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»A plan whatever it may be

must be made for the bad ground,

it must be calculated to meet all exigencies, all disasters
and to overcome them after they have occured. “

Marc Isambard Brunel
on suggested improvements
after the flooding of the Thames Tunnel in 1831.
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Foreword to the 2nd Edition

The rapid progress of mechanised tunnelling to market leadership has continued — even
exceeded predictions; the general worldwide trend in construction towards mechanisation
and automation clearly demanded a similar development in tunnelling. It is significant that
even in Austria, the traditional home of the New Austrian Tunnelling Method (NATM),
mechanised tunnelling has also established its position in the last decade. Occupational
health and safety, faster advance rates, improved cost security and labour-saving opened
opportunities for mechanised tunnelling on a few major projects — normally in competi-
tion with conventional construction methods.

So it is appropriate that this book should now be revised, 20 years after its first publica-
tion. The extent of innovations and practical experience led to a complete reworking. Inci-
dentally, the book “Hardock Tunnel Boring Machines®, which appeared in 2008, already
offered access to the newest technology in the area of tunnel support. The team of authors
has adapted the content to the latest technology and has been supplemented to provide the
necessary specialist knowledge.

The original authors B. Maidl and M. Herrenknecht also worked on this edition. We have
gained my son Dr.-Ing. U. Maidl and my former doctoral candidate Dr.-Ing. G. Wehrmeyer,
who have particularly devoted themselves to new developments.

I am very thankful that I could still rely on the help of my former employees Herr H.
Schmidt and Herr G. Kaufhold for the new revision. I would like to thank Herr Dipl-Ing.
M. Griese from MTC, who helped a great deal with the detailed work and overall coordi-
nation. [ would also like to thank my grandson Max Maidl for his assistance. A thank-you
to all, especially the author colleagues and the publisher.

Bochum, January 2011 Bernhard Maidl
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1 Introduction

The mined construction of underground infrastructure has made steady progress over
recent years. It is now possible to construct underground works with very little impairment
of buildings or traffic flow at ground level. Particularly in inner-city areas, with sensitive
infrastructure and high population density, there is an enormous demand for underground
structures.

The cavities created in this way have until now mostly been for underground transport
routes, although there are also other possible uses such as energy extraction, storage and
refuge spaces, utility tunnels and, not least, underground urban development. This has led
to extensive schemes and projects, particularly in Japan due to the very restricted space
availability (Figure 1-1).

Particularly in the field of shield tunnelling, the prominent role of Japan has been unmis-
takeable. But the development of this construction method is also at a high and internationally
respected level in Germany and other parts of Europe. The shield construction process enables
the production of elongated underground structures, even at shallow depths, in soil with poor
load-bearing capacity or under the groundwater table, without causing any disturbance or
significant settlement on the ground surface. Ground conditions with loose spherical material
can be mastered, as can soft plastic or flowing soils. But the use of these machines is also
practicable in temporarily stable ground, where the shield only acts as head protection. All in
all, shield machines have a wide scope of application.

Figure 1-1 Japanese scheme for the exploitation of underground space in an inner-city area [155]
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The shield construction process could but should not generally replace other methods
of tunnelling. It can, however, offer a technically feasible and also economic alternative
to other methods of tunnelling in unfavourable geological conditions, for long contract
sections, high advance rate requirement or where stringent surface settlement limits apply.
The essential advantages and disadvantages are summarised below.

Advantages:

— the possibility of mechanisation and high advance rate,
— precision of profile,

— minimisation of the effect on buildings on the surface,
— improved safety for the miners,

— environmentally friendly construction method,

— raising of the groundwater table,

— little noise,

— enables a high-quality and economic lining.

Disadvantages:

— long lead time for the design, production and assembly of the shield machine,

— long familiarisation time,

— elaborate and expensive site facilities (a separating plant may be required); tenders may
only be competitive for longer tunnels,

— performance risk in changeable ground,

— the cross-section normally has to be round with little possibility of variation,

— high cost of altering the excavated geometry, e.g. for wider sections,

— the lining normally has to be specially designed to resist the thrust forces.

