned wells. The last three are potentially the most critical for constructing a
tunnel by TBM, similar to the case of a sewage system which can cause a rapid and
uncontrolled emptying of the plenum of the TBM. This hazard can impact the stabil-
ity not only of the tunnel, but also of the surrounding ground as well as the structures
on the surface.

Where the interferences are assessed before construction, such as in the case of
the Cittadella Tunnels during the excavation of the underground system in Turin (see
Fig. 3.9), it is possible to intervene even in a simple, but very efficient way, by reinforc-
ing, or temporarily filling-in all the underground passages in order to guarantee safety
for both the existing structure and the tunnel under construction.

However, in the early planning stage of an urban project, it is most efficient to
work closely with the authorities for conservation of the archaeology and structures
of historic value and to select the tunnel alignment, both horizontal and vertical, that
generates potentially the least interference with such features.

3.4.4 Involvement of the citizens in development
of the project

Construction of a large tunnel in an urban environment can change the very struc-
ture of a city, at least during the execution of the works. In this case, it is common
for many local inhabitants to take the “NIMBY” (Not In My Back Yard) attitude,
which is largely due to a lack of information. To prevent this attitude, widespread
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Figure 3.9 Protection intervention on the Cittadella Tunnel during the construction of the under-
ground system in Turin.

and timely communication with the citizens, both during the design stage and later
on during the construction stage, are necessary. Failure to provide this communi-
cation can be a potential hazard to the project and might cause delays and cost
overruns.

Nowadays, it is no longer possible to construct structures in densely populated
areas without listening to the requirements of those who live in the areas that can be po-
tentially impacted by the work. It is obviously not possible to satisfy each single require-
ment, but it is surely possible to reach a correct compromise between those who have to
perform the work and those who have to put up with the disturbance that this work
causes. Two clear examples of damage to the existing structures, caused by tunnel
excavation in an urban area, are provided in Figure 3.10.

Indeed, the definition of a tunnel route is often the sum of the contributions of
the local communities and of the requirements of each neighbourhood, which are not
always known in the first design stages. Best efforts should be made to ensure that the
number of people inevitably, and negatively, affected is minimum.

Once an optimum alignment has been determined, it is necessary to assess the
associated level of residual risks and to adopt consequently a Risk Management Plan,
(RMP - see Section 2), to manage properly the identified residual risks. The relevant
aspects of the RMP should be communicated to the public concerned, who should be
assured that adequate countermeasures have been prepared to safeguard even those
properties subjected to low levels of risks.
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Figure 3.10 Damage to existing structures during tunnel excavation in an urban area (Left: Lane Cove
Tunnel, Sydney; Right: Heathrow Express, London).
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Figure 3.1 | Typical steps for starting the TBM excavation from a launching shaft.

3.5 STARTING AND ARRIVAL POINTS, SHIELD
LAUNCHING AND RECEIVING SHAFTS,
LOGISTIC WORK SITES

The selection of an optimal urban tunnel alignment should consider the location of
the tunnel starting and arrival points, the location for the TBM-launching and receiv-
ing shafts, as well as the huge space required for organization of logistic worksites
to support the industrialized construction process. In fact, it is always necessary to
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consider the location of the TBM launching shafts in well defined areas, outside the
historic centre and connected to a good road system.

The size of the areas necessary for the logistic sites can vary considerably accord-
ing to the selected type of TBM. The differences are connected with the different
methods used for the management of mucking for the two types of city machines, EPB
or Slurry Shield (SS)/Hydroshield (HS).

In the case where an SS or HS is used, the principal constraint is to find the neces-
sary spaces for the installation of the slurry-separation plant. The dimensions of this
plant vary in function of the required capacity (for example, for a mean capacity of
1000-1500 m?h, the necessary area for this kind of plant could be 2500-3000 m?).

In the case of an EPB, the problem of slurry separation, for reuse as bentonite,
does not exist. However, in order to avoid the problem of the muck being too fluid,
which makes it difficult to transport to the disposal site, it could be sometime useful
to foresee a muck-washing plant at the job site.

In the case of a metro line, the TBM-launching and dismantling chambers are
very often incorporated inside the head stations (of the stretch to be excavated by the
TBM) in order to minimize occupation of the surface space. In other situations, it is
necessary to construct specific shafts, whose internal geometries are obviously condi-
tioned by the dimensions of the TBM and the spaces necessary for the assembly and
dismantling operations.

Finally and also most importantly, the selection of an optimum tunnel alignment
should consider the special needs for the design of the very first stretch to be excavated
by the chosen type of TBM. This initial stretch is usually 200 to 250-m long and con-
stitutes the so-called “learning curve” section, where all the TBM crew will obtain a
practical learning of the excavation process and control of the TBM.

The excavation start usually occurs in minimum overburden conditions and often
without the preventive measures and complete mounting of the technological trains,
because of the limited space for manoeuvring. The initial stretch is, therefore, subject
to intrinsic operational difficulties, which, together with the lack of specific experience
and the inevitable initial experimentation of the machine, can be the cause of a series
of risk, and possibly of a long slow down or hold up in the production programme
of the excavation.

In fact, the experience gained has shown that most accidents (over-excavation,
collapses, and damage to pre-existing structures) and delays connected to mechanized
excavation in cities, are concentrated in the learning-curve section.

Therefore, particular attention should be paid to the selection of the alignment of
the initial stretch, opting for the alternative with inherently low-level risks, and espe-
cially avoiding to pass under any sensitive points of interference (buildings, utilities,
etc.). Wherever surface constraints limit the potential for a change in the design of the
route, it becomes indispensable to carry out systematic ground-treatment beforehand,
which should encompass the entire length of the “learning curve” section, that is, till
the TBM reaches the “regime excavation conditions” in which all the procedures have
been tested and made operatively efficient.
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3.6 THE RELATIONSHIP BETWEEN THE EXCAVATION
OF THE RUNNING TUNNEL BY TBM AND THE
CONSTRUCTION OF THE STATIONS

In urban railway tunnels, the relationship and reciprocal interactions between the
construction of the stations and the excavation of the running tunnel by a TBM,
takes on a particular relevance. A station can be the starting point or finishing end (or
shaft) of a TBM and, therefore, it becomes important to respect the considerations
expressed in the previous section concerning the logistic sites for TBMs.

Apart from the terminal stations that can act as starting and arrival points of the
mechanized excavation, all the intermediate stations are also subjected to the passage
of the TBM. It is, therefore, important to pay particular attention to the aspects con-
nected to work planning, in relation to the two different ways of passing the stations
by the TBM:

°  “yoid” crossing, where the station has already been built, at least as far as the
excavation and the main structures are concerned;
e “full” crossing, where the station volume has yet to be excavated.

In general, the most common method for TBM crossing of stations is that of void
crossing and it can usually be foreseen in the design stage of an underground line.
However, the experience and the technological progress of recent years in mechanized
excavation have shown that, once the excavation operations are successfully under
way and regime conditions have been reached with full activation of all the inspection
procedures, average tunnel advance that can be obtained, in any geological context,
can be very high. In some instances, the construction of the stations can become more
critical than the excavation of the tunnel for an underground line.

In fact, it can happen that, during the construction of a line, the tunnel construc-
tion is ahead of construction of the next station. In this case, whenever the design has
specifically foreseen void crossing of the station, slowing down is necessary. In the
worst case, the TBM advance has to be stopped in front of a station because it is not
completely equipped for the TBM to pass through.

Such an eventuality should be avoided at all costs, not only because of the risks
connected to the consequent delays in the work programme, but also because of more
general problems of making the tunnel safe: a stopped TBM, perhaps under a building
or even just under a road subject to road traffic, is evidently more dangerous than a
functioning and operative TBM.

Experience has shown that the risk of delay in constructing a station by a con-
ventional excavation method can be significantly higher than that by the cut & cover
method and thus a mined station is more likely to cause delays for the TBM to pass
through it. Therefore, in selecting the alignment, in terms of the running tunnel and
stations type combinations, priority should always be given to cut and cover stations
in order to minimise the related construction risks.
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3.7 CONCLUSIONS

The comprehensive analysis of the typical key factors, which could have a significant
influence on the choice of the preferred alignment, may serve as a checklist; and by
adapting this checklist to the specific project in hand, it is possible to effectively estab-
lish the necessary basis for making the preferred choice with (virtually) only low-level
risks.

