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Foreword to the English edition

The “black book of tunnelling” has become a standard work in German-speaking coun-
tries since its first edition in 1984. It can be found on every tunnel site and in every design
office — whether contractor or consultant. Students at universities and technical colleges
use it as a textbook.

For many years, colleagues from abroad have been asking me for an English edition. Now
the time has come to publish the two-volume book in English. An important step was that
the publisher of the first German edition, VGE, gave their permission for the publishing
of the English edition by Ernst & Sohn, Berlin. Special thanks are due to Dr. Richter from
publisher Ernst & Sohn for his successful negotiations. However, preparation of the text
for the translation showed that the 3'4 German edition required updating and extending. In
particular, the standards and recommendations have been revised. This will all be included
in a 4" German edition, which will be published soon. Changes to the standards and rec-
ommendations are given in this edition, with the references stating the latest version.

As with all books, the first English edition has also required the collaboration of col-
leagues. Professor Dr.-Ing. Markus Thewes, who has succeeded me as the holder of my
former university chair, and my son, Dr.-Ing. Ulrich Maidl, managing director of MTC,
have joined me in the team of authors. Dipl.-Ing. Michael Griese from MTC is the overall
coordinator, assisted by Dr.-Ing. Gétz Vollmann and Dipl.-Ing. Anna-Lena Hammer from
the chair of Prof. Thewes. I thank all those involved, also the translator David Sturge and
the employees of the publisher Ernst & Sohn in Berlin.

Bochum, in March 2013 Bernhard Maidl
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Figure 2-1 Categorisation of shotcrete processes according to rock mass classes [243]

2.2.1 Stiffness and deformability

Support systems are regarded as highly stiff in bending (rigid) when they can stand up
freely without affecting the rock mass and only show negligibly small deformation under
load (Table 2-1). As deformations are small when highly stiff support systems are used,
restoring forces in the rock mass to reduce the bending moments in the lining can not
be assumed. For the loading on the lining, the prevailing vertical and horizontal ground
pressures, and particularly their relationship, are of great significance. As this is however
generally not known, many limit cases of loading have to be investigated. After a highly
stiff support system has been installed, subsequent stress redistribution in the rock mass is
prevented. Because the loading that occurs is larger than with a deformable lining, highly
stiff support systems should if possible only be installed after stress redistribution has
largely taken place, in order to be cost-effective. Linings that are highly stiff in bending
are today mostly made of reinforced concrete and relatively thick. Considering the cost,
they should only be used for the final lining.

Table 2-1 Correlation of terms

Stiffness of the Deformability Resistance to section forces

support Bending moments Normal forces

highly stiff in bending | rigid high low

stiff in bending semi-rigid high low

weak in bending highly deformable low high (plus shear forces)

Support systems that are stiff in bending (semi-rigid) are stable without the surrounding
rock mass, but also deformable so that they can evoke structural response from the rock
mass by stress redistribution. They can be used as temporary or final support, although
mainly for the final support. Good bonding with the rock mass is important.
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Some examples of the application of support systems that are highly stiff or stiff in bend-
ing are:

— Tunnels, which are constructed in an open excavation and subsequently backfilled
(except for special linings like Armco Thyssen).

— Tunnels in heavily faulted zones.

— Tunnels with very shallow cover.

— Tunnels with weak bonding or no bonding between support and rock mass.

— All examples, where no structurally active ring can form in the surrounding rock mass.

— Low deformations and settlements.

Support systems that are weak in bending (highly deformable) are not stable under load on
their own, but require the interaction with the surrounding rock mass. The support should
be considered at the limit state as a reinforcement of the edge; it resists normal forces and
shear forces, but no bending or only very slight bending. The normal application should
be as yielding temporary support. It mostly consists today of unreinforced or reinforced
concrete or shotcrete, also steel fibre shotcrete. Deformations are only permissible to such
a magnitude that the assumption of restoring forces is justified. The bond with the rock
mass is particularly important. The structural design should check the shear forces. The
deformation capability of the lining can also be improved by deformation gaps and yield-
ing elements (see Chap. 2.8.7) in special cases where deformation could otherwise not be
controlled.

2.2.2 Bond

The bond between the support and the rock mass should ensure the transfer of radial forces
over the whole area and the continuous transfer of tangential forces. Except for rare cases,
the transfer of radial forces remains the most important requirement, as the shear transfer
between the support measures and the rock mass is not normally assumed in calculations.
If tangential forces are assumed, then the magnitude of the shear strength of rock mass
and concrete has to be estimated or determined in tests. If a waterproofing membrane is
installed between rock mass and support, or between temporary and final support, then no
tangential forces can be transferred.

