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For reasons of readability, the simultaneous use of feminine, masculine or neutral forms of language is
dispensed with in the following and the generic masculine is used. All personal terms apply equally to all
genders.
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Recommendations for the Design, Production and Installation of Segmental Tunnel Linings

Preamble

These updated recommendations build on the 2014 recommendations of the working group “Segmental Tunnel Lining”
of the German Tunnelling Committee (DAUB). They provide an overview of the current best practices for the design,
production and installation of segmental tunnel linings in mechanised tunnelling. The recommendations outline core
design principles essential calculations, and verifications for the lining design and take into account not only the appli-
cable standards but also relevant guidelines and experience from completed projects. Among other things, the design of
the linings in fire scenarios and the incorporation of steel fibres are also considered. Beyond the detailing and structural
design of the segments, the recommendations offer guidance on segment production in precast facilities, installation of

segments in the tunnel, and the detailing of the lining in the area of connecting and transition structures.

1 Preliminary remarks

1.1 Purpose of the recommendations

The recommendations for the design, production and
installation of segmental tunnel linings can be applied
for linings made of precast reinforced concrete or
steel fibre reinforced concrete segments in infrastruc-
ture and water tunnels (headrace tunnels for hydroe-
lectric power stations, drinking water tunnels, sewage
tunnels). They deal mainly with single-shell segmental
linings with high demands on the individual segment
and on the overall ring system.

The recommendations can, however, also be ap-
plied analogously to segmental lining systems with-
out sealing and to double-shell linings as well as for
shaft structures with segmental linings.

The recommendations are intended for standard
ring systems. For special cases individual specifica-
tions may be required that deviate from the standard
cases described herein.

1.2 Reason for revision of the 2014
recommendations

The recommendations for the design, production and
installation of segmental tunnel linings were pub-
lished by the working group “Segmental Tunnel Lin-
ing” of the German Tunnelling Committee (DAUB) in
2014. They reflected the state of the art at that time
for the design of tunnel linings using precast concrete
segments and compiled a basic principles for the de-
sign of segmental linings with regard to load-bearing
capacity, serviceability properties, construction and
quality assurance.

In the meantime, technical development in tun-
nelling has advanced. This applies in particular to the
increasingly frequent use of steel fibre reinforced con-
crete, but also to the further development of stand-
ards for the design of concrete structures.

Due to the more frequent use of precast segmental
linings in tunnelling, the production of segments has
also become increasingly important. Furthermore, the
issue of sustainability in tunnel structures will need to
be given greater consideration during planning and
execution in the future.

For the above reasons, the DAUB decided to up-
date the recommendations and adapt them to the
latest state of the art. This applies in particular to the
new chapters ch. 7 (Earthing measures), ch. 9 (Sus-
tainability) and ch. 11 (Production) and the revised
chapters ch. 4 (Sealing) and ch. 5.11 (Steel fibre rein-
forced concrete segments).

1.3 List of abbreviations

AGBM  Annular gap backfill material
ch Chapter: reference to chapters in these
’ recommendations
GTA General technical approval
PRA Project-related approval
Section: reference to sections in other
sect. .
regulations
SFRC Steel fibre reinforced concrete
SLS Serviceability limit state
TBM Tunnel boring machine
ULS Ultimate limit state

May 2024
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1.4 Definitions and glossary

The following symbols, names and terms are used consistently in these recommendations.

1.4.1 Terminology

Annular gap

Centering aid

Connections

Crosscut
Grouting
Injection
Inner shell

Joint

Lining

Logistics

Longitudinal joint

Niche

Ovalisation

Pea gravel (pneu-
matic stowing)

Precast element

Ring joint/circum-
ferential joint

Round grain

Segment

Space between the surrounding rock and the outer surface of the segmental lining

Accessory which is inserted into specially made recesses in the ring or longitudinal
joints and forces guiding (centering) of the segment elements during installation. In
the ring joints (circumferential joints) dowels are used as centering aids, in the longi-
tudinal joints round plastic rods are used

Accessory that can accommodate pullout and shear forces, enabling temporary or
permanent fixed connecting between two segments or rings in both longitudinal
and ring joints (e.g. bolts, dowels)

Connecting structure between two tunnel tubes or between a tunnel tube and a
shaft

Filling of artificially created cavities under pressure with grout; within the scope of
this guideline, in particular the filling of the annular gap

Filling pores, fissures or cavities under pressure with injection material. In contrast to
grouting, the pressure is kept constant over a defined period of time

Inner structural lining that fulfils structural and/or functional requirements, it is not
used for direct rock support and installed away from the excavation face

Periphery of the precast segment and contact surface between the segments

Lining system using a concrete shell. With single-shell linings, the lining shell as-
sumes the supporting function, while with double-shell linings, an outer shell is used
for primary support and an inner shell as secondary permanent lining

The term “logistics” includes planning, provision and use for tunnel construction pur-
poses. Logistics means the entirety of all transport, storage and handling processes
of material, energy and products within and between operating sites, including the
transportation of personnel on a tunnel jobsite

Joint running parallel to the tunnel axis between the individual segments of a seg-
ment ring

A lateral widening of the tunnel cross section (without connection to other struc-
tures), usually in the wall area; the design of the cross section depends on the func-
tion of the niche (e.g. emergency call, fire alarm, rescue and extinguishing equip-
ment niches)

Deformation of an installed segment ring due to system-inherent tolerances, rock or
earth pressure, grout pressure, dead weight of the segment or uplift

Gravel with uniform particle size, typically used to fill the annular gap behind the
tailskin through openings in the segments

Concrete component produced under controlled manufacturing conditions regard-
less of where it is installed

Joint running approximately perpendicular to the tunnel axis between two adjacent
segment rings
Aggregate whose surface is more than 50 % naturally rounded

Prefabricated element for the lining of tunnels, galleries and shafts made of rein-
forced or unreinforced concrete, steel fibre reinforced concrete, steel or in former
times cast iron

Page 6 of 77
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Segmental lining
system

Segment seal
(gaskets)

Shield tunnelling
Single jacks

Stroke

Tailskin

Tapering (conicity)
segment ring

Test ring

Tunnel lining

Double-shell lining

Void

Lining system for tunnels, galleries and shafts consisting of individual segments
assembled to form segmental lining rings which, in conjunction with the annular gap
backfill, support the cavity

Sealing system consisting of sealing strips enclosing the individual lining segments
on all sides, which — after compression by joining the segments together — ensures
permanent sealing of the tunnel lining against the surrounding (ground) water

Tunnelling method by jacking a shield skin into the rock, using various loosening
methods and, if necessary, face-supporting measures

Individually arranged jacks or pairs of jacks used to transfer the jacking forces from
the TBM to the segmental lining ring

Tunneling section in which the tunneling machine is continuously pushed forward by
the extension of the tunneling jacks; usually corresponds to the width of the lining
ring in longitudinal direction of the tunnel

Rear part of the tunnel boring machine facing the segmental lining, in which the
new segment ring is assembled

Difference between the maximum and the minimum width of a tapered lining ring

Complete segment ring, usually assembled lying flat, for test or demonstration pur-
poses

Mechanical support of the cavity intrados after excavation of a tunnel

Tunnel lining consisting of two or more shells (also double-shell construction meth-
od) with different structural and constructional requirements (no composite) which
are produced in independent operations and with different construction methods
(e.g. outer shell shotcrete or segmental lining, inner shell in situ concrete vault)

A surface irregularity resulting from the entrapment of air at the surface of formed
concrete (“open pore”)

1.4.2 Symbols and designations

Table 1 Terms, symbols, designations

e Jowcrpton o

A Load application area on the contact =dp-lp
& surface Designation analogous to EC2.
A Area after load distribution in the =dq -l
al segment Designation analogous to EC2.
Area of load distribution along the = tq - dy
Ajq .
segment Previously Ac,.
At a depth of 0.4 - t¢
Fz1 Splitting tensile force in the segment Splitting tensile force due to load distribution,
previously Fs.
Secondary tensile force on contact At a.depth o (.)'1 s —
Fzo Tensile force directly under load application,
surface .
previously Fs .
At a depth of 2/3 - h
Fz2 Tensile force on contact surface (Secondary) splitting tensile force deep in the segment,

previously Fs ».

May 2024
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N e

Fs Tensile force in the reinforcing steel
M Moment
Also when applied to partial area load of the joints (thus
N Normal force replacing “F" in verification for partial area load accord-
ing to EC2).
b Radian of the individual segment Always “b" for radians.
d Designation of load or design-dependent distances or
variables generally with “d".
Height or width of the rectangular
do equivalent stress on the contact surface Replaces “b1” in EC2.
(load application) in radial direction
Height of the rectangular equivalent
dq stress after load distribution in the Replaces "b2" in EC2.
segment as above
e Eccentricity of force Always “e" for eccentricities.
Eccentricity due to calculated bending
em moment M =MN
eys Additional eccentricity due to offset Offset e.g. from installation tolerance.
. - . Is determined from a (pre-)ovalisation as a substitute
Equivalent eccentricity due to ovalisa- e .
€ov . value for the verification of the partial surface load or
tion o . T
splitting tensile forces on the longitudinal joints.
e Eccentricity of the contact surface rela-
A4 tive to the segment axis
Distance of the normal force from the
€oF
(nearest) segment surface
h S e Is_analo_gous. to EC?. A_Iwa){s h" for geometrically fixed
dimensions in radial direction.
hgr Height of the contact surface (radial) Geometrically fixed dimension.
Distance of contact surface from the : : . .
hoi : Geometrically fixed dimension.
inner segment surface
Distance of contact surface from the . . . .
hoa Geometrically fixed dimension.
outer segment surface
I Seament lenath In the longitudinal direction of the tunnel. Always “I" for
9 9 dimensions in the longitudinal direction of the tunnel.
Ikr Length of the contact surface Geometrically fixed dimension.
Distance of contact surface from the
IRa corners of the longitudinal joint to the = Geometrically fixed dimension.
ring joint
lo Length of the regtangular equivalent Replaces "dy" in EC2.
stress (load application)
Page 8 of 77 May 2024
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e Jomerptor e

Length of the rectangular equivalent

I stress after load distribution in the
segment
t Dimension for depths

Depth of load distribution behind the

t contact surface, in the verification of t
E partial surface pressures according to
ch. 5.7.2.
Depth of load distribution behind the
¢ contact surface, in the verification of
s the splitting tensile according to ch.
5.7.3.
Local and global coordinate direction
X in the longitudinal direction of the
tunnel
Local coordinate direction in the cir-
y cumferential direction of the segment
2 Local coordinate direction in the radial
direction of the segment
o Angle of twist on the longitudinal joints
oy Angle of twist due to ovalisation
< Rectangular equivalent stress on the
<0 contact surface (load application)
< Rectangular equivalent stress after load
Gl distribution
s Maximum stress on the contact surface
& Mmax  (load application)
Gsz Splitting tensile stress
Osz max Maximum splitting tensile stress

2 Overview of typical segmental
lining systems

For segmental lining systems a distinction can be
made between two principle types: single-shell and
double-shell lining. Single-shell lining is the most com-
monly used, with only a few exceptions (see ch. 3.2).
Typically, the classic ring system is employed, where
individual segment rings have continuous circumfer-
ential ring joints on both sides. This design ensures all
segments of a ring are installed without any offset to
the neighbouring segments of a ring. In the classic
ring system with flat ring joints, either tapered rings,

Replaces ,d>" in EC2.

Always “t” for dimensions that refer to a depth.
= dq — dg (inclination 2:1)

Indicates the distance of the area A.q from the area A
on the contact surface, previously “h".

ts = dj
Definition according to DAfStB issue 631 corresponding
to the progression of splitting tensile stresses.

Direction along the longitudinal joints.

Direction along the ring joints (“curved” direction).

Direction normal to the segment surface.

This definition is initially independent of the basis of the
determination or basic assumption (linear progression,
elastic stress, plastic stress)

also known as “conical” rings, or parallel rings with
the same width all around the circumference are used
(Figure 1).

However, there are also segmental lining sys-
tems in which the individual segments of a ring are
arranged offset to each other in the longitudinal di-
rection of the tunnel (hexagonal or honeycomb seg-
ment rings) and therefore do not form a continuous
ring joint. Ring systems with offset (or staggered) ring
joints are not discussed further in these recommen-
dations. They are very rarely used in Europe and have
a number of disadvantages. For example, curve drives
are difficult to realise with offset ring joints. In addi-

May 2024
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Precast segmental lining rings

Figure 1
Classification of
concrete lining
segment rings
considered in this

recommendation

One-side tapered
("conical") ring with offset
longitudinal joints

Parallel ring with offset or continuous
longitudinal joints (only in special
cases, e.g. for special built-in parts)

(n ring types

Two-side tapered
("conical”) ring with offset
longitudinal joints

tion, joint sealing with joint strips is not practical with
these systems.

The use of segmental linings with offset ring joints
is therefore limited to special applications.

The characteristics of the different ring types are
explained below.

Tapered segmental lining rings

To facilitate the installation of the segmental lining
without secondary bending even with curve drives,
tapered segment rings are used Figure 2 and Figure
3). The rings are twisted around the tunnel’s longitu-
dinal axis following a defined ring sequence and can
therefore allow a three-dimensional curve in a hori-
zontal and vertical direction. On the outer side of a
curve, the ring width (in the longitudinal direction of
the tunnel) must be made somewhat greater, on the
inside of the curve somewhat smaller.