Subsequently, a broadly based multi-criteria filtering exercise is normally carried
out, to eliminate the alignment options that have been identified as not meriting fur-
ther detailed evaluation and investigation, because they are dominated by hazards
entailing high-level risks. As briefly mentioned in Section 2, the semi-quantitative
multi-criteria analysis can be further substantiated using quantitative, decision tools
such as DAT. In any case, the main reasons for the exclusion of each excluded option
should be well documented, transparent and easily traceable. Acceptable reasons for
exclusion may include excessive negative impacts of hazards associated with high-
level risks in terms of policy, environment, construction cost and time, life-cycle costs,
and operational factors.

In any case, it is essential to carry out a comprehensive desk study of the study
corridor recommended by previous stages of the project development for the study of
alternative alignments. The objectives of this desk study will be:

e To provide a preliminary indication of soil, rock, hydrology, hydrogeological and
seismic characteristics of the corridor based on available information, aerial or
satellite photography, and site inspection.

e To provide geotechnical input to the process of refining, evaluating and costing
alternative alignments.

e To establish both the strategy and the required scope of the subsequent site in-
vestigations, aimed at understanding fully the urban environment in which the
tunnel will be built.

All these objectives will help to ensure that the level of investigations undertaken for
the alignment-option study are adequate and that a subsequent, more detailed investi-
gation, does not question the conceptual basis for the decision regarding the selected
alignment.

Finally, with the comprehensive analysis presented in this section, it is possible
to confirm that “Be wise a priori” is not merely a philosophy, but also a viable and a
“must-be-adopted” technical approach for developing a tunnelling project in a city.
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The primary responses to the
initial risks: a “city machine”
and its essential characteristics

4.1 PRINCIPLES FOR MAKING THE MACRO CHOICES

As mentioned in the Executive Summary, in Section 1.5, and deeply analyzed in
Section 2, one of the main focuses of this book is on the use of a design and construc-
tion approach that minimizes the risks during tunnelling in urban areas. According
to this approach, the first step to developing an urban tunnel is to begin with the risk
analysis for the project in question, starting from the early planning and design phases
and considering all potential hazards, especially those relevant to the construction.

It is believed that the correct selection of the construction method shall constitute
a primary measure for reducing the identified initial-risk levels.

It has now become a mandatory requirement that the construction of underground
facilities must protect the environment through which they pass by assuring that the
adjacent ground, facilities, and surrounding environment are not adversely affected.
Thus, excellent construction techniques that result in a minimum of disruption to the
public are essential to the positive image of the underground industry (Parker, 2006b).
This is especially true for tunnel excavation in the urban environment, where particu-
lar methods and procedures are required to face the main problems, constraints, and
challenges listed below:

*  Subsidence phenomena on the surface (roads or other facilities) and their limitations.

e Interference with utilities.

e Interference with foundations of pre-existing structures.

*  Muck disposal, with regard to its consistency (e.g. excessively liquid) and its con-
tent of polluting substances (derived from the face-conditioning products).

e Use of external monitoring (on buildings and on the ground surface and in the
ground) to be related with the control parameters of the excavation (face pressure,
weight of extracted material, and volume and pressure of the backfill grouting):

—  type of instruments to be installed in relation to the expected deformation
response of the ground to the tunnel excavation;

- positioning, spacing, setting the warning and alarm levels, and defining the
reading-frequency of the instruments;

—  type of data acquisition (manual and/or automatic) and feedback time of
monitoring data, to enable cross-controls with the TBM performance data
and the back-analysis.
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e Need of local improvement (if any) of the ground, prior to TBM excavation.

e Need of further local improvement (if any) of the ground, concurrent with the
TBM advance (local ground treatment and/or secondary grouting of the backfill,
from the pre-cast lining). Such treatments executed from the surface could be
preferable to those from inside the tunnel, in case of low cover, to avoid interfer-
ing with the production cycle. But the surface treatments have the drawback of
creating interference and nuisance to the urban environment.

e Need of spaces for the worksites, particularly in relation to the dimensions of the
TBM to be brought into, and/or extracted from, the tunnel.

Mechanized excavation, which is discussed in this Section, face the above-mentioned
challenges and minimise the risks, both theoretically and practically, and thus should
be the preferred choice for tunnelling in city environments.

If the mechanized solution is selected, the next step from the perspective of Risk
Management, would be the choice of a “special” or “ideal” machine from the nu-
merous types of available machines, to cope with the potential problems in the given
project. This could be, again, regarded as an effective “primary mitigation measure”.
However, it is evident that the choice of a particular machine for a given project has
serious implications in respect of the resulting (or residual) risk levels. Obviously the
risk of instability is highest when excavating without particular precautions. The risk-
level can be reduced by choosing a TBM with face support, but the reduction may not
always achieve an acceptable level of risk. It is important to remember that no excava-
tion method is inherently risk-free, and the mechanized method is not an exception.
Thus, as for the initial risks, the residual risks must also be assessed and managed.

Furthermore, it should be recognized that in choosing to use a mechanized solu-
tion there is also a “price to pay” because of several disadvantages, including;:

e The assembly and start-up of the machine, requiring the availability of large
spaces on the surface and underground, which are not always easy to find in a
city environment.

e The fixed, circular shape of the excavating section of the machine is not always
optimum with respect to the requirements and/or constraints of the underground
space.

e The potential over-dimensioning of the tunnel lining, responding to the necessity
that it should also support the forces derived from the construction (for exam-
ple, the longitudinal cylinders’ thrust on the lining segments to propel a shielded
TBM).

e The strict requirement for a detailed knowledge of the geotechnical characteris-
tics of the ground to be excavated: location, geometry, and structural character-
istics of the potential interferences (either on the surface or underground) and in
particular, all the formations present at the tunnel level, which might have histori-
cally caused accidents with serious consequences.

The collective experience of the tunnelling industry (see the recent report by the
Closed-Face Working Group of BTS, 2005, and the ITA Open Session on Risk Man-
agement, 2006, in Seoul) has demonstrated that selecting the correct method, including
the correct and specific machine, is necessary, but not always sufficient, condition
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for success. Many other elements are still required to guarantee the full success of a
mechanized excavation; and the additional key elements include:

e A detailed design of the machine itself is necessary, together with correct dimen-
sioning of the lining and careful attention to the overall operational logistics of the
machine. A wrong approach to design or construction may produce unacceptable
conditions such as excessive surface settlements, limited advance velocity, damage to
the prefabricated concrete segments, and inadequate water-tightness of the structure.

e Experience and know-how are crucial for an efficient, technically valid, and eco-
nomically effective application of the machine. In fact, it is necessary that all of
the stakeholders participate in the project to the best of their capabilities:

—  The Owner needs to develop and use a list of criteria for the selection of
the Contractor and the Designer;

—  The Designer must arrange all the known elements necessary for a correct
work development and for doing adequate investigations. The Designer
must also be aware of the state-of-the-art machines for tunnel excavation,
and collaborate with the constructors in selecting the best solutions for the
identified problems;

—  The machine Manufacturer must efficiently combine the needs of mechan-
ical engineering with the aspects related to tunnel construction. A constant
exchange of experience between civil and mechanical engineers is needed,
together with the continuously maturing field experience;

—  The Contractor must always operate the selected machine in a careful and
rigorous manner, not missing the details of any situation that must be
managed through a continuous excavation-control for achieving a correct
and secure advance of the tunnel;

—  The Contractor must utilize only skilled and well-trained personnel.

e It should be highlighted that, since methods of excavation or TBMs endowed
with “magic” powers do not exist, any type of TBM requires a strict system to
control its use, which has to respect relevant procedures and work instructions.
Such a “method”, i.e. the application of a strict control system in the TBM use,
employed as a “secondary mitigation measure”, shall enable an actual “minimi-
zation” of the residual construction risks to the point of making them accept-
able. Thus, there can be an alternative definition of the “true” residual risk (see
Sections 3 and 6), as the first level of remaining risk acceptable by those who
have the decisional powers to absorb and/or manage it (Employer, Contractor,
Designer, or a “risk management committee” purposely instituted and comprised
of all the Stakeholders previously mentioned).

o If the residual risk-level is still too high (i.e. non acceptable), additional mitigation
measures must be implemented (for example, ground treatments).