Support measures consisting of timber, steel, precast concrete elements or other assembled
parts only support the rock mass at points, so there is no bonding effect. If shotcrete or
pumped concrete is used with subsequent grouting (crown filling), then it can normally be
assumed that there is a bond at the edge of the excavation between support and rock mass,
which greatly influences the transfer of forces between rock mass and support.

2.2.3 Time of installation

If the rock mass is unstable, temporary support should be provided during or even before
excavation. If the rock mass will stand up temporarily, the support is installed after excava-
tion. In a stable rock mass, support is not generally necessary, although head protection may
have to be considered. If the elastic condition of the rock mass can be largely preserved, then
the support is installed early. If, however, the creation of large areas with plastic deformation
in the rock mass is unavoidable, then installation after a controlled delay can lead to limited
deformation of the rock mass and thus to reduced and bearable ground pressure.
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Deformation of the rock mass leads to a reduction of the cavity cross-section, and this has
to be taken into account in the design of the cross-section. If it is assumed that a deformable
edge reinforcement increases the load-bearing behaviour of the structurally active ring in
the surrounding rock mass, then it should be installed as early as possible as shotcrete or
steel fibre shotcrete with high early strength. The jointed body bonding of the structurally
active ring is also preserved; rock falls that could disturb the geometry of the load-bearing
vault are avoided and the rock mass is protected against weathering. Immediate sealing of
the exposed surface is especially important in ground susceptible to swelling.

For the time of installation, not only the support of the crown and sides is important but
also the closure of the ring. This can be achieved through support measures like concrete,
shotcrete, steel fibre shotcrete, precast reinforced concrete elements, steel ribs or rock
bolts; or in the appropriate ground conditions by the rock mass itself. The ring closure
time and the ring closure distance should be differentiated. The ring closure time is the
time from the opening of the face to the installation of support measures to produce a
load-bearing ring. The ring closure distance is generally the distance between the face
and the location of the load-bearing ring closure. The ring closure distance is determined
by operational considerations and mainly ensues from the construction method and the
support materials used. For example, steel fibre shotcrete can favourably reduce the ring
closure time and distance due to the reduced number of working steps and its high early
strength behaviour.

2.3 Timbering

2.3.1 General

Timber is only used for temporary support and should always be removed. The original
forms of longitudinal and transverse timbering are hardly ever used today. This is a result
of the development of newer, more suitable support materials like steel, shotcrete, steel
fibre shotcrete and rock bolts. Special cases for the application of timbering could still be:
partial collapses, transition profiles and particularly as emergency support after collapses
(Fig. 2-2). Timber is also suitable as a reserve material for immediate measures due to its
adaptability and should be available on all tunnel sites.

Advantages and disadvantages of timbering are:
Advantages:

— Any critical increase of ground pressure is visibly and audibly indicated.
— Easy to transport.
— Easily worked and adaptable.

Disadvantages:

— No bonding with the rock mass.

— Large deformations under load.

— Seldom reusable.

— The support has to be removed, making re-bracing and underpinning necessary.
— Qualified craftsmen required.
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Figure 2-2 Timbering as emer-
gency support after a collapse in
the Euerwang Nord Tunnel [136]

2.3.2 Frame set timbering

As the tunnel is advanced, poling boards are pushed over the cap pieces (Fig. 2-3) or
driven into the ground. The space between boards and ground is wedged or stowed with
stones. If high ground pressure is expected, then a sill piece is also installed. The normal
spacing of frame sets is 1.0 to 1.5 m. In squeezing ground, the spacing can be so small that
the sets are directly next to each other. This method is suitable for headings with partial
face excavation and trapezoidal full-face excavations up to 9 m2.

B 4 A Poling board
Cap piece Wedges ! - Long brace ﬁLagging
Loadin
Ll R Lo

=]||=—— ]
e YA Yl
NN I Al Figure 2-3 Frame set
Stipiece lagging H1.0+15mp tirgbering. Lagging with
Cross-section A-A Long-section B-B timber poling boards

Figure 2-4 Trussed
timbering. Fully braced
cross-section (left) and
strutted frame supported
at the sides
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2.3.3 Trussed timbering

Trussed timbering is a multi-part truss supported from the sills, a support construction or
from the tunnel sides. As truss timbering is laterally unstable, bracing is important (Fig. 2-4).