Tapered rings are built either as universal rings (Fig-
ure 2 and Figure 3) or as right- and left-tapered rings
(Figure 4). Universal rings allow the key seg- ment to
be installed in any ring position, accommodating the
desired three-dimensional curve. It can therefore also
be positioned in the invert. With right- or left-tapered
rings, the key segment is always installed above the
tunnel axis in the crown area. Depending on whether
a left-hand or right-hand curve is to be described, the
respective ring types are in- stalled in alternating or-
der one after the other.

Tapered rings can be built as single-tapered rings
or as double-tapered rings. Single-tapered rings have

one tapered joint, while the other remains perpen-
dicular to the tunnel axis. Double-tapered rings have
tapered joints at both ends (see also Figure 9).

Parallel rings

Parallel rings , which lack a tapered shape, so-called
parallel rings, have a uniform width around their en-
tire circumference and therefore ring joints that are
parallel to each other. Consequently, these rings can-
not accommodate curves, making it difficult for them
to follow the path of the TBM (see Figure 5).

This limitation can result in secondary bending and
potential dam- age to the ring in the tailskin. There-
fore parallel rings should only be used in exceptional
cases, e.g. for special rings with inserts that have to sit
in a specifically defined position.

Short or fitting rings

In order to simplify the connection of the last seg-
ment ring to the concrete target structure at the end
of a tunnel drive and to avoid cutting of this ring or
in case of specified positions for special rings (e.g.
cross-passages), “short or fitting rings” can be used
(Figure 6). When approaching the target structure,
the ring sequence that best achieves the desired end
position can be calculated in advance.

The aforementioned ring types are primarily used
in tunnels with single-shell linings, where the seg-
ments form the final tunnel lining immediately after
installation.

Direction of tunnelling T

B K Lmin C
k

Ay Al L A

max|

]
|

B K L C |
1
k |

1
1
1
A Aol Ly 7
I

Figure 2 Universal ring with large key segment

Figure 3 Universal ring with inclined longitudinal
Jjoints between all segments
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Figure 4
Invert Side wall left Crown Side wall right Invert | Schematic diagram of right
TDirecﬁon of tunnelling and left tapered rlng

Right ring Ay A By Kr / Cr ILmin A | Ap

: L 3 e, T
max —_— 7(7 ki
Left ring A | As Ly I G \ KL B, A, Ay

—/”/k/_ Lmax

Some tunnels, particularly ones with large diame-
ters in solid rock, are constructed with a double-shell
lining (outer shell: segmental ring; inner shell: rein-
forced or unreinforced cast in-situ concrete, partly
featuring an intermediate flexible liner sealing mem-
brane) (see ch. 3.2).

Other ring variants

The following designs are generally used for dou-

ble-shell linings only.

= Expanding segmental lining rings
Expanding segment rings are primarily used for
simple rock stabilisation. The segment ring is pre-
assembled in the simplified tailskin (without tailskin
sealing) with a laterally tapered key segment shorter
in width. Once the TBM has advanced and the ring
has exited the tailskin, the key segment is pushed
into the ring, expanding it sufficiently to make con-
tact with surrounding rock. Filling the annular gap
can thus be dispensed with. Expanding segment
rings can only be employed in temporarily stable,
non-water-bearing subsoil. In water-bearing rock
dewatering is required during construction, since
a watertight lining cannot be established with ex-
panding segment rings.

\\\\\\\\\\\\Q 0 /

Slanted position Offset

Simplified segmental lining rings

A simplified segmental lining ring with reduced re-
quirements can be applied in situations where the
main loading will occur only after installation of the
inner shell, such as during tunnelling with ground-
water lowering or in squeezing/swelling rock. It is
also applicable in squeezing rock conditions where
deformation of the lining can help to reduce the
rock pressure. Damage to the segment ring is per-
missible as long as stability is maintained.

This type of ring can also be utilized in situations
where the segmental ring is removed after serving
a temporary function, for example to pass through
unexcavated pits for shaft or station constructions.

Rings with integrated invert segments

In exceptional cases where an integrated invert seg-
ment is required, separate tapered rings must be
provided for vertical and horizontal curve drives.
The rings are typically constructed with continuous
longitudinal joints, resulting in specific arrangement
of cross joints.

K
\ Target position

ring end face

N ... Standard ring (e.g. | = 1.5 m)
K...Shortring (e.g.1=1.2m)

Figure 5 Possible offsets when installing parallel rings

Figure 6 Ring sequence for short or fitting rings

May 2024

Page 11 of 77



Recommendations for the Design, Production and Installation of Segmental Tunnel Linings

< DAY

3 Segment design

3.1 Description of the single-shell pre-
cast segmental ring

3.1.1 General aspects of tunnel lining
The tunnel lining must fulfil several tasks during and
after completion of construction:

= Securing the rock to prevent rock falls,

= Resisting the effects of dead weight, loading, rock
mass, groundwater and, where applicable, opera-
tions,

= Sealing the tunnel against groundwater and moun-
tain water,

= Acting as mounting system for equipment compo-
nents (for example catenary, lighting, fans),

= Absorbing the tunnelling and steering forces of the
tunnel boring machine.

In single-shell reinforced concrete segments, the seg-
mental lining ring must address all of these tasks.

When the segmental ring leaves the TBM, it has
already largely reached its final load-bearing capacity
and can immediately absorb loads once the annular
gap has been filled with grout. The tunnel is also im-
mediately sealed against the groundwater pressure
if a sealing gasket system is provided. Because rein-
forced concrete segments are manufactured in a pre-
cast plant with rigorous quality control, the quality is
generally consistently high.

The segmental lining ring forms a hinged structure
that gains stability mainly through the annular gap
backfilling and its bedding towards the surrounding
rock. The possibility for coupling in the ring joints and
a limited transfer of bending moments in the longi-
tudinal joints also contribute to the ring load-bearing
capacity of the segmental lining.

Annular gap backfilling, typically conducted
through the tailskin of the TBM, is carried out con-
tinuously as the tunnel is driven. Classic annular gap
grout (1C-AGBM) or two-component annular gap
backfill materials (2C-AGBM), in which the activat-
ing component is added directly in the tailskin, are
used as annular gap backfill material. The annular gap
backfill ensures the immediate bedding of the seg-
mental lining ring to the surrounding subsoil and thus
enables that loadings effects on the segment ring are
equalised.

Ring geometry

Early coordination of the interface between the seg-
mental lining and the TBM is necessary in the design
phase of the segmental lining and the TBM.

When determining the inner diameter of the ring,
it must be ensured that there is sufficient tolerance
for excavating the tunnel. In Europe a tolerance radius
of R £10 cm for the TBM drive is typically allowed for,
i.e. the planned diameter is 20 cm greater than the
internal structural boundary requires.

The segment thickness is based on structural and
design factors such as sealing details or durability and
results between 25 cm and approx. 75 ¢cm, usually be-
tween 30 cm and 60 cm, depending on the tunnel di-
ameter and the prevailing rock conditions.

Depending on the outer diameter, the ring width
is chosen usually between 0.75 m and 2.25 m.

Common reference values for ring widths are for

= Small diameters (2.5to 5m): 75to 125 cm
= Medium diameters (5 to 8 m): 125 to 175 cm

= Large diameters (over 8 m): 175 to 225 cm

For curve drives, tapered rings (also known colloqui-
ally as "conical” rings) must be used. The required
tapering (k) can be calculated, dependent on the ge-
ometric constraints, using the following formula (see
Figure 7):

k=D, ln/R
with
k  tapering (difference of maximum to mini-
mum ring width)
D, outer diameter of the segment ring

Ilm  mean ring width
R minimum curve radius

When applying the above formula, it is important to
consider that the tapering of a ring cannot be fully
utilised with offset longitudinal joints. This is because
the ring position with maximum or minimum width
can only be arranged with the specified longitudinal
joint offset (Figure 8).

Figure 7 Geometric relationship between tapering k
and curve radius R; M corresponds to the centre of
the curve
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To take this effect into account, the above formula
is supplemented as follows:

k'=Da-In/R-2/(1+ cosa)

where:
k' usable tapering with offset longitudinal
joints
o1 mutual minimum angle of twist of two

consecutive rings

When designing the segment ring, it is also necessary
to consider a correction curve driven by the TBM to
compensate for unavoidable driving tolerances. The
required correction curve radius should be at least
20 % to 30 % smaller than the smallest radius of the
designated tunnel alignment, both horizontally and
vertically.

Because the tunnel boring machine can never fol-
low the intended tunnel axis exactly, tapered segment
rings should also be planned for straight tunnel drives.
In this case, the correction curve radius should be
chosen based on the control capabilities of the tunnel
boring machine (for example, Rcorrection = 500 m).

Depending on whether the tapering is provided on
one side of a segment joint (single-tapered ring) or
on both sides (double-tapered ring), the directional
correction varies (see Figure 9). While single-tapered
rings allow a stronger directional correction, the curve
correction with double-tapered rings is smoother.
With double-tapered rings it is also essential to en-
sure that the axis of the TBM is not directed perpen-
dicular to the reflecting surface of the ring installed
last, preventing the TBM jacks from pressing onto an
inclined surface. With this background, single-tapered
rings have proven effective in practice in Germany, al-
though both types are used internationally.

When installing a new ring, its position should be
chosen to ensure that the front side of the ring is lo-
cated nearly center in the tailskin and the advance dif-
ferences of the thrust cylinders are as small as possi-
ble respectively reflect the required curve progression.

To avoid installing the key segment below the side
wall, left/right rings can be utilised. Here the maxi-
mum/minimum ring length is arranged 90° from the
key segment axis. Modern ring building erectors and
thrust cylinder controls can easily install the key seg-
ment in the lower shield position and the logistics are
somewhat easier for "universal ring” systems. Not-
withstanding, left/right rings are not necessarily a dis-
advantage: if the supplied ring type does not “fit", it
can be used like a universal ring with the key segment
being installed in the lower ring position.

3.1.2 Ring division

The ring division (number and opening angle of the in-
dividual segments) and the arrangement of the TBM's
jacks must be coordinated to each other. With offset
segment rings, this means the jacks must be evenly
distributed around the circumference of the TBM. The
jacks should always press on the individual segment
at designated positions. At these positions, tensile

Figure 8 Tapered ring rotated by a maximum angle o
from the horizontal axis

Figure 9 Two-sided (left) and one-sided (right)
tapered ring
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splitting reinforcement and, if necessary, packers can
be provided to prevent damage to the segments.

Cross joints

Cross joints occur when the longitudinal joints of con-
secutive rings meet in the ring joint or are closer than
approx. 10 cm apart. Cross joints have a detrimen-
tal effect on the load-bearing and sealing effect of
the segmental lining. To mitigate this, each segment
ring should be installed offset from the previous one
by half or a third of the segment’s developed length
(longitudinal joint offset). If individual cross joints oc-
cur, it must be checked whether these result in a loss
of quality (see also ch. 4).

3.2 Peculiarities of double-shell lining

With double-shell lining, the precast segmental lin-
ing takes on the function of an outer shell. The same
recommendations generally apply here as for the sin-
gle-shell segmental lining ring. As with a single-shell
construction, the segmental lining must generally be
able to absorb all impacts during construction and —
depending on the project requirements — in the final
state. Only the verification of water pressure can be
omitted if the segments are designed without a seal-
ing system.

Table 2 shows the functions of the segmental lin-
ing in double-shell construction depending on the
function of the inner shell. Some of the advantag-
es and disadvantages of double-shell construction
method are listed below.

Advantages of of double-shell lining

Possibility of using a sealing layer (flexible liner)
between the inner shell and the segmental lining,
which allows an almost completely watertight tun-
nel can be created (even with very high water pres-
sures).

* The segmental lining can be designed as simplified
economical ring, often without sealing gasket (for
example, no design is required for future excava-
tion and for loads from future constructions).

= The mountings in the tunnel (anchor rails, dowels,
steel plates) can be made more cost-effectively
since mounting points are in the inner shell.

= Fire protection is ensured by the inner shell. After a
fire the inner shell can be replaced.

* The construction of crosscuts (cross passages), ven-
tilation and rescue tunnels or shafts can be simpli-
fied.

= The inner shell can be connected directly to the
concrete structures of the portals.

Disadvantages of double-shell lining

= The inner shell can usually only be made after the
end of tunnelling of both tubes; leading to longer
construction time and increased costs.

If only the segmental lining must absorb the loads
from rock and water pressure over a long time, the
inner shell only receives the loads from its dead
weight and from the equipment. This can result in
larger shrinkage cracks due to the generally low
normal force in the shell.

In case of subsequent loads, for example from fu-
ture excavations or future constructions, the distri-
bution of these loads between the outer and inner
shell cannot be clearly defined.

= This complicates the identification of leak locations
after installation of the inner shell .