To sum up the fundamental concepts stated above, the principles for making the
macro choice of the primary responses to the identified risks should include:

e The human presence from all possible sources should guide the design-
construction choice when tunnelling in a city environment.
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e If the potential damage to persons and/or properties involving the life of people
has such a high impact on the risk evaluation that, even if the probability of their
occurrence should be low, the related risk level could remain unacceptable, thus
secondary and/or additional mitigation measures should be foreseen.

e The knowledge about the ground (being always the main source of hazards) should
guide the preliminary design-construction choice, but this knowledge should al-
ways be checked and confirmed on site, through exploration and geotechnical
monitoring during construction and interpretation of the data obtained.

e The choice of the correct excavation method, based on the information derived
from the site investigations and interpretation of the results in the light of Risk
Management, constitutes a “Primary Response” to the identified initial risks.

e If the method selected is a mechanized solution, it is usually necessary to foresee the
use of machines capable of applying a pressurized support to the excavation face.

e The remaining risks after adopting the primary response should be analyzed in
the same manner employed for the initial risks and managed by implementing
secondary mitigation measures. In particular, a rigorous control-system of the
excavation process should be adopted.

4.2 THE COMMON SOLUTION:A “CITY MACHINE”

Following the principles discussed in the previous section, it is useful to consider the
tunnel boring machines for application in city environments as a special category of
machines, the so-called “City Machine”, with particular attention being paid to the
corresponding requirements (or specifications).

In fact, there is, inevitably and always, a certain degree of uncertainty involved in
a given urban tunnel project, no matter what the geological, hydrogeological, geotech-
nical context is. The accuracy of the preliminary site investigations and the constant
update of these investigations, just like the review of the geotechnical characterization
of the ground during the course of construction, shall never be sufficient for resetting
to zero the levels of risks linked to possible excessive settlements on the ground sur-
face and/or to collapses of the excavation front (see Section 2). Consequently, in order
to operate under the conditions of maximum safety, minimizing the principal risks,
through a rigorous management of the project risks, it is necessary that (1) a mecha-
nized excavation in a city environment be done with, only and exclusively, a machine
capable of providing the necessary face-support pressure, and (2) the machine be uti-
lized in “close mode” for all tunnel stretches involving pre-existing structures which
could, in any way, be related to the presence of human beings.

It should be pointed out that the choice between open and closed mode is not
restricted to EPB shielded machines (see Sections 4.3 and 4.4 for more details). As a
matter of fact, the definition of “open mode” refers to the use of a machine equipped
with “face-support” facilities, but actually operated without applying a support pres-
sure to the excavation face, for the excavation of a certain stretch of tunnel. With
an EPB shield this excavation mode is obtained through maintaining the plenum
either totally, or partially empty, without applying pressure and controlling it at the
upper section below the tunnel roof. In an analogous manner, the same mode can
be obtained with a Hydroshield through maintaining the level of bentonite slurry at
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the same height in both the front and the rear compartments of the plenum, without
pressurizing the air in the upper part of the plenum. In this case the bentonite slurry
that is present in the lower part of the plenum has only the function of conditioning
the muck and facilitating its removal.

It is obvious that such a way of operating a TBM does not offer any possible in-
terventions in terms of either face support or control of surface settlements. Moreover,
the information obtained under the “open mode” conditions does not provide any
useful indication of the ultimate control of the extracted quantities, being impossible
to evaluate the quantity of the material that (theoretically) enters the plenum, by only
measuring the quantity of the material exiting from a chamber whose degree of full-
ness is unknown.

Not surprisingly, looking back at the tunnelling projects already realized in city
environments, one can observe how a serious accident or a series of minor accidents
always led to a subsequent period of no-production. However, by just rethinking and
studying the whole construction process, no further accidents occurred in the follow-
ing period of completing the works. To obtain such good results it was not necessary
to make radical changes in the design or the construction methodology. Instead, a
rigorous application of the operating procedures designed for safety was the optimum
solution. From this observation a spontaneous question arises: was it impossible to
operate the machine in this correct way right from the beginning, thus avoiding the
occurence of painful and costly accidents?

The authors certainly do not intend to affirm that the methodology shown in
this book will provide a kind of guarantee for avoiding accidents. On the contrary, it
has been stated several times that risk-free methodologies do not exist. Instead, the
authors would like only to emphasize that by operating a machine correctly, there will
be, at any moment, the documented certainty of having put in action all the available
means aimed at avoiding accidents.

Consequently, the primary solution can be stated as follows:

e the choice of a city machine, followed by
* arigorous application of the excavation-control and safety procedures (explained
in detail later in Section 6).

A city machine is, first of all, a machine equipped with face-support means (Hydro-
shield or EPB Shield), but it is also a machine satisfying a certain number of minimum
requirements as those described in the next subsection.

4.3 ESSENTIAL COMPONENTS OF A “CITY MACHINE”

The scope of this section is to provide a sort of checklist for preparation of the mini-
mum technical requirements for contractors and manufacturers, to be completed with
the details pertinent to the actual project.

The special requirements for a city machine are related to:

e Excavation process (including maintenance and muck handling).
e Face-support-pressure control facilities.
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*  Parameters cross-control system.
*  Probe-drilling ahead of the face.
*  Ground treatment.

*  Guidance.

e Safety of workers.

These requirements, in turn, shall determine the design of the essential, common com-
ponents of the machine.

It is important to emphasize that, in comparison with the other machines used in
other environments, the components to meet the above requirements should be specially
designed for the project, manufactured, and used with particular care. In the following
subsections, some of these components are described in detail, leaving the functional
principles to Section 4.3 (where the two types of commonly used machines are described)
and to Sections 6.2 and 6.3 (where the machines’ operational control is shown).

4.3.1 Components necessary for the excavation
process

4.3.1.1 Cutterhead (rotation, torque, opening ratio)

Depending on the type of rock and/or soil to be excavated, the rotation speed of the
cutterhead should be adjusted, in order to adjust the torque consequently (the softer
the ground, the lower the rotation speed and the higher the torque, for a certain avail-
able power), thus using the maximum available torque.

It is necessary to have a TBM with cutterhead rotation speed and torque (on the
main drive) continuously variable through hydraulic or variable-frequency electric
motorization. This is a common practice for TBM excavation in non-homogeneous
ground conditions, but in an urban environment, it is essential in any case.

Some zones of a given tunnel alignment may be characterized by soils with a high
percentage of clays and silts which can be highly cohesive and plastic. When a TBM
excavates through such zones, the soils may exhibit the so-called “sticky behaviour”,
reducing significantly the production and, in some cases, even causing a complete stop
of the advancement of the tunnel. Whenever such a doubt arises, it is opportune to
investigate deeply the question right from the initial stages of selecting and designing
the TBM for the project. This is because the sticky behaviour may strongly influence
the configuration of the cutterhead design (the percent opening ratio) and, in general,
also the mucking path from the plenum to the first conveyor belt (in the case of an
EBP shield). Furthermore, it can substantially affect the level of torque to be supplied
to the cutterhead, especially for EPB shields.

A simple and efficient method exists for assessing the “stickiness” of the ground
to be excavated, based on the Natural Water content, W , Plastic limit, W, and
Plasticity Index, I .

The ground should have a sticky behaviour if

W /W >1.0

W p
and

Ip >0.25
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This kind of behaviour (very dangerous for the TBM operations) is evident in the
presence of bentonite slurry, always used in Slurry Shield SS, Hydroshield (HS) and
very often also in Earth Pressure Balance Shield (EPBS). In any case, the hazard of a
clogging in the muck circulation is so dangerous, that the plenum (see Fig. 4.4) should
be designed to favour the circulation of muck from its upper part to its lower part.
Thus, the openings in the centre part of the chamber shall be bigger than in the exter-
nal part. This feature is very important because in the central part of the plenum the
speed is the lowest. In almost all experiences, and in particular with sticky materials,
it was noted that the clogging of the cutterhead starts in this central part. So, this part
of the cutterhead, is another important area to be designed to avoid the clogging when
excavating in sticky materials. In this area, the tangential speed of the cutterhead is
rather low and, consequently, the excavated material is, relatively speaking, moving
very slowly. This slow flow of material induces the initiation of front cutterhead clog-
ging, which increases until complete blockage of advance. A wider-open-centre design
also limits the wear on the cutterhead structure, in addition to increasing the flow of
the material.