2.3.4 Shoring and lagging

If the ground is friable, then the space between the sets or ribs has to be supported. This is
done with lagging or forepoling boards, which rest on timber frames or a steel construction
and are pushed forward, driven forward, pressed or simply installed in contact with the
ground (Fig. 2-5). When the lagging can be pushed over an already installed frame, this is

described as forepoling.
{ (

I\\\\—\\\\—\\\v— §\v
> -

K
I

N
=
ZH\
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7
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23
\
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A

A = Poling bay, H = Secondary bay |=— | —=]
Figure 2-5 Driven lagging of forepoling boards

Timbering provides the support with driven lagging. The basic method is still in use today
although with other materials as timber.

2.4 Steel ribs

2.4.1 General

Steel has been increasingly used instead of timber since the middle of the 20™ century,
since steel enables standardisation of support elements and prefabrication of the support.
Steel support ribs are made of rolled profiles, U profiles, special mining profiles or com-
posite sections, as closed arches or open at the bottom [240].

Advantages:

— Prefabrication is possible.
— Immediate load-bearing if in contact with the rock mass.
— Can be installed vertically or inclined according to the form of the face.

Disadvantages:

— Heavy profiles are difficult to handle.
— Poor flexibility.
— Long ordering times.
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2.4.2  Profile forms

In contrast to the profiles that are commonly used in steelwork, special profiles have been
developed for mining, which were than used for engineered tunnelling. Fig. 2-6 shows some
types from various manufacturers; the criteria for their development were: large moment of
inertia with small cross-sectional areas and weights, high strength and easy handling.

The steel quality can be DIN 21530-3 [71] type 31 Mn 4 and S235JR and S355JO accord-
ing to DIN EN 10027 [76].

a Rail
b Gl profile (Bochumer
Eisenhutte Heintzmann
GmbH & Co KG; Thyssen
Industrie AG)
a b c

¢ TH channel profile (Bochumer
Eisenhutte Heintzmann
GmbH & Co KG)
d Bell profile (Bergbaustahl GmbH)
e Channel profile (Bergbaustahl GmbH)
f Star profile (Bochumer

Eisenhutte Heintzmann
GmbH & Co KG)
Figure 2-6 Steel profile shapes com-
d e f

monly used in German tunnelling and
mining

2.4.3 Examples of typical arch forms for large and small tunnels.

The geometrical form of steel arches is determined by the intended cross-section of the exca-
vation. The ribs are normally made to size (Fig. 2-7), although there are standardisations for
mining.

For better or simpler handling, ribs are made in two or three parts. A variety of butt connections
have been developed to meet different requirements. Fig. 2-8 shows, for example, rigid and
yielding butt connections. The manufacturers will have to be contacted for special requirements
like defined yielding or friction forces. Such problems occur in mining for the overcoming of
large convergences or also in tunnelling with large-scale plastic deformation of the rock mass.

Steel ribs are anchored with special anchor clamps, or the anchors can pass directly
through the steel profiles. Some examples are shown in Fig. 2-9.

N ) A
D

Round arch Circular arc profile Arched profile

Figure 2-7 Typical arch
forms with open invert

Circular profile Arched profile Arched profile with (top) and with closed invert
flattened invert (bottom)




4 Shotcrete tunnelling

4.1 General

Tunnelling is characterised by dramatic leaps of development, but each age makes use of
the experience of previous ages. We can still recognise the principles of classic tunnelling
methods today in modern methods, which use the same excavation sequence. Only the
support materials used, shotcrete, rock bolts, steel support elements, steel liner plates and
prefabricated elements have superseded the former timber and masonry. There are nume-
rous tunnelling methods today that are still based on the principles of classic methods.

Definitions, classifications etc. therefore have to consider historical developments (Fig. 4-1).

Rock Classes
strongly

stable fractured friable squeezing squeezing flowing

Division of the cross-section

OO OO

Shotcrete process

Full-face Partial-face .
"~ excavation v excavation 7| Shields

Underpinning core process.
—"—— Shotcrete process —— process Kew ltalian method”

Support soft Support semi-stiff
m%%ndmg ppand stiff

Figure 4-1 Correlation of shotcrete tunnelling and other methods into rock classes

For tunnels driven using conventional shotcrete methods, the construction process tech-
nology and the selection of suitable support measures are of great importance. The techni-
cal and economic success of a tunnel drive is influenced not only by the geological and
hydrological conditions, but also the following factors:

— A suitable construction method, i. e. division of the cross-section.
— A suitable operational method, i. e. construction planning along the tunnel including all
the logistics.

Handbook of Tunnel Engineering. Volume I: Structures and Methods. First English Edition.

Bernhard Maidl, Markus Thewes, Ulrich Maidl.
© 2013 Ernst & Sohn GmbH & Co. KG. Published 2013 by Ernst & Sohn GmbH & Co. KG.
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Numerous construction methods have been developed and these are illustrated in Fig. 4-1
according to the division of the entire cross-section for partial excavation. The basics of
full-face excavation are dealt with in section 3.2.