Proofing that a shear connection exists between the
outer and inner lining, or confirming that no such
shear connection applies, poses significant chal-
lenges. If a shear connection between the inner and

Table 2 Functions of in-situ concrete inner shell and segmental lining for different double-shell configurations

Function of the inner shell

Only as fire protection lining

With absorption of water pressure and fire loads

With absorption of all final actions (earth and water
pressure, fire protection) and sealing

With absorption of increased loads from earth and
water pressure in designated areas (e.g. limited areas
with high earth and/or water pressures, crosscut
areas, other connecting structures)

Function of the segmental lining ring

Permanent absorption of all actions and sealing
function

Permanent absorption of earth pressure

“Economical segment” to absorb the effects of rock
mass during construction; where applicable, with
reduced safety factors and/or sealing function during
construction

Permanent absorption of all actions and sealing func-
tion except in zones with additional inner shell
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outer lining shell is analytically required, no satisfac-
tory structural solution to create such shear connec-
tion is known up to date.

3.3 Joint design

For segmental tunnel linings the joint design is of par-
ticular importance, as the joints between the individ-
ual segments must transfer high and sometimes very
concentrated forces both in the longitudinal direction
of the tunnel and in the circumferential direction with-
out causing damage to the concrete structure. In or-
der to meet these requirements, the joints need to be
carefully considered and structurally designed.

Recommendations for the design of longitudinal
and ring joints are provided below. These apply pri-
marily to single-shell segment systems with gaskets,
but can also be used for double-shell systems.

3.3.1 General requirements for joint design

The detailed design of the joints between the individ-
ual segments is of crucial importance for load trans-
mission and watertightness. The following design
details must be taken into account for the ring and
longitudinal joints:

» Load-transfer in joints through centric contact areas
with effective reinforcement. Segment areas such
as corners and edges that cannot be adequately
secured by reinforcement must be relieved from
loading by appropriate geometric layouts (recesses,
chamfers).

= Avoid notches and notch effects in the load-trans-
mitting areas of joints.

= Arrangement of the compression gasket frames
with sufficient edge distance to ensure a safe trans-
fer of the prestress forces from the gasket (see ch.
4 and ch. 5)

= |In case of making use of a local increase in concrete
compressive strength in accordance with the con-
cept of partially loaded areas, any splitting tensile
forces must be verified and covered by reinforce-
ment (see ch. 5.7 and ch. 5.11).

The impact of manufacturing and installation toler-
ances must be taken into account in the structural
verification.

3.3.2 Longitudinal joint

The internal forces must be transmitted between two
segments of a ring via the longitudinal joints. These
are essentially normal forces and, depending on these,
the moments and shear forces that can be transmit-
ted in the joints. In addition, the restoring forces re-

sulting from compression of the gasket frames act in
the longitudinal joints.

The longitudinal joint must be designed in such a
way that the occasually high normal ring forces can be
transmitted without damage, taking into account the
simultaneously acting bending moment. To ensure a
safe load transfer the contact surface is designed with
sufficient edge distance from the top and side surfac-
es and is slightly raised from the surrounding edges
(Figure 10). Furthermore, the distance to the sealing
groove should be sufficient to avoid stress concentra-
tions in the area of the sealing profile. Generally the
contact surface of the longitudinal joints is designed
flat, although convex or concave designs can also be
considered for special cases.

The contact surface should be arranged approxi-
mately centric to the joint axis in order to avoid un-
desirable bending moments from eccentricity of the
normal force. The height of the contact zone has a
decisive impact on the load transfer and deformation
behaviour of the ring and must therefore be carefully
adjusted to the internal forces that are to be transmit-
ted through the joint (see ch. 5.7). In particular the
edge distance of the contact surface must be select-
ed in such a way that edge spalling of the segment
concrete is ruled out. This is particularly important for
high normal ring forces.

All edges of the longitudinal joint should gener-
ally be chamfered to prevent spalling. A dovetailed
groove can also be arranged on the inside of the lon-
gitudinal joints to facilitate the subsequent insertion
of seals (Figure 10). Plastic guiding rods are often
employed to minimise offsets in the longitudinal joint.
The main function of these centring aids is to facilitate
the installation of the segments, minimise offsets in
the longitudinal joints during ring building and pre-
vent the key segment from sliding inwards.

Outer distance to the
sealing groove

Distance between sealing
groove and contact surface

Width of the contact surface

Inner recess to the contact
surface

Figure 10 Typical configuration of the longitudinal
Jjoint

May 2024

Page 15 of 77



Recommendations for the Design, Production and Installation of Segmental Tunnel Linings

< DAUYE

A tongue-and-groove design of the longitudinal
joints can quickly lead to damage to the joint's face
if installation is inaccurate and should therefore not
be used.

To facilitate the installation of the segments, the
longitudinal joints are inclined by an angle @ to the
longitudinal axis of the tunnel (longitudinal joint
conicity, Figure 11). The angle of the longitudinal
joint conicity has a decisive influence on the required
installation gap length for installing the key segment
and thus the required stroke of the thrust cylinders.

In the standard system, only the longitudinal
joints of the key segment and the two adjacent coun-
ter segments are designed with an inclination to the
longitudinal axis, while the longitudinal joints of the
other segments (standard segments) are arranged
perpendicular to the ring axis. In the so-called trap-
ezoidal system, however, all the segments in a ring
have a longitudinal joint conicity.

In addition to the angle Y, the longitudinal joints
of the key segment and the two counter segments
may be inclined by an angle ¢ to the radial axis in or-
der to facilitate the insertion of the key segment from
below and further reduce the installation gap length
(longitudinal joint angle, see Figure 11).

Both angles Y and ¢ not only have a considerable
influence on the ring errection, but also on the struc-
tural system and the load-bearing behaviour of the
ring system. They must therefore be carefully tailored
to the selected segment system and, if necessary,
considered in the structural analysis.

For small key segments, it is recommended that
the longitudinal joints are designed radially to pre-
vent the key segment from sliding inward.

3.3.3 Ring joint

The jacking forces of the TBM and the coupling forces
between the rings are transmitted in the ring joints.
The non uniform loading caused by steering forces
must be taken into account in the design. The fol-

lowing joint shapes are commonly used for the ring
joints:

= Flat joint design

= Cam and pocket configuration

= Tongue and groove joint design

For single-shell lining, the flat joint configuration is
preferred for both the ring joints and the longitudinal
joints. Additional centring and coupling devices may
be provided for. This can be dowels, centring cones or
reinforced or unreinforced cam and pocket toothings,
whereby dowels or centring cones are meanwhile the
rule. Based on past experience with spalling and chip-
ping, cam and pocket toothing should only be used
if a sufficiently large construction tolerance (usually
> 15 mm) is provided for (see also ch. 5.7).

A tongue and groove layout for the ring joint in-
creases the demands on ring building because even
minor ring offsets can result in significant spalling
during the TBM advance. For this reason, a tongue
and groove design is not recommended for a sin-
gle-shell segmental lining.

The flatness of the entire ring joint, referred to as
ring face, is significantly influenced by the ring con-
struction. Packers of constant thickness made of hard
fibre material or plywood are often provided in the
ring joints to allow loads to pass through at defined
locations and to compensate for unevenness. Duc-
tile packers (for example those made of bituminous
material) should not be employed for this purpose,
as they deform plastically under load and thus loose
their function. In terms of dimensional accuracy, hard
plastic sheets are advantageous.

The packers and their dimensional tolerances must
always be taken into account for the design and ver-
ifying of the sealing profiles and connections devices
(e.g. plug-in dowels).

It is also possible to design the lining without
packers in the ring joints; however in this case, com-
pensating for ring-building tolerances and constraints

Installation gap length

Figure 11
Longitudinal joint
angle @ and angle
of longitudinal joint
conicity ¢
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becomes more challenging. When transmitting the
longitudinal forces without intermediate layers, ring
joint flatness requirements are higher. In this scenar-
io, load transfer surfaces should be confined to the
jack shoe areas , with consideration of rolling effects
if necessary.

For the design of the ring joints, special attention
should be given to the following:

= Consideration of packers and their compressibility
for the ring geometry in the joint facing away from
the TBM.

» Interface with TBM: number, position and dimen-
sions of the jacks or jack shoes.

= To avoid bending moments in the jacks and eccen-
tric force on the segment (which can create “carding
moments” in the segment ring), the radius of the
jacks should be aligned with the the axis radius of
the ring joint.

= In case that thrust cylinders are located close to
the longitudinal joints it must be ensured that the
forces are introduced with sufficient distance to the
joints (e.g. by provision of chamfered load transmis-
sion zones).

3.3.4 Connections

Angled bolts with plastic dowels (Figure 12) have
proven effective as temporary connections in seg-
mental lining joints. They provide a force-fit connec-
tion, are easy to install and can be easily removed.

In ring joints plug-in dowels are increasingly re-
placing these bolted connections (Figure 13).

Such plug-in dowel connections can significantly
reduce the offsets between the rings, shorten instal-
lation times with precise ring building, and simplify
reinforcement guidance inside the segment by elimi-
nating the bolt-pockets.

When plug-in dowels are used, they must be de-
signed to be tension-resistant to absorb the restor-

iy
L1
2
e i 128 019
Joint stip axis e >

Dowel channel

Segment axis

Bolt 7
channel S -

Optimas bolt T 28
Grade 38Mn Vs6

i
. Direction of tunnelling

Boltpocket

Figure 12 Bolted connections with dowels

ing force of the compression joint seals. Note that
pre-tensioning of this connection is not possible,
which may result in slight opening of the joint (“slip-
page”). This slippage in the millimeter-range must be
considered for verification.

To reduce the slippage of plug-in dowel connec-
tions, special dowel types with a one-sided click con-
nection and a screw attachment on the other side can
be used.

Joint connections are typically needed only during
ring building, particularly for pre-tensioning of the
compression gaskets, and for advancing the tunnel
boring machine. Once the annular gap backfill has
set, generally after approximately 10 to 15 rings, this
function is generally no longer needed, allowing for

e @ BUdRERbbnb i

.

\.

Figure 13 Plug-in dowel as an alternative for bolting the ring joint
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removal of the bolts. In traffic tunnels, temporary
bolts above the track or roadway must be removed
mandatory to prevent them from falling down dur-
ing later operation. Permanent bolts, such as bolts at
transitions to in situ concrete and at cross passag-
es, must be secured against loosening and protected
from corrosion.

In certain cases, dowels for shear force transfer are
installed in the ring joints (Figure 14), to improve the
ring stability especially during ring erection for rings
with uncured annular gap material.

Plastic inserts generally do not impact the dura-
bility of the segment ring negatively. However, they
must be suitable for use under load in their specific
application.

3.4 Mountings in the segmental ring

With double-shell tunnel lining, any mountings that
may be required (e.g. for the catenary or signals) are
installed in the in situ concrete inner shell. Generally,
no special inserts are required for the segment ring
in this setup.

For single-shell lining, future mounting options
should be considered during the planning phase al-
ready. The main mounting options include:

= |nstallation of anchor rails (embedded in the seg-
ment mould),

= Installing steel mounting plates (embedded in the
segment mould),

= Post-installation of the mountings by doweling.

When installing anchor rails or mounting plates it is
essential to make sure that their intended position in
the tunnel can be safely achieved. For tapered, ro-
tatable rings, the anchoring must either be installed
all around the entire ring or positioned for a pre-de-
termined location during ring building. The required
edge distances from the ring and longitudinal joints
must be observed.

During planning, the spacing of the mountings
must align with the ring width. If mounted compo-

Figure 14 Examples of dowels for shear force trans-
mission in the ring joints

nents change after segmental lining installation, the
existing components must be taken into account. The
position of the anchor rails or mounting plates gen-
erally influences the design of the erector’s suction
plate.

Post-installation dowelling of mountings allows
for greater flexibly in fitters’ requirements for fixing
components. To avoid damaging segment reinforce-
ment during dowel drilling, it is advisable to specify
dowel lanes and coordinate them with reinforcement.
Dowel lanes should be marked on the inner segment
surface, or dowels should be drilled using jigs.

Auditability of all mountings must be considered
for future site inspections. For road tunnels, chloride
contamination should be considered in terms of du-
rability and corresponding material specifications
must be followed. For heavy loads, for example fans,
direct mounting onto the rock can also be considered.
However, since this design requires perforating the
segmental lining ("buttonhole”), it is only feasible un-
der compatible hydrogeological conditions.

3.5 Design tolerances

3.5.1 Fundamental considerations

Design tolerances mean tolerances from segment
production and from erection of the segments in the
tunnel. Driving tolerances of the tunnelling machine,
installation tolerances of the segmental lining ring in
the machine, and segment ring deformations during
and after tunnel excavation should be considered
separately (cf. ch. 5.8).

Tolerance specifications are intended to control
geometrical deviations from the planned segment
geometry. Deviations are only permissible to the ex-
tent that resulting damage from stress peaks in the
segments and leaks due to insufficient compression
of sealing profiles remain unlikely. In practice, the
permissible degree of deviations depends on several
different factors:

= Stress level for the planned geometry,

= Utilisation and deformation characteristics of the
sealing profile,

= Primary segment dimensions (length, width, thick-
ness, radius).

Tolerance defaults must be defined in the project
specifications to specify the acceptable deviations of
the nominal geometry. The reasons for strict toler-
ance requirements are:

= Sensitivity of the segmental lining to geometric in-
accuracies and deformation of individual segments,

= High internal forces in the segment ring from earth,
water and grouting pressure,
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= High jacking forces during TBM advance,

» Load transfer occurs only in limited areas (partial
loaded area),

= Damage is often only detected after water ingress
(e.g. damage to the ring exterior),

= Repairing damaged segments is costly and time-con-
suming and may not be technically or operationally
feasible.