These phenomena increase the need of cutterhead torque and thrust and,
eventually, put severe limits on the TBM advance rate. The recommendation that
emerges is that, together with an appropriate design of cutterhead, injection of
additives to the front or in the cutter chamber should be seriously investigated and
implemented.

4.3.1.2 Main drive (seals)

The main drive is one of the most important mechanical parts of a TBM. In Closed-
Face Machines the main bearing can potentially be polluted by pressurized slurry
contained in the plenum. Therefore, it is essential to provide special devices for sealing
the main drive in case of pressurized plenum:

*  The main bearing has to be protected by lip seals. It is important to verify that the
bearing is equipped with 2 rows of lip seals (4 or 5 each), respectively, at the inner
and outer part of the rings.

e The lip-seal’s design must foresee a special oil/grease lubrication system which
ensures the full protection of the bearing.

e The system for automatically greasing the seals provides a guarantee for their
performance during excavation. The system protects the seals with a continuous
flow of oil/grease, providing a total reliability of the lubrication.

4.3.1.3 Muck extraction system

The muck transport system (pumping system for SS and screw conveyor plus belt
conveyor(s) for EPBS) must be properly designed and dimensioned to avoid clogging
the suction area.

In fact, when excavating sticky soil with the contemporary presence of viscous
slurry, there is the tendency to close the suction area and/or the cutterhead openings,
thus choking the muck circulation ways.
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On the contrary, in coarse alluvial ground or in weak rock, the presence of boulders
can create problems for the circulation of muck. If the quantity and dimensions of
boulders are important, the use of an SS allows the installation of a stone crusher be-
fore the muck-entrance gate to the pipes of the pumping system. Of course, this is not
possible in an EPBS, due to the density of the material that would immediately choke
the crusher. The boulders in an EPB will pass through the screw and thus the maxi-
mum allowable dimensions shall depend on the diameter of screw cage, the pitch, and
the diameter of the central shaft. Otherwise, the boulder should be maintained outside
of the plenum by installing some grids in between the arms of the cutterhead.

4.3.1.4 Maintenance

The most sensitive maintenance works are related to checking the conditions of, and
changing, the cutting tools on the cutterhead; these operations are executed in the
plenum and under air pressure.

For this reason, every “city machine” has to be provided with one or more “hyper-
baric chambers” (or “man locks”) that allow maintenance works to be performed (even
under the water table or in the case of risk of face instability), and with one “material
lock” that allows men and material to pass through sealed and pressurized doors.

The man lock must be a “twin chamber” type and is located at the upper part of
the main shield. One chamber is the main man lock and allows personnel to pass from
the shield to the plenum. The second chamber is the emergency man lock that allows
safety personnel to reach the plenum or the main man lock, in case of injuries of the
personnel working inside the plenum. The man locks shall be equipped with all the
supply circuits and standard devices required by the local regulations for operation
under compressed air.

4.3.2 Measures for face and crown stability control

4.3.2.1 Pressure sensors

As a general rule, Closed-Face TBMs are equipped with pressure sensors, installed on
the bulkhead, following the configuration shown in Figure 4.1 for an EPB:

e 2 in the upper part (crown pressure).
e 2 ataxis level (average pressure).
e 2 in the lower part (maximum pressure).

However, for the HS, air pressure sensors are installed in the air cushion; and two
slurry-pressure sensors on the bulkhead are enough because the pressure distribution
is similar to that of hydrostatic water pressure.

The pressure measurements are displayed to the operator on the screen in the
cabin on-board the TBM to allow him to manage the face-confinement pressure, spe-
cifically for the crown-stability control, and to manage the water ingress.

Other earth pressure sensors should be installed along the casing of the screw
conveyor (at least one at each end of the screw) to indicate (to the operator) the pres-
sure drop along the screw and to detect the changes in the muck fluidity.
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Figure 4.1 The position of pressure sensors in the bulkhead of an EPB machine.

4.3.2.2 Measurements of extracted dry material

The current technology allows us to measure, with sufficient precision, the quantity
of extracted material (from the piping system, through the separation plant, in case of
Hydroshield, and from the screw conveyor in case of EPBS) for comparing it with the
actually excavated material.

In a “city machine”, these measurements and the relevant scales are mandatory.
In the case of HS, flowmeters and densitometers have to be installed on both in- and
out- slurry pipes; in the case of EPBS, scales installed on the belt conveyor can di-
rectly indicate the weight of the extracted material.

All these measuring instruments need be easily calibrated. The calibration should
be done regularly and frequently (in case of scales for EPBS, even every day, or maybe
every shift).

In the operator cabin, a special screen shall be dedicated to the comparison
between the excavated and the extracted quantities (see Section 6, Figures 6.26a, b
and c).

4.3.2.3 Foam and slurry injection

Application of the EPB technology requires the possibility to inject foam (generated
by mixing water, foaming agent, and compressed air) for improving the fluidity and
reducing the permeability of excavated materials inside the plenum.

The quantity (and the quality) of foam needed depends on the types of ground
to be treated before excavation. Therefore, it is very important that the foaming sys-
tem has a fine-quantity regulator, with also the possibility to add polymers and other
additives (see Section 6.3).

The hydroshield technology is based on the use of bentonite slurry in which it is
now possible to also add polymers in order to improve the quality of the slurry and
its behaviour into the ground.
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4.3.2.4 Bentonite slurry injection in the plenum
and around the shield

The face-support pressure must be maintained above the minimum level (the cal-
culated “attention level,” see Section 5.2) without any interruption. In the case of
Hydroshield, this is ensured by the combination of inflow of slurry in the plenum,
and the air cushion pressurization that can be maintained both during normal exca-
vation and stoppage (lining assembly, maintenance, break-downs etc.). In the case
of EPB Shield, it is noted that, when an excavation phase is finished, and during
the entire consequent stop phase, the face-support pressure has the tendency to
decrease (see Section 6.3), to even below the attention level. For this reason it is rec-
ommended to install an auxiliary device, called the Secondary Face Support System
(SFSS), able to inject bentonite slurry into the plenum, bringing back the pressure to
the desired value (see Section 6.3.2.2). Installation of an automatic SFSS (see Porto
Metro, Section 8.3) is also shown to be useful to avoid the manual intervention by
the operator.

The sector of the “annular void” around the EPBS body cannot be backfilled with
mortar as it would increase the friction forces to unacceptable values. In the case of
excavation with Hydroshield, bentonite slurry normally fills also this void, provid-
ing some support also on the tunnel roof, but just as a “passive” support. For the
EPB Shield, this passive effect is totally missing. In this case, some recent experiences
(Madrid, Barcelona, Porto) have demonstrated that injecting bentonite slurry all
around the shield and maintaining it at a certain pressure (more or less the same as
that in the plenum), it is possible to obtain a certain “support effect”, together with a
lubrication effect, which can reduce the frictional forces.

But, in order to utilize this injection as an “active” support on the roof, the topic
needs to be studied deeply. In 2002, a Research and Development project was pre-
sented to the European Commission for funding, with the name of “self supporting
TBM?”, but without results. The principles of this TBM were presented during the ITA
Congress in Amsterdam 2003 (see Xu et al., 2003).

4.3.2.5 Safety gate

The lower part of the bulkhead in the front shield of an EPBS must be equipped with
a safety gate, which can be closed when the screw conveyor is retracted for mainte-
nance. This allows the complete insulation of the plenum, avoiding water/material
inflow during maintenance.

In an HS, the by-pass valve in the slurry circuit serves the same purpose, i.e. to
insulate the plenum from the rest of the tunnel, and if necessary, for example, during
the “slurry circulation” phases to reduce the slurry density, without disturbing the
equilibrium in the plenum.

4.3.2.6 Tail skin sealing system

The tail shield should be equipped with at least 3 rows of wire-brush type of tail seal,
with injection of tail-seal grease between adjacent rows to ensure high-level water
tightness. As a matter of fact, with only two rows of wire-brushes, only one grease
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chamber is available, which cannot ensure sufficient protection from the possible in-
flow of slurry and/or grouting mortar, and the corresponding risk level is too high for
an urban project.