The decision whether to divide the cross-section is essentially determined by the geologi-
cal conditions, although larger sections may still be divided even in rock that will stand up
for reasons of process technical or to suit the machinery. Another factor is that changing
the process during the drive can be expensive and time-wasting, particularly a change
from top heading to side headings or vice versa when the change has to take place within
a section of a drive.

4.2 Top heading process

The top heading is excavated first and the bench and invert are brought up behind as re-
quired. The various methods are shotcrete tunnelling, underpinning method, crown pilot
heading method and shotcrete tunnelling with longitudinal slots.

4.2.1 Shotcrete tunnelling method

For a divided cross-section in stable rock with properties ranging from fractured to
friable, the shotcrete method is used. After excavation by blasting or mechanical ex-
cavation, support is installed that is weak in bending, consisting of shotcrete and steel
arches or lattice elements in combination with rock bolts. For the already mentioned
reasons, the cross-section is typically divided into top heading, bench and invert, with
the advance of the top heading and bench being decided dependent on the geologi-
cal conditions encountered, the external requirements and the deformation measured
during the drive. The top heading and bench can be carried out with or without invert
vault according to the conditions of the rock mass. Fig. 4-2 shows the situation in the
Himmelberg Tunnel in friable rock, where a support core and an invert vault were
necessary.

4.2.2 Underpinning method

In very friable to squeezing conditions, it can be advantageous to use the underpin-
ning method. Excavation in this case also starts with the top heading, although the
shotcrete layer is applied thicker to limit deformation and is thus designed to be stiffer
(Fig. 4-3).

There are a range of variants for the underpinning method, which are based on the geologi-
cal conditions and the operational requirements (see also Section 3.3.2). In principle, any
tunnel drive with the top heading excavated in advance and support that is no longer weak
in bending can be categorised as an underpinning method. The basic difference between
the two processes is summarised in the following section:
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Spiles as
required

\ / Support core

S ——

Foot

74

fuon

a Support weak in bending as thin layer b Stiff support with thicker layer
(shortcrete method) (underpinning method)

Figure 4-4 Differentiation of shotcrete and underpinning methods

— Inshotcrete tunnelling (Fig. 4-4 a), the tunnel drive can be planned with the thinnest possible
shotcrete layer with little bending resistance, with more deformation being permitted in or-
der to form a structurally active ring in the surrounding rock mass. The dimensions of the top
heading and bench, which are excavated in advance (excavation area, round depth, top head-
ing invert vault, invert vault), are then closely related to the dimensioning of the temporary
support and the advance rate, which are dependent on the stand-up time of the rock mass.

— The underpinning method (Fig. 4-4 b) is used in friable to squeezing conditions, particu-
larly with shallow cover, in other words conditions under which the formation of a struc-
turally active ring in the rock mass cannot be guaranteed. But specification requirements
for low settlement also demand thicker shotcrete layers, foot thickening, foot piles and
perhaps grouting. Under the stated conditions, a shotcrete layer that is weak in bending
is no longer achievable and thus not responsible. The use of the underpinning method
can comply with the desire for greater safety. In the course of excavation, the shotcrete
support layer in the top heading is underpinned with the tunnel structure being verified
with calculations, so this case can no longer be considered a support layer that is weak in
bending with closed invert, but an underpinning. If there is a danger of the abutments of
the top heading support failing, they should be strengthened with grouting or piles.

If the conditions become worse still, particularly combined with the support of a large
face, then the cross-section will have to be divided further according to Fig. 4-5. The divi-
sion can either be by excavating a half side or by advancing a heading in the crown, in
which case the crown beam process represents a special development.

Alternatively, the crown beam process permits the retention of an advanced top heading
with the use of various types of screen or canopy for support as described in more detail
in Chapter 2.

4.2.3 Crown pilot heading with crown beam

This process was developed by B. Maidl in 1982 for the Westtangente Tunnel in Bochum
[217] and was also used very successfully in the Schulwald Tunnel in very friable to
squeezing ground types (Fig. 4-6). In this tunnel, it was not practical to drive the entire top
heading as the stability of the face could no longer be ensured [25].
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Figure 4-6 Application of the crown pilot heading method with crown beam at the Schulwald Tunnel

The crown pilot heading has about half the cross-sectional area of the top heading and
is advanced about 30 to 40 m in front of the widening. If required, the crown pilot
heading can also be divided into top heading and bench/invert with inclined face, and
the anchoring of the face of the crown pilot heading and an invert vault could also
be necessary depending on the geological conditions encountered. The crown pilot
heading also has three layers of longitudinal reinforcement with 32 20/15 diameter
bars running along the tunnel in 35 cm thick concrete, which acts as a longitudinally
load-bearing crown beam.