3.5.2 Tolerance requirements

Deviations form the nominal position typically occur
when segments are installed in the tunnelling ma-
chine. In addition to avoidable installation errors, ring
ovalisation can also result from load actions, floating
of the ring in the annular gap backfill material and the
formation of offsets between the segments due to re-
straint forces in the sealing of the tailskin.

These installation tolerances must be considered
and depend on the tunnel’s intended use (required
clearance profile) and the segment design. They must
be specified individually for each project by the de-
signer in consultation with the client.

For permissible joint offsets (load eccentricities),
refer to ch. 5.7. The allowable ovalisation of the ring
largely depends on its diameter and the number of
individual segments per ring, but should generally be
less than 0.5 % of the internal diameter.

All tolerance dimensions, including access toler-
ance, must be restricted in such a way that the re-
quired clearance gauge is always maintained.

The permissible manufacturing tolerances provid-
ed in Table 3 (Figure 15) apply to reference condi-
tions described in ch. 11. They are specified for inner
ring diameters < 8.0 m and > 11.0 m. For diameters
between 8.0 and 11.0 m, the values can be interpolat-
ed linearly and rounded up to full 1/10 mm. ZTV-ING
[2] specifies slightly different tolerance values.

An alternative approach for determining the per-
missible tolerance values is offered by the fact sheet
"Segment Tolerances — Derivation and Application” de-
veloped by the Austrian Society for Construction
Technology (OBV) [29]. This leaflet determines toler-
ance classes through a mathematical risk analysis. The
approach considers the likelihood of occurrence and
the impact of damage or risk-related scenarios. The
objective of this approach is to allow smaller geomet-
rical deviations in cases of higher damage risk and to
accept larger values when the risk of damage is lower.

For determining the permissible tolerance values
the geometric dimensions of the segments and the
material properties are considered. A mathematical
formula was defined for each permissible deviation,
enabling the calculation of the respective tolerance
value. A corresponding calculation tool was devel-

oped to facilitate tolerance determination. This tool
can calculate tolerances for any segmental lining sys-
tem based on the main segment dimensions and the
concrete strength class.

The client must specify permissible dimensional
deviations on a project-specific basis.

3.5.3 Exceeding the manufacturing tolerances

If segments have been produced outside the toler-
ance ranges, they can only be used if compatibility
can be demonstrated. In this regard, manufacturing
tolerances can be better accommodated and verified
retrospectively if the planned degree of utilisation of
a segment and the gasket is lower. Possible measures
when permissible tolerances have been exceeded are
described below (see also ch. 11 or also in [29]). Co-
ordination with the project owner about this is strong-
ly recommended.

= Exceeding the segment width tolerance
If the ring reflecting surface does not result in a cor-
rect plane because the segment width tolerance has
been exceeded, the segments can be used for ex-
ample in areas where the projected jacking forces
are low. A structural analysis must be carried out
for this.

= Exceeding the angle of longitudinal joint conicity/
longitudinal joint rectangularity deviation
If the load transfer surfaces in the longitudinal joints
open up as a result of exceeding the tolerance val-
ue for the longitudinal joint rectangularity, the load
transfer surface will be compressed by the ring nor-

Rectangularity deviation
Evenness of the longitudinal of longitudinal joint

and ring joint

Ring joint

Longitudinal joint

Angular deviation of the
longitudinal joint

Contact surface

il

Rectangularity

deviation of the
U_J longitudinal joint

Figure 15 Manufacturing tolerances on manufactured
segment of single-shell structures [2]
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Table 3 Manufacturing tolerances for the individual segment and the entire lining ring (single-shell lining ring

with packers in the ring joints)

Manufacturing tolerance

Ring size (internal diameter)

1 Longitudinal joints tolerance based on the load transfer surface

1.1 Longitudinal joint rectangularity deviation £ 0.5 mm £ 0.7 mm
1.2 Angular deviation of the longitudinal joint + 0.5 mm + 0.7 mm
1.3 Sum for 1.1 and 1.2 £ 0.6 mm £ 0.9 mm
2 Overall segment deviations (related to the median plane)

2.1 Segment width £ 0.5 mm + 0.7 mm
2.2 Segment thickness £ 3.0 mm + 4.0 mm
2.3 Segment arch length + 0.6 mm + 0.7 mm
2.4 Inner radius of each segment £ 1.5 mm + 2.5 mm
2.5 Diagonal length deviation of a segment £ 1.0 mm + 2.0 mm
3 Gasket groove

3.1 Gasket groove width £ 0.2 mm + 0.2 mm
3.2 Gasket groove depth £ 0.2 mm + 0.2 mm
3.3 Position of gasket groove axis £ 1.0 mm £ 1.0 mm
4 Evenness of the contact zones

4.1 Longitudinal and ring joint £ 0.3 mm + 0.5 mm
5 Tolerances on the entire segment ring

5.1 Outer diameter £ 10 mm £ 15 mm
5.2 Inner diameter £ 10 mm £ 15 mm
5.3 Outer circumference (measured at three levels) + 30 mm + 45 mm
6 Position of the fixing components

6.1 Erector cones £2mm £2mm
6.2 Bolt pockets and channels £ 1 mm £ 1 mm

mal force until an equilibrium is reached. The ring
normal force must then be transferred over a re-
duced area, which is therefore higher loaded. Again,
it is advisable to install the defective segments in
areas of lower loading. The splitting tensile rein-
forcement must then be verified for the stress at
this location.

Proximity relationships

One way to compensate exceeded tolerances is to
sort the segments in such a way that exceeded tol-
erances of adjacent segments balance each other.
This requires considerable effort to sort the seg-

ments in the segment storing area and for trans-
port into the TBM. This option greatly restricts the
ability to combine different segments and should
therefore be approved by the client.

However, if the contractor can demonstrate an
adequate supply chain, this combination option is
possible.

A data recording system for the stored segments
is absolutely necessary for this.

Page 20 of 77

May 2024



Recommendations for the Design, Production and Installation of Segmental Tunnel Linings

4 Sealing of the segment joints

4.1 General

The following statements apply to single-shell linings,
in which the sealing function is performed solely by
the segmental lining.

The water tightness of tunnel linings made of pre-
cast reinforced concrete elements is determined al-
most exclusively by the water tightness of the segment
joints. The standard solution for sealing the joints are
sealing frames made of sealing gaskets that are ar-
ranged around the segments outer edges in their ring
and longitudinal joints. During ring building, the seal-
ing frames of adjacent segments are compressed to-
wards each other and towards the concrete. Since the
sealing capacity is based solely on the compression of
the sealing gaskets, sufficient compression must be
provided along the entire length of the profiles to re-
sist the expected water pressure. This applies to both,
the surfaces of the sealing gaskets that are in contact
with the concrete and to the joint between the sealing
gaskets of adjoining segments, taking possible con-
struction tolerances into account.

More detailed information on the application of
gasket frames can be found in the STUVA recommen-
dations [56]. In Germany, the Technical Guidelines for
Delivery and Technical Test Specifications of sealing
profiles (TL/TPDP) provide further guidance in this re-
gard [28].

4.2 Requirements for watertightness,
sealing gaskets and dewatering

The water pressure that is to be considered in the de-
sign must be specified by the client, taking the pro-
ject-specific water levels into account.

The demands for water tightness of the tunnel
lining must be specified in the contract. In addition,
the contract must also include post-sealing measures,
permissible residual leakage values and their possible
discharge. With regard to the residual leakages a dis-
tinction should be made between individual leakages
and the total leakage that is accumulated over longer
tunnel sections. Where applicable the location of the
water ingress should also be considered in the spec-
ifications.

Running or dripping leakages are generally not
permitted in traffic tunnels. In railway tunnels, drip-
ping on conducting installations including the rails
must be prevented. In case of supply tunnels or head-
race tunnels, lower watertightness demands may be
permissible depending on the specific boundary con-
ditions.

The general impermeability requirements for rail-
tunnels can be found in RiL 853. 4101 [1] and for traf-

fic tunnels in ZTV-ING, Part 7, section 3, chapter 8 [2].
However, both guidelines are not directly applicable
for segmental lining shells, as their specifications re-
late to the concrete surface and not to the joints.

In accordance with TL/TP DP [28], gasket frames
must at least meet the following requirements:

= Functionality,
= Ageing resistance,
= Long-term impermeability,

= Resistance to environmental influences, including
those from operation of the tunnel,

= Material compatibility with the surrounding media.

One measure to control dripping water ingress, is the
post-installation of additional sealing profiles that are
inserted in the segment joints to drain the water away
from the tunnel interior. To ensure that these sealing
profiles can be properly fixed and stay in place, the
segment joints must be geometrically designed ac-
cordingly. Usually additional dovetailed grooves are
provided for this purpose.

Such post-sealing of the joints is generally con-
sidered as a temporary measure before final sealing
measures are carried out (see ch. 11.3)

In addition to the residual water from leakag-
es, water in traffic tunnels is carried in from vehi-
cles and firefighting water has to be removed in
the event of fire. Further, significant condensa-
tion water can occur in longer tunnels during sum-
mer. Therefore, a backflow-free drainage of the
accumulated water should be foreseen, at least
in traffic tunnels. A continuous drainage pipe
with inspection shafts and, if necessary, pumping sys-
tems is recommended for this purpose..

4.3 Sealing frames

Sealing frames are usually made of EPDM synthetic
rubber. The sealing profiles are extruded and then
vulcanised. They are assembled to sealing frames by
cutting the straight sealing profiles to length and vul-
canising the corners [56].

Both glued-in and anchored sealing gaskets are
used.

Glued-in gaskets are attached to the precast seg-
ments by gluing them into a groove that is cast into
the surrounding edges. This is to ensure that the seal-
ing frame remains in the intended position during
ring erection and afterwards to establish the required
sealing level.

Anchored sealing gaskets provide anchoring de-
vices such as feet or ribs on their rear side. Occasion-
ally fibres are subsequently glued to the profile as
further technical innovation. Anchored profiles are in-
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stalled into the moulds before concreting a segment
and cast-in directly. To accommodate the sealing
frame with anchoring, the moulds must be equipped
with corresponding retaining grooves. With regard to
the reinforcement cages, it is important to ensure that
they can be lifted into the mould without interfering
with the pre-installed sealing frames.

One advantage of anchored sealing gaskets is that
the gluing-works can be omitted. Loosening of the
gaskets during transportation and storage can also
be largely ruled out. In addition, anchored profiles
reduce the risk of a reduced sealing capacity due to
water creep. This is offset by the disadvantage that
any repair works, should they be required, are more
complex for anchored profiles than for glued-in seal-
ing frames. Accordingly, anchored gaskets must be
protected against damage at all times from produc-
tion until erection of the segment in the tunnel.

Early coordination between the designer, mould
manufacturer and sealing gasket supplier is always
recommended in order to synchronise the geome-
tries of the retaining grooves, the contact surface and
the edge distance of the gaskets.

During ring erection, the compression of the ad-
jacent sealing frames generates a restoring force in
the sealing profiles. The resulting stresses in the seal-
ing gasket act on the groove bottom and the groove
flanks and thus ensure the watertightness of the joints.
The restoring force of the sealing gaskets decreases
over time; initially quickly, later very slowly. This pro-
cess, known as stress relaxation, reduces the sealing
capacity. To ensure that watertightness is maintained
over time, two conditions must be met:

= Material persistence of the sealing gasket,

= Maintaining the minimum required compression
for watertightness over the entire service life time.

For the design of the sealing gasket, the groove bot-
tom distance, the groove depth and the offset after
installation of the segments are the relevant variables
(see Figure 16).

Designs with a double sealing system provide two
sealing barriers, one on the inside and one on the
outside of the precast lining. However, a lasting effect
of this system associated with a higher watertightness
level could not be confirmed.

4.4 Corners of the sealing frame

The corners of the segments are usually the critical
point in a precast segmental lining. To avoid concrete
spalling, the sealing gasket supplier must design the
shape of the sealing frame corners in such a way that
the volume concentration of elastomer in the corners
is minimized.

To avoid discontinuities in the sealing profile, it
must be ensured that the gasket frames are installed
evenly and in the correct order when gluing them into
the grooves or clipping anchored gasket frames into
the formwork. According to the STUVA recommenda-
tions [56], any indentation or elevation of the corner
tip relative to the profiles’ contact surface, observed
on the installed sealing frame, should not exceed 5
mm. Further requirements can be found in the STUVA
recommendation [56].

During ring erection and installation of the seg-
ments forces from friction between adjacent gaskets
arise in the longitudinal direction of the frames. Such

min. Nutgrundabstand
Min. groove bottom distance

max. Nutgrundabstand
Max. groove bottom distance
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forces may lead to significant stresses in the sealing
frames and to related longitudinal displacements.
The risk associated with this effect is particularly high
when pushing in the key segment. For this reason,
care should be taken to ensure that the sealing profile
is securely fixed in the frame corners to prevent longi-
tudinal displacement.