4.3.3 System for cross-control of excavation
parameters

4.3.3.1 Data logger

It is absolutely necessary to install a data logger on the TBM to monitor, record, and
control the excavation parameters; and in particular, the following sensors/devices
have to be installed to allow for the relevant checks (see Sections 6.2 and 6.3):

e Pressure sensors in the plenum (and in the screw conveyor for EPBS). In the case
of Hydroshield, it is not enough to measure the air pressure, and thus almost two
slurry pressure sensors should be installed on the bulkhead. In the case of EPBS,
by using the difference in the pressure values, the “apparent density” of the mate-
rial in the plenum can be easily calculated. The “apparent density” can be used as
an indicator of the degree of filling of the plenum by the excavated materials and
thus it should be displayed in real time on the control panel in the TBM operator
cabin (see Section 6.3.2).

*  The weight and volume gauges for measuring the quantity of the extracted mate-
rial (scales and/or volumetric scanners in the EPBS, or a combined of capacity/
density measurements of the slurry for the Hydroshield).

e All the “mechanical” parameter gauges of the TBM: cutterhead rotation speed
and penetration rate; rotation speed of the screw conveyor, in EPBS; in- and out-
slurry flow and density, in Hydroshield; torque on the excavation cutterhead; and
pressures in the thrust jacks for the TBM advancement.

e Injection-pressure sensors and flow metres to monitor the grouting of the filling
mortar behind the segments.

4.3.3.2 Web connection

In order to give all the Actors of the project the possibility to know in real time what is
happening, both in the tunnel and on the surface above the tunnel, a complete moni-
toring system for both the surface settlements and the ground movement at depth,
integrated with the control of the excavation parameters, has to be implemented; all
the data shall be available to all the Actors, through a computerized, Geographical
Information System (GIS, see Section 6.4), connected to the WEB.

4.3.4 Probe drilling

It is considered important that a mechanized excavation in a city, carried out accord-
ing to the criteria and principles described in this book, should be performed using
the most complete knowledge of the geotechnical situation. It can also be stated that
all the site investigations in an urban area should be carried out at a preliminary
stage, where the sites to be investigated are usually easy to access (relatively low
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overburden, free and accessible areas). Otherwise, such investigations should be done
during construction from inside the TBM. In the latter case, the ground can be inves-
tigated through investigating ahead of the excavation face by means of core-drilling
and/or probing without sampling, but logging the drilling parameters, or alternatively
through continuous prospecting using geophysical methods (seismic, electromagnetic,
etc.). Investigations from the TBM are recommended as secondary investigations,
when passing under buildings or other existing structures, to increase the knowledge
about the ground to be excavated in particularly sensitive areas. For details on site
investigations, reference can be made to Appendix 3 and BTS 2005.

For probing the surrounding ground ahead of the excavation, the TBM should
be designed to permit the specified drilling operations, with compact drilling rig(s)
equipped on board to allow for the realization of inclined holes diverging forward at
10-15°. In case of need, it should be possible to mount special probe(s) on the drilling
rod for direct investigations of the in-situ material characteristics.

In certain situations, the knowledge of the surrounding ground alone might not
be sufficient, for instance, in the presence of karstic phenomena (encountered in the
projects in Paris and Kuala Lumpur, discussed in Section 8). In these cases, it is neces-
sary to know the ground characteristics in the section to be excavated. Therefore, the
machine should be designed to allow drilling of boreholes in the excavation section
through the cutterhead. To do this, particular positions of the cutterhead must be
identified and aligned with the holes arranged in the bulkhead, and the drilling rig
should be equipped with a “blow out preventer” to avoid the loss of pressure and/or
the loss of water.

There have been great developments in recent years as far as “continuous” re-
connaissance systems are concerned, whether they are electric, magnetic, or seismic.
Guidance on choosing the best technique for a given situation can be found in the lit-
erature (for example, the Closed-Face Working Group Report, BTS, 20035). It is only
necessary to underline here that all of these systems need to be “calibrated” on site
and in the ground in order to ensure that the interpretations are meaningful.

When drilling ahead of a section to be excavated, it is also necessary to be care-
ful in order to avoid the risk of losing the drill fittings, which could damage the cut-
terhead as it passes through the section later. A safe solution, in this case, is to use
aluminium rods.

4.3.5 Ground improvement

Clearly, ground improvement should be done from the surface if it can be done suc-
cessfully without undue disturbance to the public. However, sometimes there are some
areas or locations along the tunnel route, requiring risk mitigation interventions prior
to construction to protect the already existing structures, which are not totally acces-
sible from the surface. In these cases, it is necessary to carry out the interventions from
inside the TBM. However, it is well understood that interventions from inside a TBM
are not as effective as those from the surface, because of numerous constraints in the
already congested space. Therefore, the number of boreholes that can be drilled is
limited. This borehole umbrella will always be inclined and diverging rapidly into the
ground surrounding the tunnel. In short, there are few possibilities during the design
stage for the choice of the treatment “mesh” (or pattern); and significant interventions
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at the face can only be performed with particular devices; and the treatment opera-
tions are, however, always risky.

If systematic and effective treatments from the TBM are not possible, it is neces-
sary to use other systems, such as especially prepared access shafts or galleries from
which the drilling and grouting can be performed with relative ease. In some cases (for
example, “Nodo di Bologna”, see Section 8.5) recourse has successfully been made to
guided, inclined drilling from surface.

The equipment foreseen to be used for drilling the probe holes is also useful for
the ground treatment. The usual machines that are employed to inject cement or sili-
cate mixes from the surface can also be used in the tunnels. In certain cases, it is neces-
sary to inject particular grouts (for example, expandable products such as resin and/or
polyurethane foam) in order to resolve waterproofing problems or to temporarily fill
the voids that have been identified or caused during excavation.

4.3.6 Guidance of the TBM

The modern guidance systems are capable of operating also in urban environments,
even though the radii of curvature of the tunnels in cities are often at a minimal value
due to alignment constraints (see Section 3).

The so-called “universal rings” are commonly used to line tunnels excavated by
a shielded TBM in city environment; and theoretically, these rings can be utilized for
any tunnel radius from the minimum value in the design to infinity, i.e. a straight line
(see Section 5.3). Modern guidance systems can help to determine the segment-ring
assembly sequence in order to obtain the desired radius.

It is recommended that high precision guidance systems and the corresponding
software be used, as these can be considered indispensable for the complete equipping
of an “ideal city machine”, in order to:

a. guarantee that a TBM follows the designed alignment of excavation, with the
excavated tunnel to be lined in a precise way;

b. allow the correction of alignment errors (which cannot be completely avoided) to
remain within the tolerance limits allowed for a given type of lining and by the
shield/lining segment coupling, and

c. reduce the risk of failure and/or damage of the segments, during the assembly and
thrust stages, to a minimum.

4.3.7 Safety

The term “safety” refers here to the safety of the personnel who work inside the
machine and the tunnel. The details of health and safety issues are provided in
Section 7.

In most cases, a machine that has an EC (European Commission) certification
mark may satisfy the safety requirements (see Section 7). However, it is often neces-
sary to make adjustments that are requested, from time to time, following the recom-
mendations of the Inspection Commissions. The requested specific adjustments can
change from country to country and, sometimes, even from region to region. How-
ever, what should never be missing are the following components.
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On the machine:

Control monitors in the operator cabin.

Control panel for segment erector strictly at disposal of a unique operator.
Protection for people from contact with the mobile parts such as conveyor
belts.

Equipment to recuperate an injured person in the plenum (special slings, stretcher
attachment cables).

Rescue containers.

Emergency locomotive in the TBM backup.

Fire extinguishing apparatus on the main mechanical parts (hydraulic and electric
engines).

Methane (CH,) gas sensors at the excavation face, and meters for oxygen, CO,
and CO, levels.

End buffers (or dampers) for the segment carrier wagons, etc.

On the trains:

Self-braking wagons.

Radio-controlled cameras and monitors in the driver cabins for rear vision.
Closed cabins.

Special closed wagons for personnel transport.

Locomotives with fire extinguishing equipment (at least of a manual type).

In the tunnel:

Pedestrian platforms.

Emergency stations (1 at each 500 m interval if the tunnel is longer than
1000 m).

Fire extinguishers.

Emergency lights.

Track-switching points, or double-tracks, if the space inside the tunnel allows
them.

At the portals:

Access checks for both the personnel and visitors.

Emergency hyperbaric chamber.

Stretcher-lifting equipment.

Security containers with emergency equipment (overalls, breathing equipment,
etc.).

Emergency wagons with stretcher carriers.

Communication systems between the control station and the trains as well as the
TBM.