Application is therefore practicable where the advantages can be sensibly exploited and
the disadvantages are taken into account as far as possible in the design and construction
planning. Experience shows that a shield in the smaller diameter range can generally
compete with other tunnelling methods for tunnel drives up to 2,000 m. For longer tunnels,
economic applications of shield machines are possible and even cheaper than using open
machines or conventional methods.

The successful use of a shield always requires meticulous design and planning of the
machine, the lining and the logistics. Experience and know-how are essential for a practi-
cable and economic scheme. According to [235], too many clients have chosen the wrong
machine or construction concept for the ground conditions and have later been faced with
unacceptable settlement on the surface, unexpectedly slow advance rates, spalling or fail-
ure of the lining, water ingress or other defects. For the client, only a tunnel constructed
on schedule, of good quality and at reasonable cost, and with as little impact on the envi-
ronment as possible is of interest. The designers of shield equipment need to take these
natural concerns into consideration. Mechanical engineering issues have to be effectively
linked to those of the tunnel itself. Constant exchange of experience between mechanical
and civil engineers is essential, with the appropriate evaluation of experience from com-
pleted projects.
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1.1 Basic principles and terms

The basic principle of a shield is that a generally cylindrical steel construction is driven
along the tunnel axis while the ground is excavated. The steel construction supports
the excavated cavity until temporary support or the final lining has been installed. The
shield therefore has to resist the pressure of the surrounding ground and hold back any
groundwater.

While the cavity along the sides of the tunnel is supported by the shield skin itself,
additional support measures will be required to support the face, depending on the ground
and groundwater conditions encountered. Figure 1-2 shows five different methods of
stabilising the face, which are described in detail in Chapter 2. These are:

— natural support,

— mechanical support,

— compressed air support,

— slurry support,

— earth pressure balance support.

These methods of supporting the face represent the great advantage of the shield tunnelling
process. In contrast to other methods of tunnelling, it is possible to provide immediate
support of the ground as soon as it is disturbed.

Inaddition to the type of face support, the method of excavation is an important characteristic
of shields. The most simple process is manual digging in hand shields, and this is still used
today in exceptional cases, for example for short sections and under certain geological
conditions. Mechanical excavation is, however, more usual. This can be differentiated
into mechanical partial- and full-face excavation. In partial-face excavation, the face is
worked in sections using machinery such as hydraulic excavators or roadheaders, which
are operated and controlled either by operators or automatically. The full face can be
excavated, according to the ground conditions encountered, by open-mode wheels, rim
wheels (in some cases with shutters) or closed cutter heads. Further methods are hydraulic
excavation using pressurised jets of fluid and extrusion excavation, where the action of the
thrust cylinders on highly plastic soil forces it through closable openings in the front wall
of the shield. Excavation processes are described in more detail in Chapter 4.

The removal of the excavated material requires special transport systems to move the muck
from the face, through the shield and to the surface. The most suitable system depends
directly on the nature of the ground encountered and the associated type of face support
and excavation, since these factors have a great influence on the consistency and transport
properties of the muck. Figure 1-3 gives an initial overview of the possible transport systems
through the shield, which will be explained in more detail in Chapter 5. There are numerous
transport methods available today, which can be categorised into the three basic groups

— dry transport,
— fluid/slurry transport,
— high-density solid pumping.

Transport along the tunnel can use pumped pipes, conveyor belts, dumpers or rail-based systems
(muck trains). The transfer area to the tunnel transport system is integrated into the backup.
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The shield is pushed forward in the direction of the tunnel axis with the progress of
excavation in order to support the resulting cavity. The required thrust forces are produced
by hydraulic cylinders, normally pushing against the already installed lining. This means
that the tunnel lining and boring machinery have to be finely matched. The correct function
of the shield and the quality of the final tunnel lining both depend on this compatibility,
which is dealt with in more detail in Chapter 6.