4.5 Effects to the sealing capacity

The sealing capacity of a gasket can be significantly
influenced by the following aspects that are related
to the production and installation process of the seg-
ments:

1) Dimensional tolerances of the segments,

2) Rock pockets and air bubbles or voids at the con-
crete surface of the groove,

3) Ring building tolerances and ring deformations,

4) Dimensional tolerances in the sealing frames in-
cluding mass or rigidity tolerances of the sealing
profile

5) Tolerances of the geometry and mechanical behav-
iour in the corners of the sealing frame,

6) Discontinuity from a level offset resulting from lon-
gitudinal offset of adjacent corners due to frame
assembly or ring erection,

7) Unplanned expansions and compressions as well
as loosening of the gasket from the groove during
ring erection,

8) Offset of the sealing frame,

9) Insufficient compression of the sealing gaskets, i.e.
higher groove bottom distance than designed for,

10) for glued-in sealing frames: dimensional toleranc-
es of the preformed sealing groove.

In the watertightness tests the offset and the groove
bottom distance are varied in accordance with the
STUVA recommendations [56] or TL/TP DP [28]. Ac-
cordingly, for a service life time of 100 years, the influ-
ence of the relaxation of the sealing gaskets and other
deviations are covered by increasing the test pressure
by a factor of 2 compared to the design water pres-
sure .

4.6 Concrete spalling of the groove

Excessively high restoring forces in the sealing frames
can cause concrete spalling, particularly in the corner
area of the segments. Spalling or cracking in the vi-
cinity of the groove leads to a reduction or even loss
of watertightness and must therefore be avoided at
all costs.

The edge distance, i.e. the distance from the out-
er edge of the groove to the outer surface of the
segment, has a decisive influence on the spalling be
haviour in the vicinity of the groove. This distance
should be sufficient large to prevent the concrete
from spalling in the corners. Due to multiple factors
of influence, however, it is difficult to give a simple
value as recommendation for the edge distance. As an
initial guiding value, an edge distance greater than or
equal to the groove bottom width, but at least 30 mm,
is recommended for glued-in sealing gaskets. Greater
edge distances of 40 mm to 50 mm are preferable if
possible.

Compared to glued-in gaskets, seals with anchor-
ing devices lead to a deeper transmission of the re-
storing loads into the concrete and thus to a increased
notching effect. Sealing gaskets with anchoring devic-
es can therefore have a higher risk of spalling. New
developments with rounded frame corners or fibre
anchors attempt to address this.

Adjacent segments should have a gap of at least
3 mm, preferably 5 mm, measured at the segments
edge and with maximum compression of the seal-
ing gasket, in order to prevent contact between the
concrete surfaces even in the event of undesigned
distorsion. Larger gap values, provided for structural
reasons, are also possible.

The groove filling ratio is the proportion of sol-
id sealing material in the total groove cross-section
area. The air-filled chambers make up the remainder
compared to 100 %. The groove filling ratio increas-
es when the sealing profile is compressed, whereby
the stiffness increases steadily. When 100 % filling is
reached, a sudden increase in stiffness appears, be-
cause from this point only the elasticity of the solid
material of the gasket is decisive for the stiffness.

To avoid high restoring forces and resulting con-
crete spalling, the groove filling ratio of the sealing
profile should be less than 90 % for the design com-
pression level. In any case, even with an unfavorable
combination of various tolerances, the filling ratio
should be less than 100 %, i.e. the groove is not com-
pletely filled.

In addition, exposure of the sealing gaskets to low
temperatures during installation should be avoided,
since this causes the material to stiffen and the restor-
ing forces to increase accordingly. If necessary, appro-
priate countermeasures should be taken.

4.7 Verification and testing

4.7.1 Basic and suitability tests

Regarding the requirements for the sealing frame and
the sealing gasket the ZTV-ING, Part 7 [2], applicable
to road tunnels, refers in section 3, clause 8.2.2, to the
"Technical Guidelines for Delivery and Technical Test
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Specifications of sealing profiles” (TL/TP DP) [28]. The
directive RiL 853 [1] governing railway tunnels adapts
this provision in module 4005, clause (14). Extensive
information on tests and their implementation can be
found in the STUVA recommendations [56], which is
also referred to in the TL/TP DP.

The tests are divided into basic and suitability tests.
The basic tests examine the general properties of a
sealing profile, primarily the material properties and
general properties, which are explained in more detail
in [1] and [28].

The suitability tests are supplementary project-
specific tests that must be carried out with considera-
tion of the project-specific boundary conditions such
as groove geometry, water pressure and concrete of
the segments.

Where applicable, these tests can be omitted if
sufficient comparable experience is available from
previous projects.

The following minimum numbers of project-relat-
ed tests should be carried out:

= Restoring force of the sealing gasket and the cor-
ners of the sealing frame, at least 3 individual tests
each,

= Watertightness, at least 2 individual tests,

= Spalling behaviour of the concrete, at least 2 indi-
vidual tests.

The suitability tests are usually carried out in a suita-
ble research centre.

Since sealing gaskets have a pronounced tem-
perature-dependent behaviour, project-specific con-
siderations may be required in the event of unusual
temperature conditions.

4.7.2 Tests to determine the restoring forces

The restoring force of a sealing profile is required in
particular for the design of the connecting devices in
the ring joints and the longitudinal joints. In addition,
the restoring force is used to analyse the concrete
stresses in the vicinity of the groove to evaluate the
risk of spalling in these zones. The test setup and pro-
cedure as described in the STUVA recommendations
[56] has proven adequate to determine the restoring
forces. A distinction must be made between tests for
straight profile sections and for the corners of a seal-
ing frame. Due to the stiffer behaviour of the corners,
the restoring force is locally increased at these loca-
tions compared to the straight profile section. It must
therefore be determined separately and considered
in the verification. The restoring forces received from
the tests are generally shown in a force-displacement
and a force-time diagram.

4.7.3 Tests for verification of watertightness

The tests to verify the watertightness are carried out
for a T-joint, a cross joint or for both types, depend-
ing on the project requirements. In these tests, the
material-dependent stress relaxation of the sealing
gasket is, depending on the intended service life time,
reflected by applying a test water pressure that is
higher than the design water pressure.

The test setup and test procedure for verifying
watertightness are described in both, the STUVA rec-
ommendations and in the TL/TP DP, whereas the test
setup is the same in both guidelines. However, dif-
ferences occur for the test procedure, which is why
the applicable guidelines or test instructions must be
specified individually for each project

4.7.4 Tests on spalling behaviour

Depending on the applicable guidelines, spalling tests
must be carried out on concrete specimen to evalu-
ate whether the restoring forces of the sealing frames
can be absorbed by the segments. Related require-
ments must be provided in the project specifications.

According to TL/TP DP [28], spalling tests must
be carried out, whereas, RiL 853, on the other hand,
does not provide for this. The STUVA recommenda-
tions [56] allow spalling tests to be omitted if suf-
ficient practical experience is available to evaluate
the spalling behaviour of the selected sealing frame,
whereas, such experience and additional analytical
investigations or test results must be obtained under
comparable project boundary conditions. Spalling
tests should be carried out before the series produc-
tion of the segments starts.

The test procedure is described in both the TL/
TP DP and the STUVA recommendations, although
the specifications for the test setup differ with regard
to the dimensions of the sealing frames and the level
of joint compression.

4.8 Selection of the sealing gasket

When selecting the sealing gasket, the required seal-
ing capacity must be achieved, taking into account
the offset and the expected joint opening in the lon-
gitudinal joints that result from the deformation of
the segmental lining ring. A higher sealing capacity of
the gasket generally results in a higher restoring force,
which consequently requires a higher edge distances
to prevent concrete spalling.

If possible, proven and sufficiently tested sealing
gaskets should be used, as they provide for a higher
planning reliability. The development of new gasket
types is the duty of the gasket supplier or manufac-
turer respectively. This usually involves an iteration
process, which can on a project-specific basis be real-
ized with involvement of the relevant parties, such as
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the contractor, the designer, the client and its consult-
ants, the independent engineer, the test institutes and
the material test institutes. The approval of a sealing
gasket is based on the successful verification of the
gasket by testing. The tests are to be specified on a
project-specific basis.

Figure 17 can be used as an initial tool to check
whether a sealing gasket can fundamentally meet
the requirements. It shows the relation between the
restoring force F, the test water pressure p and the
gasket crosssection A for the following boundary con-
ditions.

= Restoring force F [kN/m] is measured after 5 min-
utes of relaxation.

» The watertightness is determined at a test water
pressure p [bar] over a test period of 20 to 24 hours,
an offset of 10 mm and a groove bottom distance
that is 5 mm bigger than the one of the associated
restoring force.

The diagram can be applied, for example, to determine
the required restoring forces or the size of a sealing
gasket in order to provide sufficient watertightness
for a certain test water pressure. If the manufacturer’s
specifications of a sealing gasket for watertightness,
restoring force and profile cross-section are recorded
in the diagram outside the grey shaded application
areas, considering the above-mentioned boundary
conditions, it is recommended to carry out additional
investigations or project-specific tests in order to ver-
ify the specified values.

It is to be noted that the use of this tool does not
replace any required testing or other verifications.

‘ DAVEB

It should be noted that higher test pressures can
be applied if offset values of less than 10 mm or small-
er groove bottom distances are provided. This can
be achieved, for example, by appropriate structural
measures in the segment design.

4.9 Effect of connection devices on the
watertightness

When applying sealing gaskets, temporary bolts or
dowels are usually required in the ring and longitu-
dinal joints, to hold adjacent segments in place and
withstand the restoring force until the annular gap
backfill material has hardened. Please refer to ch. 5 for
the structural verification of such connection devices.

The load-deformation behaviour of the connec-
tions has an influence on the compression level and
thus on the watertightness of a sealing gasket and
must therefore be included in the overall considera-
tion of the system.

Close to crosscuts, at transitions to shafts or sta-
tions and at the tunnel portals, special measures must
generally be taken to prevent deformations and asso-
ciated de-compression of the gaskets. Further details
can be found in ch. 10.

4.10 Verification of watertightness

For the verification of the watertightness project-spe-
cific specifications are required for the test pressure.
If no other information is provided, a factor of 2 to
the in-situ water pressure is recommended (see ch. 5).
Further, the relevant offset value and the change of
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the groove bottom distance must be taken into ac-
count in the design. In the past, a joint opening of
5 mm and a maximum offset of 20 mm have proven
adequate. With the use of centering devices an im-
proved ring building quality could be realized in the
recent years justifying a reduction of the offset value
to 10 mm.

The value for the joint opening depends on the
segment geometry and the expected deformations.

When applying dowel connections, especially if
dowels with low stiffness are used, further considera-
tions may be required especially in the ring joints to
account for increased joint openings resulting from
the load-deformation behaviour of the connection
devices. For verification of the watertightness the test
method described in ch. 4.7.3 can be used. Existing
test results that are represented in the form of wa-
tertightness-diagrams can also be applied. The ac-
ceptable water pressure is shown in these diagrams
as a function of the groove bottom distance and the
groove bottom depth respectively the joint opening
(gap value) (Figure 18).

4.11 Dimensional and weight tolerances
of the sealing profile

Compliance with the standard manufacturing toler-
ances (see ch. 4.5), which only refer to the external
dimensions such as height and width, is often not
sufficient to ensure a consistent component behav-
iour. Deviations of the total rubber volume can also
be critical as such deviations result into a modified
deformation behaviour and thus to different re-
storing forces. Weighing of the sealing gasket has

been found to be an effective test-method to con-
trol the rubber volume. This should be done during
the production process as part of the regular quality
checks and when carrying out the watertightness and
force-displacement tests.

4.12 Post-sealing

For new projects the provision to repair leakages is
usually contractually regulated. From a technical
point of view, post-sealing or repair also depends on
the type of tunnel and the possible impact of a leak-
age on the required properties of the structure. The
success of sealing or repair works depends on sever-
al factors, in particular the cause of the damage and
when it occurred.

A distinction must be made between the following
causes:

= |nstallation inaccuracies, including insufficient com-
pression of the sealing profiles on undamaged seg-
ments,

= Age-related reduction in compression,

= Concrete spalling originating from a sealing groove,
which locally completely prevents or destroys the
sealing gasket compression.

Leakages of the gaskets on undamaged segments
can generally be eliminated by re-injection. Various
grouting materials and different methods of injection
are suitable for this application. In regard of the ma-
terial cement suspensions and chemical substances,
in particular acrylate gels, can be used. The flow prop-
erties and the properties in the final state as well as
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the costs are decisive for the final choice. Tests are
usually necessary to determine the procedure. Further
attention must be paid to the material compatibility
of the different products applied.

4.12.1 Conventional injection

The guidelines [28] and [56] require that for the pur-
pose of resealing holes are used that are drilled in
the concrete to reach the exterior of a segment. To
reach the joint gap behind the sealing gasket precise
drilling of an inclined hole is necessary. This is very
time-consuming and involves the risk of damaging
the gasket; further, several holes may be required to
ensure that the area to be sealed is sufficiently filled
with grout. Drilling perpendicular to the segment sur-
face and thus parallel to the joint is much easier and
less risky. However, during the injection process the
injection material first reaches the backfilled annular
gap before it finds its way to the joint and to the leak-
ing area. A large proportion of the injection material
— if it reaches the "right” place at all — is lost on its
way to the leakage. This can result in very high costs,
especially when chemical injection agents are applied.