Buffers (or dampers) for trains at the tunnel entrance.
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4.4 SLURRY AND EARTH-PRESSURE BALANCE SHIELDS:
FUNCTIONING PRINCIPLES AND REVIEW
OF THE STATE OF THE ART

There are currently two types of machine that can comply with the technical requirements
described in the previous subsection: Slurry Shield or Hydroshield and EPB Shield.

The choice between a slurry machine and an EPB machine usually cannot be
made “a priori” simply based on the type of ground, the particle size distribution of
the various lithologies involved, the presence or absence of groundwater, the height of
the water table (if present) with respect to depth of the tunnel, etc. All these parame-
ters are important for making the selection, but they need to be checked, case-by-case,
in the light of risk analysis for the specific project.

In any case, to make the correct choice, it is necessary to know and understand
well the characteristics of both types of machines. A general description of various
types of Tunnelling Machines, following the classification scheme of ITA WG 14, is
shown in Appendix 1. The following paragraphs of this subsection, will illustrate in
more detail the two types of machine that are particularly used in urban areas: Slurry
Shields (SS, see Fig. 4.2) and Earth Pressure Balance Shields (EPBS).

4.4.1 Slurry shields

4.4.1.1 Operative principles

The Slurry Shield is a machine that is able to support the excavation face by a pressu-
rized, bentonite slurry pumped into the excavation chamber. The slurry is substantially

Figure 4.2 The 14.2 m-diameter Herrenknecht Slurry Shield model S-108, used for excavating the Elbe
tunnel in Hamburg.
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composed of a bentonite suspension in water, with some additives if necessary. The
excavation chamber, called the “plenum”, is a space between the excavation face and
a steel bulkhead (separating the plenum from the remaining part of the TBM), where
the excavated material is collected and mixed with the slurry. A pumping system per-
forms the functions of feeding the fresh slurry to, and removing the muck from, the
plenum through a pipeline (see Fig. 4.3).

The balance between inflow and outflow involved in this cycle allows the slurry
to be maintained under pressure in the plenum. By the variation of the inflow and/or
outflow of the slurry, it is possible to control the face-support pressure value.

In the case of the Hydroshield a supplementary bulkhead, installed further behind
the primary bulkhead, creates a room or an auxiliary chamber, which is divided into
two functional compartments. The compressed air in the air cushion can push the
slurry to the plenum in front, maintaining it under pressure. The air cushion pressure
can be managed through an automatic regulation system. Consequently, it is possible
to control the slurry pressure. The air bubble also acts as a compensative “shock
absorber” to the unavoidable pressure fluctuations in the plenum (see Fig. 4.3).

4.4.1.2 Key parameters

The principle relating to the face and tunnel crown stabilization is the same for both
“Slurry Shield” and “Hydroshield”. But the Hydroshield is a more complex machine,
due to the use of the “air cushion”. Therefore, the detailed description will refer just
to the Hydroshield, as to our knowledge it is the only type of “slurry shield” being
used in Europe, in the form of its variants like “Mixed Shield” or “Benton’air”, etc.

Actually the name “Hydroshield” historically refers to the machine invented by
Weyss and Freitag and built by Bade and Theelen in the late 1970s. Afterwards, Voest
Alpine of Austria bought from Bade both the name and the technology. Unfortu-
nately, Voest Alpine quit the market in about 1995, after the construction of the two
machines for the EOLE project in Paris and for Metro Rome (line A extension). How-
ever, the term ‘hydroshield” has now become a common denomination.

The operating principles of the machine is described in Figure 4.4.

air cushion shield

thrust jack lining segments
cutter head

main drive excavation sealing system
chamber (wire brushes)
(plenum)

Figure 4.3 Functioning principle of a HydroShield.
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Figure 4.4 The scheme of a Hydroshield.

As indicated in Section 5.2, the pressure to be applied to the face depends on the
ground pressure and the hydrostatic pressure (if any). The face-support pressure is in
part supplied by the slurry (which creates a hydrostatic pressure as a function of its
density) and in part by applying air pressure on the slurry through the overlying “air
cushion”.

The mechanism by which the pressure is applied is the following. The plenum
is physically separated from the tunnel by a bulkhead (the rear bulkhead in Fig. 4.4)
The chamber is divided into two compartments, by the front bulkhead. The front
compartment, where the cutterhead is located, is kept full of slurry. The rear compart-
ment and the front compartment are connected in the lower part of the chamber but
they are separated by the front bulkhead in the upper part. The rear compartment is
filled with slurry only in the lower part, while compressed air is fed into the upper part
(forming the so called “air cushion”).

In the rear bulkhead are located the inlets and outlets of the compressed air,
regulated by a system of automatic valves, and the inlets and outlets of the bentonite
slurry, which also function as conveyors for the excavated material.

In the classical “slurry shields” the pressure control is obtained by “balancing”
the inlet and outlet flows. If the extracted volume is smaller than the injected one,
more material will be accumulated inside the plenum and, therefore, the pressure
increases.

In the Hydroshield, the pressure control in the chamber is obtained by control-
ling the pressure on the “air cushion”: the compressed air “pushes” the slurry into
the front chamber, thus applying the required pressure. Moreover, the air cushion
exerts a compensating function, or acts as a dampener against pressure variations: an
excessive slurry pressure is automatically reduced by reducing the air pressure in the
air cushion via a release valve; and a pressure loss calls for new compressed air, which
re-establishes the equilibrium in the system.

This system, apparently simple and effective, actually displays several operating
difficulties, which are described hereafter to better understand their mechanism, to
control, and safely manage them.

Using this type of TBM, the face-pressure calculation is fundamental, but it be-
comes even more important to take into account the rheological characteristics of
the slurry, which in turn depend on the ground characteristics and the slurry material
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components: water and bentonite, but also on additives such as polymers. Another
essential element for controlling the stabilization parameters is the slurry level in the
rear chamber (or level of the separation line between air and slurry).

Beyond its primary function of exerting an active pressure on the excavation
front, the slurry also gives benefits to the productive cycle, thanks to its cooling and
lubrication effects.

4.4.1.3 Slurry characteristics

As stated earlier, the principle of the slurry-shielded TBM is to apply an adequate
pressure on the slurry contained in the plenum. This pressure is thus transferred to
the face to obtain a pressure value as close as possible to that calculated in relation to
the in-situ stress.

The correct application of pressure is closely related to the correct reaction of the
“slurry-ground” system. The pressure pushes the slurry into the ground pores, shed-
ding its portion of solids and thus forming a film (called “cake”), which allows the
correct distribution of the applied pressure to the entire face. The penetration distance
and the cake thickness are functions of the applied pressure, of the grain size of the
ground and of the slurry as well as of the electro-kinetic potential, which is related
to the surface activity of the slurry particles, of the slurrys rheological characteristics,
and of the hydro-geological conditions, principally the salt contents in the ground
water. The confinement is of a hydrostatic and mechanical nature, the former is preva-
lent in ground with fine particle size and some cohesion, and the latter prevails when
cohesion is low or nil, as individual particles then need separate support (independent
from others).

The slurry cake also assists the maintenance operation in the excavation chamber,
by enabling the compressed air pressure (instead of the liquid pressure) to act on the
front when the plenum is emptied for maintenance, avoiding at the same time the
leakage of air.

Since the excavated material disposal is through the pumped-out slurry, it is
necessary to ensure that (1) the pipe diameter is compatible with the required vol-
ume to guarantee sufficient transport velocity, and (2) the slurry does not generate
grain sedimentation along the conduit from the shield to the separation and treat-
ment plant where the coarse particles are separated from the fines and the liquid to
allow transport to muck disposal and recycling of the bentonite slurry. Particular
attention should be paid to the slurry characteristics to permit the separation and
treatment indicated above. Experience from several case histories suggests conse-
quently adopting bentonite slurry with varying contents (type and/or quantity) of
polymer additives, to resist better the polluting agents present both in the ground
and in the water used to form the slurry mix. This will improve also the separation
ability of the plant.