The construction sequence for excavation and support in the Schulwald Tunnel was as follows:
I Crown pilot heading:

— Top heading: Excavation and sealing shotcrete d = 7 cm as face support,
Outer layer of reinforcement, erection and spraying of the steel arches.
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Installation of spiles if required, / = 3.0 m.
Shotcrete in crown d = 25 cm, sides d =20 cm.
Installation of rock bolts, /=8.0 — 12.0 m.

— Bench: Same steps as top heading but no spiles.
Next top heading round, next bench round.
Ring closure.
Second reinforcement layer in the sides and shotcrete d =25 cm.
Construction of crown beam: inner reinforcement (steel mesh and
32 bars dia. 20/15, [ = 5 m), shotcrete crown d = 35 cm.

1. Remainder of top heading:

Excavation left and sealing shotcrete 7 cm as face support.

Outer layer of reinforcement, connection and spraying of the support arches.
Reinforcement and shotcrete, top heading feet.

Installation of spiles if required.

Shotcrete d = 25 ¢cm and setting of the anchor plates.

Round right, next round left, next round right.

Installation of the foot piles, inner reinforcement layer and shotcrete to d = 35 cm,
alternating sides.

Removal of the support at the sides of the crown heading.

1. Bench:

Excavation and sealing as required.

Outer reinforcement layer, connection and spraying in of the support arches.
Installation of rock bolts, /= 6 m.

Inner reinforcement layer and shotcrete to d = 35 cm.

IV. Invert:

Support and sealing as required.

Installation of the temporary drainage.

Outer reinforcement layer, shotcrete.

Inner reinforcement layer, shotcrete d = 35 cm.

The advanced crown pilot heading reduces the size of the face and thus reduces the
danger of face collapses. (Fig. 4-7). It is also useful for advance probing and water
drainage. The crown beam provides additional support while the rest of the top head-
ing is driven, with its load-bearing action along the tunnel having the effect of limiting
settlement in the unsupported area (which can be shown to make up the largest part of
overall settlement) when the remainder of the top heading is driven. The bearings for
the crown beam are provided by the pipe-like support to the crown heading at the front
and by the already load-bearing support at the back. The excavation of the remainder
of the top heading can be performed synchronously or alternately, with the top head-
ing support bearing being provided either by thickened footing (with or without foot
pile) or as an invert vault. The excavation of the bench required special measures at
the Schulwald Tunnel because of the squeezing rock mass. The footings of the top
heading were already highly loaded and not capable alone of supporting additional
loading from the underpinning during the bench advance. This demanded particular
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skill of the miners and special attention to the underpinning of the top heading feet in
order to ensure the necessary safety for the excavation of the bench and invert. One
important measure at this stage of construction is the fastest possible closure of the
invert for the entire cross-section, meaning that the bench and invert have to be ad-
vanced immediately after each other. In this case, it had to be borne in mind that the
cross-sectional area of more than 100 m? would scarcely allow for emergency support
with timber if a collapse had occurred.

Figure 4-7 Crown pilot
heading method in the Schul-
wald Tunnel.

In this method, the advance can be changed over from top heading to crown heading im-
mediately, and a change from crown heading to top heading advance only requires repeti-
tion of the enlargement to the face of the crown heading. This makes the crown heading
method an especially adaptable construction process, which can thus also be used when
unfavourable geological conditions, which make the excavation of the entire top heading
impractical, are encountered unexpectedly without having been prepared. Without having
to change to the core method with side headings, this method of tunnelling is to be recom-
mended under very changeable geological conditions and particularly when tunnelling
below buildings that are sensitive to deformation [185].

It should be mentioned that with hindsight, the use of a shield machine would have been
an alternative worth considering for the Schulwald Tunnel with 4.5 km to be driven, par-
ticularly because a division into two bores and thus a shield drive without more risk would
have been practical and interesting in terms of time and cost savings compared to the solu-
tion described above.

4.2.4 Shotcrete tunnelling with longitudinal slots

When deformations are very large, into the range of metres, the shotcrete layer with the
integrated construction elements like steel or lattice arches and rock bolting can be pre-
served from destruction by providing systematic deformation slots (Fig. 4-8 and Fig. 4-9).
Calculation methods can be found in section 3.7.

The width of the slots can be up to 40 cm. It can be assumed that the convergences that oc-
cur will deform the steel arches, which are fitted with yielding lap joints and thus represent
a type of predetermined failure point.
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