4.12.2 Injection via preinstalled hoses

In order to reach the outer joint gap directly, systems
have been developed that use injection hoses that are
cast into the segments and lead to the joints (Figure
19). The hoses are either attached to the grouting
nozzles or to the recesses for the erector cones and
are accessed by drilling. The permanent sealing of
the hoses that lead from the outside of the segment
to the inside of the tunnel can pose a problem. If a
non-hardening acrylic gel is used, it is pushed out of
the hose by the groundwater pressure. In this case,
the sealing elements on the inside of the segment
must be designed to withstand the full water pressure.

4.12.3 Needle injection

As a new development, a resealing injection was
carAs a new development, a post-sealing injection
was carried out directly through the gasket itself in

. A A

Figure 19 Injection hoses for subsequent joint sealing

Deutsche Bahn's Finnetunnel project for the first time.
For this method a hollow injection needle is driven
through the sealing gasket without removing any ma-
terial from the profile. The needle is equipped with
a non-return valve to prevent the injection material
from flowing back.

To allow for postsealing of the gasket by needle
injection the insertion point must be accessible. This
usually requires drilling of a hole in the concrete in
the segment joint, particularly for the standard case of
gaskets arranged on the outside. For joints without a
gap, such as longitudinal joints or ring joints without
packers, a risk prevails, that the bore will deviate and
miss its target. The drilling process can be simplified if
groove-like recesses are provided at the joint surface
at regular intervals to guide the bore. This can be eas-
ily achieved by applying an appropriate coating to the
segment formwork and is particularly recommended
for segments with gaskets arranged to the outside
and high demands on the watertightness.

5 Structural design

5.1 Subsoil properties (geology, hydrol-
ogy)

The geotechnical investigations must be carried out
on the basis of DIN 4020 [13]. Determining character-
istic values, presenting and evaluating the results of
the geotechnical investigations, as well as formulat-
ing conclusions, recommendations, and instructions,
should align with the (anticipated) future lining sys-
tem early in the design process.

Since the segmental lining ring already has reached
its final stiffness shortly after installation, deforma-
tions of the ground are mostly confined to the area
of the tunnel face and the TBM. Load redistribution
in the ground around the tunnel can be applied for
segmental linings only to a small extent compared to
shotcrete linings.

For tunnels in hard rock with high rock loads and
for systems that use pea gravel blowing, specific ap-
proaches must be considered for each individual case.

In mechanised tunnelling with segmental linings, a
comprehensive subsoil investigation before detailed
design is crucial, as the segment thickness cannot be
altered during tunnelling in response to changing
conditions.

Table 4 outlines key geotechnical parameters
needed for the calculations. These parameters must
be determined for all expected subsoil types and, if
necessary supplemented according to the specific
project requirements.
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It is beneficial to depict the anticipated subsoil
conditions in a geotechnical longitudinal section and
assign them to corresponding tunnelling/lining cat-
egories.

If the annular gap is grouted with suitable annu-
lar gap backfill material (AGBM), the segment ring is
immediately bedded against the rock with the ap-
plied grouting pressure. In the final state, the annular
gap grouting has a positive effect and can possibly
be considered as improved annular bedding. When
compressible annular gap backfill is used, rock loads
can be mitigated in line with the deformability of the
ring or the backfill material.

5.2 Influence of annular gap backfilling
on calculations

In many cases, the influence of the mechanical pa-
rameters of the annular gap backfill material on the
structural design is negligible. An exception to this is
an AGBM with significantly lower stiffness than the
rock mass (a difference of at least an order of mag-
nitude). If the influence of the annular gap backfill is
considered in the modelling, the model must reflect
the properties, meaning the behaviour of the AGBM

and, if applicable, its setting process over time must
be known.

When fully modelling the AGBM, it is essential to
ensure that this leads to realistic and safe results, pre-
venting an unintended loadbearing effect occurring
in the annular gap. For example, a high stiffness and
strength of the AGBM can result in a proportional
transfer of normal forces and therewith in a load relief
of the segmental lining.

The shear strength development of the AGBM
must be considered for the tangential bedding. If a
fresh AGBM does not have sufficient shear strength,
a limited value between 1 % and 5 % of the radial
subgrade modulus is usually considered in the struc-
tural calculations to ensure numerical stability. For
an AGBM with a fast increase in shear strength and
for later load cases, such as future construction work
or one-sided loads, the tangential ground-lining in-
teraction may need to be considered. The tangential
bedding should always be limited to the maximum
transmissible friction.

If the segment ring is backfilled with pea gravel,
special considerations must be made regarding math-
ematical modelling, taking into account project-spe-
cific boundary conditions, such as subgrade-free

Table 4 Required geotechnical parameters for the structural calculations

o q Slab calculation Slab calculation
Graphical calculation (Mohr-Coulomb) (Hardening-Soil)

Young's Modulus Es Modulus of elasticity E Reference Young's Modulus Es ref
Density vy Poisson'’s ratio n Reference triaxial modulus Eso,ref
tzteefrﬁa!is::ss“re ko  Density v/¥  Un-/reloading modulus Eur
Water pressure Pw Friction angle ® Reference tension Oref
Cohesion C Stiffness exponent m
Dilatancy angle Wy Poisson’s ratio n
Tensile strength fi Density 744
Water pressure Pw Friction angle 0}
Iggteirﬁa!is::ssure ko Cohesion ¢
Dilatancy angle Wy
Tensile strength fe
Water pressure Pw
Lateral pressure coefficient ko
Shear factor R¢
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areas — especially in the crown — and possible load
patterns.

For the functionality of the AGBM, see Gehwolf et
al. [37] and DB AG's RiL 853.4006 [1].

5.3 Actions and load combinations

5.3.1 Permanent actions
Permanent actions include:

= Dead weight of the segmental lining and all other
incorporated components,

* Load from the ground/rock including squeezing
and swelling,

= Water pressure,

= Loads from tunnel installations,

= Internal pressure, usually as internal water pressure,
» Loads from the annular gap grouting, if unfavorable,

* Permanently acting loads on the ground surface and
influences from neighboring structures underground,

* Loads from possible subrosion and suffusion phe-
nomenons (for example karst, sinkholes).

The jacking forces of the tunnel boring machine (TBM)
acting on the lining during TBM advance are a special
case. These are temporary actions that result from the
construction period but remain in place long enough
to be regarded as permanent loads. A distinction is
usually made between the “jacking forces from reg-
ular TBM advance” and, as a limit case, the maximum
“installed jacking forces” that can be utilised for tun-
nelling. In the structural analysis, it should be assumed
as limit case that the jacking forces will completely
dissipate over time due to creep effects, particularly in
the intermediate layers (packers), or due to shrinkage
effects of the concrete.

Loads from shrinkage can generally be neglected
for segmental lining rings, as the segments are almost
fully hardened before installation.

As creep processes in the segments generally re-
duce bending and would thus lead to an associated
lower overall loading, such creep effects do usually
not need to be considered.

When dimensioning the segment ring, potential
future development should also be considered. In
particular, excavations above and to the side of the
tunnel tube as well as loads from future buildings can
lead to significant load conditions. This problem in-
creases for tunnels with low overburden (shallow tun-
nels). Therefore, appropriate specifications should be
provided on a project-specific basis and addressed
during the tender process. Different concepts can be
pursued:

A: The loads and possible subsequent excavations
are already known and are explicitly specified in
the tender documents.

B: The tunnel is designed without accounting for
influences from future development. Any subse-
guent development must therefore be planned in
such a way that it does not lead to any unaccept-
able load conditions for the tunnel lining.

C: A "protection zone" or area of influence around
the tunnel is defined, within which — without de-
tailed mathematical investigations — no subse-
guent construction, load application or excavation
may take place. The protection zone must be di-
mensioned in such a way that external influences
cannot lead to significant load conditions for the
tunnel lining.

Figure 20 shows an area of influence within which it
can be assumed that excavations or loads may sig-
nificantly impact the tunnel tube. The angle of load
distribution © is usually assumed in the range from
45° to 45° + /2. Figure 21 shows an example of a
protection zone, within which no load transfer and/or
excavation should take place in the future.

The relevant parameters such as the angle of load
distribution or the size of a protection zone must al-
ways be agreed at an early stage with the client and, if
necessary, other experts and described in the tender
documents, as no generally recognised regulations
are available for this load action.

5.3.2 Particularities of actions from squeezing
and swelling

Under certain circumstances, the squeezing of an-
hydrite rock or the swelling of some clay soils, both
caused by water ingress, can represent an extremely
unfavorable load action for segments. The squeezing
and swelling pressures are generally dependent on
the mineralogical composition of the subsoil and the
stiffness of the segment ring or its ability to alleviate
the load through displacement. It should also be not-
ed that the pressures determined in squeezing and
swelling tests are usually significantly higher than the
pressures measured in situ.

The combination of squeezing and swelling pres-
sures with the other actions must be specified in the
project specifications and illustrated in load diagrams.
Subsequent load changes, such as those from building
development or excavation, with potentially different
load actions must be considered. The water pressure
must be treated as an independent load.

For the combined pressures from the subsoil/rock
mass and squeezing or swelling pressures, superposi-
tion shown in Figure 22 is recommended.
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Figure 20 Area of influence of a shallow tunnel Figure 21 Example of a protection zone around a
for lateral excavations and foundation loads deep tunnel
5.3.3 Regularly occurring variable actions distribution in the subsoil, they can generally be ne-

= Temperature variations: these generate constrain  glected. In ground with low stiffness and in tunnels

forces and should be applied in the final state with with low overburden, they can potentially cause sig-
their full range as limit case. nificant loadings due to the relative stiff and thus

load-attracting tunnel tube.

= Traffic loads on the ground surface, in neighboring Transient actions during construction include:

underground structures and on traffic routes in the

- . = Temporarily acting loads of tunnelling machines,
tunnel’s zone of influence.

construction equipment, scaffolding, construction
= Characteristic actions for traffic inside the tunnel. materials, and construction components. This in-
cludes, for example, loads from the back-up bridge,

= Aerodynamic actions caused by the traffic inside the back-ups and the supply vehicles for the TBM.

the tunnel: they can generally be neglected for the

design of the segments. = Secondary grouting, such as post injection or com-
pensation grouting; the grouting pressures and
5.3.4 Rarely occurring actions and transient their range must be determined on a project-spe-
actions cific basis.
Rargly occurring traffic loads include impacts from = Actions from compressed air, where they act unfa-
vehicles on the ground surface away from transport vorably.

routes. Due to their usually small size and the load

Figure 22
Actions from the Squeezing pressur Superposition: maximum Recommendation
subsoil (e.g. as invert pressure) value from ground or for superimposing
squeezing pressure squeezing pressure
Py and rock pressure

(the water pressure
must be superim-
posed)

75
%
N
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Temporarily acting actions from changes to the
ground surface (e.g. excavations or embankments)
and from adjacent cavities (e.g., subsequent tunnel-
ling) are generally to be classified as permanent ac-
tions. Only in the case of very short-term load condi-
tions (e.g. support pressure from passing by of a TBM)
they can be regarded as rarely occurring actions.

5.3.5 Accidental actions
Accidental actions include:

= Temperature loads in the event of fire,

= Earthquake/seismic actions: in Germany, these can
generally be neglected due to their minor impact
on the segmental lining,

= Accidental actions from tunnel installations (e.g.,
failure of the catenary in railway tunnels),

* Flooding of the tunnel via the portals: for tunnel
projects near bodies of water, where flooding of the
tunnel tube is possible during exceptional flooding
events, the segment tube must be checked for in-
ternal water pressure,

* Impact loads of vehicles on the tunnel lining. These
must be specified on a project-specific basis, con-
sidering any existing protective measures such as
impact walls,

» Explosions in traffic tunnel tubes: generally, these
actions need not to be considered. Load cases from
explosions are to be specified by the client or the
authorities only in special cases.

5.4 Concepts for verification in the ul-
timate limit state and serviceability
limit state

5.4.1 General Remarks on concepts for structur-

al verirication

The following sections describe the verification and
design concept for tunnels with segmental lining as
it is usually applied in Germany. For countries outside
Germany, the regulations may be applied analogous-
ly taking, where applicable, national regulations into
account.

The recommendations listed below should be
considered individually for each project. It is recom-
mended that the regulations that are to be applied
and the relevant actions are provided in the tender
documents in a “design specification sheet”. It is also
recommended that the project participants agree on
the basic principles of the verification process and
summarise them in a design basis document before
commencing the structural calculations.

The European standards DIN EN 1990, DIN EN
1991, DIN EN 1992 and DIN EN 1997 cited in this

chapter always apply in conjunction with the associat-
ed National Annexes and the regulations cited therein
(e.g. DIN 1054) ([3] to [11]).

The concepts listed below relate to the structural
analysis of the finished segmental lining system. Ac-
cording to DIN EN 1990, the ultimate and serviceabil-
ity limit states for the permanent, temporary and ex-
ceptional design situations BS-P, BS-T and BS-A must
be verified. The verifications are to be carried out in
conjunction with DIN EN 1997-1 and DIN 1054.