The principal control parameters of the slurry quality are known (Milligan, 2001).
However, the control has to be particularly accurate, since the initial slurry, prepared
from mixing water and bentonite, after appropriate hydration, is subsequently “pol-
luted” by the excavated material (ground, water from underground water-tables, and,
in urban areas, by chemical products present in the ground and in the water).
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The apparent viscosity, V, is measured in centipoises (cp) in the FANN viscosity-
meter and is (Eq. 4.1):

V. =F, /2 [cp] (4.1)

where F_ is the viscosity at 600 rpm.
The plastic viscosity, V , is the difference between the viscosities at 600 and 300 rpm:

(Eq. 4.2)
V, =F, = F [cp] (4.2)
The “yield value”, defined as (Eq. 4.3):

Yv=0.96 - (F,,- V) [Pa] (4.3)

300
provides a measure of the penetration resistance of the slurry into the ground (FPS, 2006).

The “filtrate”, defined as the liquid that passes through a filter cake from a slurry,
and measured by a specific lab test, indicates the penetration ability of the slurry into
the ground.

It is also necessary to measure continuously the slurry density, both in and out.
Proper functioning of the transportation plant, and particularly of the separation
plant, is substantially dependent on this parameter. Good practice indicates that slurry
density should not exceed 12.5 kIN/m?® in the outlet circuit, since the initial density is
about 10.2-10.3 kN/m?>.

As stated, the reference to ‘slurry’ should be actually to a fluid whose character-
istics lie in the range of the characteristics of pure bentonite slurry and a bentonite
slurry and ground mix, which is present at the end of each excavation cycle. Hence,
these measurements need to be repeated several times even within the same excava-
tion cycle, if necessary, especially if substantial and sudden variations of the reference
values are detected.

The procedure is rather complex and is the subject of specific studies by special-
ists: Suffice to note here that the slurry in contact with the face tends (under pressure)
to penetrate the ground, which then acts as a filter. The slurry is able to penetrate to
some distance, which is a function not only of the applied pressure and the intersti-
tial pressure opposing the penetration, but also of the physical characteristics of the
ground and the slurry. The solid portion deposited during the penetration constitutes
the “cake”, i.e. the active element transmitting to the face the support pressure, while
the liquid portion is dispersed.

The delicate equilibrium between these components (which depends on the values
of “Filtrate” and “Yield value”) constitutes the essence of a proper functioning of the
Slurry Shield, which, in turn, governs the face support.

4.4.1.4 The various types of cake

The knowledge of the type and function of the cake is extremely important. An exces-
sively thick cake is not advantageous for stability, whereas too thin a film would make
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the face support less efficient. Moreover, too much water penetration into the ground
has to be avoided, as it could favour possible swelling of clay (if present) and it would
reduce the efficiency, for it would increase the interstitial pressure.

Two types of filter cake can be distinguished in relation to grain size: (1) membrane
cake for ground with fine particles, and (2) impregnation film for coarser ground. In
the first instance, inter-granular forces prevail, in particular the particle attraction due
to the electro-kinetic potential is an important fraction of their weight. With a mem-
brane film, increasing the pressure has practically no influence on slurry penetration,
since the film becomes a ‘continuous’ obstacle on the face. However, an impregnation
film is definitely more sensitive to pressure variations and, in most cases, an increase
in pressure will lead to a restart of the slurry migration into the ground.

In either of these cases, the behaviour at the face will be considerably different.
A “membrane” is definitely more favourable for the ‘micro’-stability of the single
particles, since it is capable of providing a more uniform pressure distribution and
imparting a kind of artificial cohesion, extremely important in cohesionless ground.
On the other hand, an “impregnation” film will have a greater thickness because the
slurry finds less obstacle to penetration; it provides an important role because the
face being “cut” is a system in evolution, the ground is continuously modified by
the cutterhead rotation and consequently part of the film is continuously removed
(Fig. 4.5).

4.4.1.5 Components and additives of the slurry

Bentonite is the fundamental component of the slurry. The terms “bentonite” and
“smectite” are generally used to define the natural clay minerals which essentially
belong to the sodium-, calcium-, or potassium-rich montmorillonite group. Because
of their chemical composition and microstructure, these minerals have a strong ability
to absorb water.

A useful tool for differentiating between the types of bentonite is the activity
index, defined as the relation between plasticity index and clay percentage. The higher
the activity index, the bigger the sodium montmorillonite percentage in the bentonite.
The best bentonite for slurry is mainly composed of sodium montmorillonite (prefera-
bly more than 90%). The commercial sodium bentonite is generally obtained through

Figure 4.5 Slurry cake formation: the two types of cake.
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the substitution of calcium ions with sodium ions. In any case, the bentonite in the
market can present different qualities; consequently, its utilization in the mechanized
excavation field with Slurry Shield may require the addition of small amounts of poly-
mers, with the purpose of reaching optimum properties.

The bentonite slurry is prepared by mixing water and bentonite powder, in the
desired proportions, to obtain the required rheological characteristics. The mix has to
be “hydrated” in a tank for at least 12 hours, in order to reach the optimal character-
istics. The proportioning typically varies from 30 kg/m? to 60 kg/m?. The thixotropic
properties of the bentonite allow the formation of a gel if the concentration of water
(by weight) is higher than 5% (Milligan, 2001).

To improve the slurry quality, different types of polymers can be added. In natural
grounds with high permeability, use of polymers is recommended. These are able to
reduce the slurry penetration and, consequently, its dispersion, making the formation
of the slurry cake easier and more efficient. It is possible to improve the rheological
properties of the slurry through the introduction of long-chain molecules, which be-
have as reinforcement fibres shaped like a “net” that is able to retain the bentonite
particles, acting as a “bridge” between the ground grains.

The slurry must have the required velocity in the pipeline, without requiring
excessive power consumption, inducing wear to the pipe and pump, and causing sedi-
mentation. However, in case of interruption of the flow, sedimentation of the material
could possibly occur with a consequent clogging risk for the pipe system. To minimize
this risk, it is possible to continue the slurry circulation through a by-pass valve, even
when the excavation process is stopped, ensuring a certain velocity of the slurry inside
the pipe. In addition, it is possible to add specific additives to the bentonite slurry in
order to control its viscosity and to facilitate the flow inside the pipe.

Polymers can be also used for other purposes. For instance, in grounds with high
salt content, it is recommended to use special types of polymers that reduce the sen-
sitivity of the slurry to the contamination caused by the salt. In soil with heavy clay,
the use of polymers reduces the clay dispersion and, therefore, maintains the slurry
functions over a longer period. When the natural content of clay is high, only a mix
of water and polymers could be sufficient to create the slurry.

4.4.1.6 The bentonite slurry treatment and separation plant

The treatment plant has the purpose to prepare, stock, and control the slurry. The
mixture is prepared in a high shear mixer. Normally the mix is made denser; it
is then hydrated and diluted to the desired concentration, before it is sent to the
feeder tank.

The hydration, stocking and feeder tanks have to be appropriately dimensioned
according to the plant output in order not to remain short of slurry; in the stocking
tank will also be stored the slurry recuperated from the separation plant, after appro-
priate monitoring of the characteristics.

Each treatment plant has to have an annexed laboratory, to control the density,
the viscosity, the yield value, the filtered material, and the thickness of the cake, that is
all the parameters defining the “quality” of the bentonite slurry. The same laboratory
will also service the separation plant, described below.

This part of the treatment plant is essentially the same as used for the preparation
of the bentonite slurry for excavation of the diaphragm walls or for the perforations
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using bentonite, except for the size. The following cases provide practical examples
of the characteristics of the slurry plants. The EOLE project in Paris and the S. Peters-
burg Metro (excavation diameter 7.40 m) were furnished with slurry pumping plants
with a nominal output of 1200 m%h, while the SMART project in Kuala Lumpur with
an excavation diameter of 11.30 m required a plant with the capacity of 2500 m?/h.
In the Paris and Kuala Lumpur projects it was “normal”, due to the karst phenom-
ena in the limestone, to incur slurry losses of the order of 800-1000 m*h, quantities
which could spell a disaster for both the fresh slurry supply and the pressure control
at the face!

The pumping system moving the slurry “in” and the liquid muck “out” repre-
sents an essential element of the “hydroshield” system because the performance of the
entire system depends on its dimensioning.

Some typical quantities to be pumped have been mentioned above: the necessary
plant power is determined by dimensioning the pump head necessary for the tunnel
profile and for the position of the treatment and separation plant. For the SMART
project (11.3 m diameter, see Section 8.5) the plant had 6 pumps of 900 kW (each)
with a total electric power equal to what was necessary for operating the TBM.