The cavity produced by excavation is mostly supported with precast elements called
segments. There are numerous different forms, materials, possible layouts, sealing
systems and installation methods, which require detailed description (Chapter 6). Other
lining systems are also possible and are already in use today (Figure 1-4). The pumping
of concrete under pressure into formwork (called the extrusion process) is an interesting
possibility, but has not been further developed. Even shotcrete can be used in connection
with shield tunnelling.

As the support is normally installed inside the protection of the shield skin, a gap remains
as the shield progresses further. The gap has to be filled in order to minimise loosening and
settlement. This has to be suitably backfilled or grouted and the shield must be provided
with the appropriate equipment.
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1.2 Types of tunnel boring machine according to DAUB

The recommendations of DAUB (the German Tunnelling Committee) are reproduced in
their entirety in Chapter 19 [54].

1.2.1 Categories of tunnelling machines German association for
underground construction (TVM)

Tunnelling machines either excavate the full face with a cutter head or cutting wheel or
part of the face with suitable excavation equipment.

These can be tunnel boring machines (TBM), double shield machines (DSM), shield
machines (SM) or combination machines (KSM). While the acronym “TBM” in English
will be used for all types of tunnelling machines, the German DAUB reserves the
abbreviation for the hard rock machines.
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As the ground is excavated, the machine is pushed forward, either continuously or
intermittently.

A systematic categorisation of tunnelling machines is shown in Figure 1-5 (see also Ap-
pendix 1 “Overview of tunnelling machines” in Chapter 19).

1.2.2  Tunnel boring machines (TBM)

Tunnel boring machines are used for driving tunnels through stable hard rock. Active
support of the face is not required and, in any case, is technically impossible. These
machines can normally only drive a circular cross-section.

Tunnel boring machines can be differentiated into those without shields (open gripper
TBM), reamer or enlargement tunnel boring machines (ETBM) and shielded tunnel boring
machines (TBM-S).

These machines are described in detail in [203].

1.2.2.1 Tunnel boring machines without shield (gripper TBM)

Open tunnel boring machines without shield are used in hard rock that has medium to long
stand-up time. They have no complete shield skin. Economic application can be greatly
influenced and limited by the high cost of wear of the excavation tools.

In order to be able to apply thrust force to the cutter head, the machine is braced radially
by hydraulically driven grippers acting against the sides of the tunnel.

Excavation is carried out with little damage to the surrounding rock mass and to an exact
profile by disc cutters mounted on the rotating cutter head. The machine fills a large part
of the cross-section. Systematic support of the tunnel walls is normally installed behind
the machine (10 to 15 m or more behind the face). In rock with a shorter stand-up time or

Open tunnel boring machines (Gripper TBM)}
—ETunneI boring machines (TBM) Enlargement tunnel boring machines (ETBM}}

Tunnel boring machines with shield {TBM—S)}
——— Dauble shield machines (DSM) |
r{Face without support SM-V1 -
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Shield machines with Face with compressed air SM-V3-
full-face excavation
[ (SM-V) Face with slurry support SM-V4 -
Face with earth pressure support SM-W5}
Shield machines (SM ;
HWithout support, with screw conveyor SM-V5-OM -
r{Face without support SM-T1-
Shield machines with | 1 Face with partial support SM-T2-
part-face excavation —L 4
(SM-T) Face with compressed air SM-T3 -
UFace with slurry support SM-T4}

—— Convertible shield machines (KSM)|

Figure 1-5 Types of tunnel boring machines
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liable to rock falls, support measures such as steel arches, poling plates or rock bolts are
installed at the closest possible distance behind the cutter head.

Where shotcrete lining of the tunnel is necessary, this should only be applied in the rear-
ward part of the backup area in order to keep the mess off the machinery and control gear
in the forward machine area as far as possible. In exceptional cases, however, shotcrete
may have to be applied as close behind the face as possible.

If the geological forecast describes poor rock or a heterogeneous condition of the rock
mass (high degree of jointing and fault zones), it is recommended to equip the machine to
enable advance investigation drilling or advance rock consolidation.