In the ultimate limit state (ULS) these are generally
the STR (structural failure - internal failure or major
deformation of the structure) and GEO-2 (geotechni-
cal failure - failure or major deformation of the ground)
verifications. In accordance with the specifications of
the National Annex, the STR verification is carried out
according to Method 2 applying the partial safety fac-
tors in accordance with DIN EN 1997-1/ NA and DIN
1054, Table A.2.1. For shallow tunnels in particular, UPL
verification of buoyancy safety must also be provided.
As vibration loads in tunnels are usually low compared
to external actions, FAT verification of fatigue failure
of the segments is generally not required.

Please refer to ch. 5.4.3 for verifications of the ser-
viceability limit state (SLS).

The structural analyses are usually non-linear due
to the subsoil and subgrade behaviour as well as the
couplings in the ring and longitudinal joints. If the
non-linear material behaviour of the segments is also
considered, the degree of non-linearity may be ex-
cessive. Regardless of the extent of their non-linearity,
the calculation results are subject to the fundamental
problem that the internal forces cannot be calculated
individually for the load components of permanent,
temporary, or exceptional actions and then superim-
posed. This makes it difficult to consider the different
partial safety and combination factors when deter-
mining nominal internal forces. Possible approaches
for solution are described in ch. 5.4.2.

The material parameters and partial safety factors
specified in DIN EN 1992-1-1 and DIN EN 1992-2 ap-
ply to the resistance of reinforced concrete segments.
The design is usually carried out according to DIN EN
1992-1-1 and for railway tunnels, following the speci-
fications of RiL 853, according to DIN EN 1992-2.

2 Note: The reinforced concrete standard DIN EN
1992-1-1 refers to buildings and DIN EN 1992-2
to concrete bridges. There is no reinforced concrete
standard specifically for tunnel structures. Interna-
tionally, it is common practice to design tunnel lin-
ing according to EN 1992-2 or in line with regula-
tions for concrete bridges, among others due to the
more stringent requirements for the design lifetime
(durability). For the design of segments, however, the
differences in the practical application of DIN EN
1992-1-1 compared to DIN EN 1992-2 are minor.
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Apart from special cases, for example for tunnels in
unstable slopes, verifications of the limit state GEO-
3 (slope or embankment failure) are not relevant for
tunnels.

In addition to the verification of the overall system,
further detailed design verifications must be carried
out:

= Tangential splitting tensile due to jack loading,

= Partial surface pressure and splitting tensile in ring
and longitudinal joints,

= Watertightness of the segment joints, i.e. verifica-
tion of the sealing gaskets.

5.4.2 Verifications of load-bearing capacity
(verifications in the ULS)

Verification of the limit states STR and GEO -2

Verification of the limit states STR and GEO-2 is car-

ried out according to DIN 1054, in addition to the

specifications of DIN EN 1997-1 with the partial safety
factors provided in these standards. Tunnels with seg-
mental lining in unconsolidated or fissured rock are
usually assigned to geotechnical category GK 3, and
segmental lining tunnels in solid, less fissured rock to

geotechnical category GK 2.

For the verifications according to DIN 1054 or DIN

EN 1997-1, the fundamental problem is that these
require non-linear calculations for which the super-
position principle for the internal forces in the tunnel
is not applicable. The following principle options are
available for determining the internal forces in line
with the STR or GEO-2 verification method:

1) For linear elastic analyses, the method described
in DIN EN 1997-1 / DIN 1054, section 2.4.7.3.4.2
(1) with determination of the internal forces ac-
cording to equation A (2.6c) can be applied. This
requires the application of the load factors to the
actions, i.e. to the individual loads.

This method is suitable for calculations where
the actions are known or specified as external
loads. In tunnelling, this method is therefore gen-
erally limited to systems with bedded beams or
shells. For detailed information, refer to the infor-
mation provided in RiL 853.2001 [1], section (19).

2) Internationally, a modified method to 1), using
DIN EN 1990, section 6.3.2(2), is also applied for
systems with non-linear behaviour. For this meth-
od all loads are factored with the associated load
safety factors according to DIN EN 1990 and,
where applicable, partial safety factors applied to
the soil parameters. In the subsequent design, the
resulting internal forces are not further factored.

Since design results on the unsafe side cannot
be ruled out, this procedure should not be used
for structural analyses of the entire system.

3) For segmental linings, the method according to
DIN 1054, section 2.4.7.3.4.3 A(4), can be used.
This requires the analysis with non-factored loads,
i.e. under characteristic or representative load
conditions. The combination factors and partial
safety factors are applied only afterwards to the
internal forces.

To separate the internal forces into permanent
and to variable actions, the internal forces of the
variable actions must be determined by subtrac-
tion. For detailed information, refer to the infor-
mation provided in RiL 853.2001 [1], section (17).
This procedure is time-consuming and can be con-
fusing, especially if many subtractions are required
due to different actions and/or if the combination
coefficients are applied for an economical de-
sign. Therefore, the method of DIN 1045, section
2.4.7.3.4.3 A(4) is generally only practical to a lim-
ited extent.

4) The internal forces for the segments can be de-
termined in accordance with DIN 1054, section
2.4.7.3.4.3 A(5). For the verification of tunnel seg-
mental linings, where variable actions in the over-
all system are generally subordinate, this method
is suitable regardless of the size, distribution and
type of the variable or exceptional actions. The
calculation of the internal forces is carried out with
the permanent loads applied with their character-
istic value and the variable loads partially factor-
ised with the factor fq = yq / yG. The resulting in-
ternal forces are then uniformly multiplied by the
partial safety factor gG to determine the internal
design forces.

This procedure essentially corresponds to that
described in DIN EN 1990, section 6.3.2(4b). As
this method leads to plausible internal forces even
with a non-linear system behaviour and is easy
to implement, see also [51] and [58], it is recom-
mended for the design of segments in accordance
with DIN 1054.

Verification of the bearing capacity of the ground is
usually not required for segmental lining tunnels with
sufficient depth (overburden > 2 &). In special cas-
es, such as shallow tunnels, excavations near tunnels
or tunnels in slopes (especially in unstable slopes), it
may be necessary to verify the load-bearing capaci-
ty of the ground. The verification is then carried out
according to the GEO-3 method, using the nomi-
nal resistances according to DIN EN 1997-1, section
2.4.7.3.3 (equation 2.7a), i.e. reduced ground bearing
capacities.
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Experience has shown that when considering tem-
perature variations in the verification of the STR and
GEO-2 limit states, this would lead to implausible,
unfavourable results due to the partial safety factor
vq = 1.5 that is to be applied in BS-P as per DIN 1054.
Therefore, special specifications are recommended for
the coefficients for temperature variation in line with
RiL 853.2001 (19):

= yq = 1.5: when the internal forces are determined
with the stiffness (El) of the tunnel shell in state Il ,
as an approximation Elj; = 0.6 El; may be assumed,

= yq = 1.0: when the internal forces are determined
with the stiffness (El) of the tunnel shell in state I.

Verifications of the limit states UPL / verification
of buoyancy safety

Verification of buoyancy safety (UPL limit state) is usu-
ally only required for shallow tunnels and in the case
of excavations near the tunnel. It must be carried out
according to DIN EN 1997-1 supplemented by DIN
1054, for the design situations BS-P, BS-T and BS- A.
The verification can be performed using analytical or
numerical methods.

Analytical procedure: in simplified terms, the buoy-
ancy on the tunnel cross-section and any required ad-
ditional destabilising actions are usually regarded as
unfavourable permanent actions. The dead weight of
the tunnel and the subsoil above the tunnel, located
within the vertical boundary lines from the outer edge
of the tunnel, are considered favourable permanent
actions. If additional ground resistance is considered
that results from a spreading of loads in the subsoil,
suitable approaches must be selected and justified
from geotechnical point of view.

When using numerical methods on the continuum,
the partial safety factors must be fully incorporated
into the analysis. External loads and dead weights of
structural elements must generally be adjusted ac-
cordingly by increasing or decreasing them. The soil
parameters should be applied in their reduced mag-
nitude, as should retaining effects from piles and an-
chors. This procedure corresponds in principle to the
verification procedure according to DIN 1054 and DIN
EN 1997-1, equation (2.6a). The verification is provid-
ed by convergence of the analysis with tolerable dis-
placements of the tunnel. It should be noted that this
is a design verification allowing higher displacements
than those permissible for the serviceability limit state
verification.

For the verification of buoyancy safety in tunnel
tubes that are not completely located within ground-
water, the highest expected water pressure (design
water level) during the lifetime of the tunnel should
be considered for the final state, and the highest ex-
pected water pressure during construction (construc-

tion water level) for the construction state. For a later
replacement of the roadway in traffic tunnels the par-
tial safety factors for the design situation BS-A may
be used for the verification "without roadway”, unless
deviating project-related specifications apply.

5.4.3 Serviceability verifications (SLS)

As part of structural design, the serviceability verifica-
tions include the crack width design and a limitation
of the displacements of the lining. If necessary, distor-
tion in the longitudinal joints must also be verified or
limited to ensure watertightness of the sealing gas-
kets.

Crack width limitation is generally verified accord-
ing to DIN EN 1992-1-1, for railway tunnels pursuant
to ZTV-ING according to DIN EN 1992-2. The associ-
ated determination of the internal forces is carried out
analogously to the procedures listed in ch. 5.3.2 to
5.3.5. According to RiL 853, the internal forces must
be determined for railway tunnels considering linear
material behaviour of the segments. The internal forc-
es should be determined for the frequent load com-
bination. For BMDV traffic structures (road tunnels of
the German Federal Ministry for Digital and Transport),
the requirements of ZTV-ING apply. Deformations of
the segment shells should be determined for the fre-
quent load combination in accordance with DIN EN
1990. Permissible deformations must be determined
on a project-specific basis. In any case, the calculated
deformations must not impair the functionality of the
tunnel.

5.5 Determination of internal forces -
calculation method

The structural behaviour of a tunnel lining is primarily
determined by the supporting effect of the surround-
ing rock and the interaction between ground and
structure. Consequently, structural design in tunnel-
ling has a number of specific characteristics:

= The surrounding rock acts simultaneously as a load
and as support (resistance). It is generally not pos-
sible to separate these two effects, or only with very
simplified modelling of the real load-bearing be-
haviour.

= Segment rings are hinged chains that essentially
derive their stability from the interaction with the
surrounding rock (including the annular gap back-
fill) and, if necessary, from the coupling of individual
rings.

= The structural systems of tunnel shells are highly in-
determinate.

= Tunnel shells are typically stressed by a combination
of normal forces and bending moments. It is often
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unclear a priori whether the maximum or minimum
actions or soil properties are decisive for the design.
Limit case considerations or sensitivity studies are
therefore often necessary in tunnel design.

= The rock mass parameters and design parameters
generally show significant variability.

= Construction methods and construction conditions
have considerable influence on the loads on the
segment rings and must generally be considered in
the analytical verifications.

The calculation method and safety concept must be
adapted to these conditions.

5.5.1 Overview of the calculation models

The internal forces for the segment ring are deter-
mined using numerical models in 2D and 3D. 2D mod-
els assuming a plane strain condition are common. If
more complex boundary conditions or interactions
between the individual rings have to be considered,
3D models are used.

The interaction of the individual segments or rings
must be taken into account. When selecting the mod-
el, a distinction must be made as to whether the rings
can be considered as individual rings or whether a
coupling between the rings must be taken into ac-
count. When coupling is applied in the ring joints,
the deformation behaviour of the individual rings is
equalised (Figure 23), whereby the bridging of the
concrete hinges by the adjacent segments leads to an
increase in system stiffness. If the ring coupling can-
not be guaranteed over the entire service life, a single
ring system without coupling is to be considered in
the final state as limiting case.

Generally the applied analytical models differ with
regard to the discretisation of the ground and the lin-
ing (Figure 24).

A key feature is the modelling of the ground, real-
ized either with bedded beam spring models or con-
tinuum models. Bedded beam spring models mod-
el the ground by means of elastic springs. For more
complex ground conditions, continuum models with
explicit modelling of the ground have become estab-
lished.

The lining is discretised either in 2D with bedded
beams, in 3D with shell elements or in special cases
with continuum elements in 2D or 3D. The interaction
of the segments in the longitudinal joints and ring
joints is simulated using coupling elements.

The various options for modelling the segmental
lining can be combined with those for simulating the
ground. The resulting models are suitable for struc-
tural analysis in different ways, depending on the
boundary conditions and objectives. The results allow
evaluations that range from first estimates to com-

prehensive recording of the load-bearing and defor-
mation behaviour in the lining and the ground. An
overview of the combinations and areas of applica-
tion can be found in Table 5.

Models of soil-structure interaction with bedded
spring models

In bedded spring models, the ground and thus the
segmental lining’s bedding is modelled using line-
ar-elastic springs with radial tension cutoff. The radial
bedding stiffness K; is determined from the stiffness
modulus of the existing ground E and the system ra-
dius Rgys, see also explanations in Behnen et al. [36]:

Kr=Es/ Rsys

For later load cases, e.g. future construction work or
unilateral loads, the tangential bedding must gener-
ally be taken into account, but this should be limited
to the maximum transmissible friction. For the tan-
gential bedding approach, see also the comments in
ch.5.2.