The diameter of the pipelines must take into account the minimum velocity in or-
der to avoid sedimentation of the solid in suspension, which would provoke choking
of the system and its failure. Typically, the speed should not fall below 0.5-0.7 m/s
and the plant should also be dimensioned for a nominal speed >1.0 m/s. The solid
particle size and its quantity in the mix composition also plays a role in assigning the
speed.

The separation plant is one of the most important components of the hydroshield
system. Often it constitutes the determinant for the average rate of progress and,
equally often, it can reduce the TBM advance rate, even to the point of stoppage, if
it is not appropriately designed and dimensioned (see Fig. 4.6 and 4.7). The essential
elements for its dimensioning are the quantity of material circulating in the transport
system (as a function of the excavation diameter and maximum rate of progress re-
quired from the TBM) and the grain size of the material to be excavated, in particular
its content of “super-fines”, i.e. the particles of dimension <50 u, which is a determi-
nant for the dimensioning of the separation equipment.

Basically the plant is made of three sections in order to perform the following
functions:

®  to separate the coarser components (>4—6 mm), using vibrating screens;

® to separate the fine components (>0.3-0.5 mm), using of one or more stages of
“cyclones”, which separate solids from liquids by centrifugal effect;

®  to separate the super-fines (>50 L.) using special equipments, such as the “centri-
fuges”, the press-belts, and the press-filters.

The remaining (<50 W) can be re-utilized together with the water, by adding to the
fresh bentonite.

In the last few years, centrifuges have been used less and less, due to their complex-
ity and difficulty to manage and calibrate them, but the final choice of the components
of this third part of the plant depends on the grain size of the excavated material and
the super-fines in particular.



Figure 4.6 Separation plant layout of the EOLE project (see Section 8.1).

Figure 4.7 Typical components of a slurry treatment plant.
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Even for a succinct analysis of the problem, it is recommended that one obtain the
best possible knowledge of the excavated material to be separated in order to have all
pertinent information (1) for dimensioning of the preparation, transport, and separation
plants (the treatment plant), and (2) assigning safety margins in order to be able to face
unforeseen conditions. An increase of just a few percentage points in the proportion of
super-fines can disrupt the plant performance: it imposes the requirement to circulate
the slurry in the piping without entering in the plenum (through the by-pass valve), just
to separate the super-fines and lower the slurry density within acceptable limits. Because
of this, the excavation is stopped and the average advance rate is reduced.

The “quality” of both the water used to prepare the slurry and the groundwater
also has significant importance. If calcium and/or magnesium salts occur in solution,
these could have flocculating effects on the bentonite suspension, either impeding
or altering the tixotropic functions of the suspension. The chemical composition of
water needs to be known and corrections need to be implemented, if necessary, using
appropriate chemical additives.

Some treatments are often necessary to restore the physical characteristics of the
slurry to acceptable values for recycling by adding some fresh bentonite or additives
such as polymers, pH dispellers, or stabilizers. A control of the restored slurry is per-
formed by examining its principal characteristics: density, pH, water loss, yield value,
plastic viscosity, and solid content.

4.4.2 Earth pressure balance shield

4.4.2.1 Operative principles

The Earth Pressure Balance Shield, EPBS, is based on the principle of using the thrust
and forward movements of the TBM to maintain a pressure on the face. The face-
support pressure is applied by utilizing the ground just excavated, collected, and pres-
surizd in the plenum.

The openings in the TBM cutterhead, which is equipped with cutting tools such
as discs or picks, permit collection and accumulation of the excavated ground in the
plenum (which is very similar to the slurry shield chamber: i.e. a room between the
cutterhead and the bulkhead). The muck extraction from the plenum is done through a
rotating screw conveyor, or Archimedes (end-less) screw. The extracted quantity is pro-
portional to the screw-rotation speed, whereas the excavated quantity is proportional
to the TBM’s penetration rate. A dynamic equilibrium based on the balance of exca-
vated and extracted volume (volume balance) is created inside the plenum. Adjustment
of this equilibrium, through variation of the screw-rotation speed, makes it possible to
create accumulation and consequent pressurization of material into the plenum.

The face-support pressure is controlled by varying the screw-rotation speed, as a
function of the TBM penetration rate.

In addition to the basic functions of muck extraction and control of face-support
pressure, the screw conveyor (Fig. 4.8) allows the dissipation of the pressure in the
plenum, from the maximum value (on the bottom level of the chamber) to the atmos-
pheric level (at the discharge gate), through the formation of the so-called “plug” of
material along the screw itself.
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Figure 4.8 The functioning principle of EPB Shield.

The longitudinal thrust cylinders acting on the already positioned lining segments
inside the rear shield exert a pushing force on the shield and bulkhead, which then trans-
fers to the ground a pressure that must be adequate for excavating and counteracting
the friction forces on the shield and for supplying the needed face-support pressure.

4.4.2.2 Geological and Geotechnical aspects

The question as to what grounds are most adaptable to EPBS excavation has been the
subject of numerous technical debates, especially in relation to the ease of excavation
and the optimal conditioning of the material. In particular, in the choice and manage-
ment of the EPBS excavation, the following are the aspects to be analyzed in detail.

1. Type of ground (cohesive, frictional, friable rock, etc.). Once the applicability of
an EPBS system has been verified, the type of ground influences the performances
of the machine and the correct conditioning of the ground (in the plenum), which
in turn has influence on the stability of the face. The use of EPBS becomes unfa-
vourable in ground with fines content lower than 10%.

2. Permeability and location of the water table. Typically the use of EPBS is optimal
in ground with permeability less than 10~ m/s and water head less than 3 bars. If
the permeability is higher, the type and quantity of the conditioning agent to be
added to the plenum and the screw conveyor become relevant.

3. Heterogeneous materials, bedding, and discontinuities, in relation to the tunnel
section (EPBS on mixed face).

4. Percentage, maximum dimension, hardness and abrasivity of boulders (if any).
These aspect are important in relation to: the mechanical wear and tear, the pos-
sibility of entry of boulders into the plenum through the cutterhead, and in the
muck disposal via the screw conveyor. The maximum width of the openings, as a
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percentage of the cutterhead area, as well as the diameter and pitch of the helical
screw have to be related to the maximum diameter of the expected boulders.

5. Percentage of minerals with high chemical reactivity (e.g. the heavy clay group)
which can influence the conditioning of the excavated material, and cause a sticky
behaviour.

6. Final use and disposal of the muck.

4.4.2.3 Ground conditioning

The muck resulting from the mix of natural ground and water (as a simple additive
used in the first types of EPB Shield), is not always the optimum medium to transfer
the desired support pressures to the front in a continuous and homogeneous way,
without a high consumption of power. For these reasons, it is often necessary to add
some conditioning agents to the muck in order to positively modify the physical char-
acteristics of the ground. The main purposes of these conditioning agents are to guar-
antee the control of the face-support pressure, facilitate the “plug” formation inside
the screw conveyor, and minimize the cutterhead torque and the wear of the cutting
tools (Vinai et al., 2007).

There are different types of conditioning agents: slurries, foams, fillers, polymers,
and others. The choice depends on their physical and chemical properties and on the
type of ground to be excavated. Sometimes it is useful to use a mix of more than one
type of the agents.

The conditioning agents can be introduced directly at the front, in the excavation
chamber, or in the screw conveyor. In any case, they must be easy to handle and be
completely non-toxic and biodegradable, i.e. environmentally friendly.

BENTONITE SLURRY

In the mechanized tunnelling sector, the bentonite slurry finds its maximum applica-
tion in the Slurry Shield (SS) field. However, the use of slurry is possible or required
also for EPBS, when its addition into the excavation chamber enhances the plasticity
of the excavated material and reduces its permeability. The details of how the ben-
tonite slurry carries out another role of primary importance, by actively controlling
the face-support pressure during stops, are provided in Section 6.

FOAMS

Foam represents the physical state of a special liquid containing a surfactant (the foam-
ing agent) in which air is dispersed so that it expands to enclose the air with a film (or
membrane), thus forming bubbles of this liquid. The foam bubbles have an internal
pressure higher than the atmospheric pressure; and the bubble pressure is related to
the size of the bubble and the strength of the bubble membrane. Bubbles in a dry foam,
in which the thickness of the layer has a relatively limited dimension, are not spherical,
but are joined together in a polyhedral shape that is almost like a dodecahedron, with
nea