The excavation of the face produces material in small pieces with the associated dust de-
velopment. Machines therefore require equipment for the reduction of dust development
and dedusting. This can be:

— spraying with water at the cutter head,
— a dust shield behind the cutter head,
— dust extraction with dedusting on the backup.

Material handling and disposal from the machine nowadays requires very long backup
facilities.

1.2.2.2 Reamer tunnel boring machines (ETBM)

Reamer tunnel boring machines (enlargement machines) are used in hard rock to enlarge
a previously bored pilot tunnel to the intended final diameter. The enlargement to the final
diameter is performed in one or two working steps using an appropriately constructed
cutter head.

The main elements of these machines are the cutter head, the bracing and the drive mecha-
nism. The bracing of the specialised machines is situated in front of the cutter head with
grippers in the pilot tunnel, and the cutter head of the machine is drawn towards the grip-
pers as it bores. In faulted rock formations, measures to improve the fault zone can be
carried out from the previously bored pilot tunnel in order to minimise the risks during the
boring of the main tunnel.

1.2.2.3 Tunnel boring machines with single shield (TBM-S)

In hard rock with a short stand-up time or liable to rock falls, shielded tunnel boring ma-
chines are used. For this case, the installation of the lining within the shield is appropriate
(segments, pipes etc.). While advancing, the machine can be supported from the lining,
so bracing is not normally required. The remaining statements made about tunnel boring
machines apply accordingly.

1.2.3 Double shield machines (DSM)

Double shield machines (DSM) consist of two parts arranged one behind the other. The
front part is equipped with the cutter head and the main thrust cylinders, and the back part
houses the auxiliary thrust cylinders and the grippers. The front part of the machine can
be advanced by a complete ring length ahead of the back part using a telescopic section.
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In stable hard rock, the gripper shoes resist the drive torque and the thrust forces. The
secure fixing of the back part of the machine using the grippers enables the assembly of
the segmental lining in the shield tail while boring is in progress. In a stable rock mass, it
may also be possible to omit the installation of the lining.

In unstable ground, where the gripper shoes cannot find sufficient resistance, the thrust
can be resisted from the last segment ring. The front and back parts of the machine are
retracted together and the thrust forces are pushed from the segment ring by the auxiliary
thrust cylinders.

It is not normally possible to actively support the face or the sides of the excavation.

Due to the rapid advance of the back part of the machine after a boring stroke has been
completed and the grippers are being regripped, the rock mass has to be able to stand up
independently until the annular gap has been completely filled with grout or stowed with
pea gravel.

1.2.4 Shield machines (SM)

These can be shield machines with full-face excavation (with a cutter head: SM-V)
and shield machines with partial-face excavation (using a roadheader boom, excavator:
SM-T). Shield machines are used in loose ground above and below the groundwater table.
This normally means that the ground around the cavity and at the face has to be supported.
Shield machines can be further divided according to the type of face support (Figure 1-5).

1.2.4.1 Shield machines with full-face excavation (SM-V)

1) Face without support (SM-V1)

If the face will stand up, e.g. in clay soil with stiff consistency and sufficient cohesion or
in solid rock, open shields can be used. The cutting wheel fitted with tools excavates the
soil and the muck is removed on a conveyor belt.

In solid rock liable to rock falls, shield machines with a mostly closed cutter head fitted
with disc cutters and fully protected from the unstable ground by a shield skin are nor-
mally used. The thrust forces and the cutter head drive torque are transferred through the
thrust cylinders to the last ring of segments installed.

2) Face with mechanical support (SM-V2)

With tunnelling machines with mechanical support, the support of the face during excava-
tion is provided by elastically fixed support plates arranged in the openings of the cutting
wheel. In practice, however, experience shows that that no appreciable mechanical sup-
port of the face can be provided by the rotating cutting wheel. For this reason, this type of
cutting wheel did not prove successful in unstable ground and is no longer in use today.
The mechanical face support by the cutting wheel or the support plates should only be
considered a supplementary safety measure and the supporting effect should not be taken
into account in calculations to verify the stability of the face.