Due to the limited soil-structure interaction, spring
models cannot directly take into account any prelim-
inary deformations of the ground.

The load is applied using suitable and accepted
load models, e.g. according to EBT/Duddeck [31] or
Behnen et. al [36]. The application of tangential loads
must be coordinated with the total tangential bed-
ding value.

Tunnel lining as beam elements

For 2D calculations with bedded beam spring mod-
els, beam elements have become established for the
discretisation of the lining. Here, the cross-section
properties of the segmental lining are assigned to the
beam elements.

Figure 23 Different deformation of individual
segments (highly exaggerated)
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Table 5 Simplified overview of calculation models and areas of application for segmental lining analysis.
Other analytical models, combinations of models and evaluations are possible and are not listed here.
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Figure 24
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The coupling of adjacent rings can also be carried
out in 2D models by selecting the appropriate beam
elements dimensions and implementation of suitable
coupling elements.

Tunnel lining as shell elements

Bedded shell elements are often used for the discre-
tisation of segmental lining segments in pseudo-3D
and 3D models. The load and bedding assumptions
here correspond to those of the beam element mod-
els. The main advantage of shell elements over beam
elements is that the force flow is also represented in
the longitudinal direction of the tunnel. This is par-
ticularly useful for more complex interactions be-
tween individual segments, such as those resulting
from a pronounced coupling effect in the joints or in
the area of crosscut openings.

Tunnel lining using continuum models

In exceptional cases, continuum elements with bed-
ding can also be used to model the tunnel segments.
Advantages and application are analogous to the
shell models.

5.5.2 Continuum models for the ground
Continuum models for the ground have become es-
tablished in recent years. In these models the lining is
modelled in the same way as in the bedding models,
using either beam, shell or continuum elements.

Due to the discrete modelling of the subsoil, its
loading effects on the lining are "automatically” de-
termined as a result of the calculation and it is no
longer necessary to apply them as external loads as

in the bedding models. For a realistic determination
of the resulting effects it is required that all individual
components, such as the tunnel lining, interactions
between the ground, the AGBM and the segmental
lining, as well as their stiffnesses and their interaction
are realistically modelled. Continuum models for the
ground provided advantages especially in the follow-
ing situations:

= Consideration of inhomogeneous stress states in
the ground,

= Consolidated and over-consolidated ground,
* The consideration of relief states,

* Inhomogeneities in the ground, including struc-
tures and construction components,

= Crosscuts, especially in the presence of auxiliary
construction measures such as icing or grouting,

= Determination of settlement and stabilising, settle-
ment reducing measures,

= Pronounced plastic subsoil conditions,
= Deep tunnels,

* Tunnels in rock with extremely stratified ground
conditions.

Due to the computing time, these models are often
limited to 2D calculations in the plane strain state. 3D
models are used, for example, to realistically capture
construction processes and the resulting 3-dimen-
sional stress redistributions.
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5.5.3 Couplings

The individual segments and rings interact in their
joints. Generally, this effect has to be taken into ac-
count for determination of internal forces by model-
ling the coupling conditions. Couplings are present
due to geometric-mechanical boundary conditions
and due to special coupling devices. For considering
the coupling effects a distinction must be made be-
tween longitudinal and ring joints, see also ch. 5.7.11.

Longitudinal joints

Due to the concrete hinges in the longitudinal joints
bending moments can only be transferred to a limit-
ed extent. Usually contact surface elements or torsion
springs are used to simulate the reduced, non-linear
torsional spring stiffness. The established approaches
according to [14] and [34] can be used to derive the
torsional spring stiffnesses (Figure 25). According to
these approaches, the torsional spring stiffness de-
pends on the magnitude of the normal force and the
geometric joint layout as well as the concrete stiffness.

Depending on the software options, it may be nec-
essary to simplify the characteristic curves to a bilinear
approximation. When using this approach it must be
ensured that the constant branch of the approxima-
tion curve is applied at a level of joint rotation that
conforms to the calculation results.

Under certain circumstances, the maximum shear
forces that can be transferred in the longitudinal
joints must also be taken into account. This can done
for example by using normal force shear springs with
consideration of friction. Otherwise, excessive shear
forces may be calculated in the longitudinal joints,
which cannot be transferred with the given normal
forces. This is particularly important in the case of a

significant three-dimensional load transfer, e.g. at
crosscuts, or in case of low normal ring forces.

Ring joints

The individual rings can be coupled in the ring joints
on the one hand by friction in the contact surfaces
and on the other hand by built-in devices, such as
shear dowels or tension dowels with shear capacity.
Since the coupling between the rings increases the
overall stiffness of the system the deformations of the
individual segment rings are equalised. Depending
on the coupling device different force-displacement
curves and, if necessary, slippage can be applied.

To consider the coupling effect of friction in the
ring joint it is important to know the forces acting in
the longitudinal direction of the tunnel in the respec-
tive state. If longitudinal forces are present, these are
generally caused by the residual jacking forces from
the TBM advance. Longitudinal forces can be subject
to load-related changes, such as load redistribution
at crosscuts, thermal constraints, e.g. in the event of
fire, or high additional loads. When considering the
coupling from friction, the layout of the ring joints
and their contact surfaces as well as any packers and
their friction behaviour must be taken into account.
These determine both the normal and shear force
stiffness as well as the magnitude of the transmittable
friction. Due to time and temperature-dependent ef-
fects, the presence of coupling from friction can nei-
ther be guaranteed nor ruled out for the entire ser-
vice life time of a tunnel. Therefore it is reasonable to
consider “friction” and "no friction” in the ring joints
as limiting cases.

The shear force behaviour of accessories in the
ring joint should be based on the force-displacement

Figure 25
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characteristics determined in tests. Tolerances in the
segments for the accessories are usually considered
in the design. These installation tolerances may not
be considered in the tests and result in slippage or a
lower initial stiffness, which may need to be allowed
for when applying the force-displacement charts.

The coupling is often modelled using non-linear
coupling elements, usually springs. It should be taken
into account here that the couplings can act in both
radial and tangential directions.

5.6 Determination of the internal forces
and stresses from the construction
process

5.6.1 Tensile splitting resulting from jacking
forces

During tunnelling the TBM supports itself with the ad-
vance force with the jacks on the ring joints of the last
segment rings already installed. This creates partial-
ly loaded areas under the jack shoes, which depend
amongst others on the geometry of the ring joint, the
geometry of the jack shoes and the type of jacks. The
partially loading and the resulting splitting tensile
forces must be verified in accordance with DIN EN
1992-1-1 [7] in conjunction with ch. 5.7.7.

In accordance with ZTV-ING, section 3.2.3(2) [2], a
distinction can be made in the verifications between
an operating jacking force for standard tunnel ad-
vance and the maximum installed jacking force. For
further details, please refer to ch. 5.3.1 and ch. 5.7.7.

5.6.2 Plane stress due to offsets or gaps in the
ring joint

“Plane stress” refers to stresses in the curved segment

plane; the terms “shell stress” or “stress in the seg-

ment plane” are also used.

According to [30], the typical arrangement of the
jacks leads to plane stresses and edge tensile stress-
es at the segment ring joints, which must be struc-
turally verified and covered by reinforcement. Table
values for the edge tensile stresses for segments can
be found in [38]. In general, the calculation of the
splitting tensile stresses according to [58] and [59] is
carried out numerically with plane or shell models of
a curved single segment.

During ring installation, assembly inaccuracies can
lead to offsets between adjacent segments, an une-
ven ring surface (ring joint surface) or gaps in the ring
joint, which may be exacerbated by manufacturing
tolerances. Depending on the extent of the uneven-
ness and the type of joint design, with joint inserts
or without inserts, i.e. with pure concrete-to-concrete
contact, the coupling in the ring joint may be very stiff
and unable to compensate for the unplanned devia-

tions. The resulting additional plane tensile stresses
may cause damage to the segments (Figure 26).

It is difficult to specify realistic values for the al-
lowable gap Dx for the design, as these depend pri-
marily on the quality of the ring assembly, but also on
other boundary conditions. Assumptions that are too
unfavourable may lead to uneconomical reinforce-
ment cross-sections, while assumptions that are too
favourable can lead to increased formation of cracks.
In practice, it has therefore proved useful to define
project-specific limit values in consultation between
the client, the designer and the contractor.

5.6.3 Stresses from jack eccentricities, misalign-
ments and rolling effects

In practice, it can happen that the jacks do not act

perpendicular to the face of the ring joint or eccentri-

cally to the ring axis. This results into downward forces

that can lead to a "trumpet-shaped” expansion of the

rings and to increased cracking.

Rolling of the ring can also lead to increased ten-
sile stresses in the segments due to the deviating load
application. Rolling can usually be limited by specifi-
cations in the TBM control system.

The additional stresses from imperfections listed
in this paragraph are generally not analysed mathe-
matically, but are taken into account by means of a
robust segment design and systematic tolerance al-
lowances. Mathematical estimates of the influences
mentioned could be useful to verify the robust design
of the segments.

5.6.4 Stresses from transport, storage and in-
stallation processes

Storage

Storage of the segments is described in ch. 11.1.9.
From a structural point of view, care must be taken to
ensure that the supports are arranged precisely with

Thrust

Figure 26 Cracking from offset in the ring joint
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regard to their evenness and in accordance with the
structural specifications. Further it must be ensured
that the spacers reliably prevent contact between the
segments themselves or with the base surface. The
segments must be placed exactly in the intended po-
sition. If the supports or intermediate spacers are ar-
ranged inclined a risk remains that the segment expe-
riences internal torsion from creep and can no longer
be installed in a precise position.

The supports of the segment stack must be struc-
turally verified or the supports must be specified based
on a structural analysis. Based on this the tolerances
for the positions of the spacers must be determined.
Furthermore, the concrete strength at time of storage
begin must be taken into account in the verifications.

Transport

During transport, risks due to accidental contact or
dynamic actions must be prevented. If damage to the
segments is found after delivery to the TBM, it must
be investigated how this damage occurred and reme-
dial action must be taken. All damage from transport
must be documented.

Stresses from installation processes

Stresses resulting from the installation processes
must already be taken into account during design
of the segmental lining. As a rule, no mathematical
verification is required when using vacuum erectors
for the segments. If mechanical erector pick-up units
are used that grasp the segments at single points, the
segments must be designed for the resulting bending
moments.

5.6.5 Splitting tensile stresses in the gasket
groove from the restoring force

From tests performed on the 4th tube of the River

Elbe Tunnel in Hamburg it is known that the restoring

forces of the sealing gaskets have a considerable im-

pact on the watertightness and on the damage-free

state of the segment joints [39].

As a rule, the existing reinforcement cannot be
considered to absorb splitting tensile forces due to
the required concrete cover to the segment surface
and to the joints. A verification of the edge concrete
against spalling in the area of the gasket groove
can therefore only be carried out using the tensile
strength of the concrete. There is no reliable analytical
verification method for this load; instead, verification
should preferably be carried out by means of spalling
tests in accordance with ch. 4.7.4 and/or by means of
structural measures in accordance with ch. 4.6.

If a mathematical verification is to be carried out,
this can only be done in a meaningful way using nu-
merical analyses, for the corner areas in 3d, taking the
load concentration in this area into account. However,

this procedure is very time-consuming and should be
limited to exceptional cases.

5.7 Specific verifications of the segment
joints
5.7.1 General remarks on partially loaded areas
and splitting tensile reinforcement
Due to the typical joint design with flat contact surfac-
es, concentrated loads act in both the ring joint and
the longitudinal joint. These are usually verified using
analytical verification methods (stress block method)
as "partially loaded areas”. The locally increased con-
crete compressive stresses and the splitting tensile
stresses resulting from the load distribution must be
verified respectively splitting tensile reinforcement
must be determined.

All verifications in ch. 5.7 assume that the actions
of normal force N and bending moment M acting in
the joint are known. They are determined using the
calculation methods described in ch. 5.5.

The verifications described in this chapter apply
exclusively to conventionally reinforced concrete seg-
ments. Specific verifications for steel fibre reinforced
concrete segments are dealt with in ch. 5.11. Analyti-
cal joint verifications are dealt with here first. For joint
verifications using numerical non-linear calculations,
see ch. 5.7.9.

The geometric variables and loads used in the ver-
ifications are shown in Figure 27.

Stress block method

The verification concepts for the design of longitudi-
nal joints mentioned in ch. 5.7.2 to 5.7.8 are based on
the analytical “stress block method".

Here, the stresses N and M acting in the contact
face on the width hgr are assumed as a block load
with a constant stress level. The width dg of the stress
block only covers a partial area of the contact face,
which derives from the resulting total eccentricity e of
the applied force. The width d1 of the load distribu-
tion area is calculated in the same way.

For symmetrical joint geometry (without offsets),
the widths dg and dq are calculated as follows:

do=2-[hgp/2-€el=hg-2-e
d1=2'[h/2—e]=h—2-e=2-eop

Verification with the stress block requires appropriate
local plasticisation in the contact surfaces, which has
been verified by experimental investigations and has
been used as the basis for determining the maximum
mean contact pressure occurring in the design case.
The acceptable stresses resulting from the partial area
loading in accordance with DIN EN 1992-1-1 and ch.
5.7.2 therefore only apply to a stress block, but not to
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local stress peaks, such as those resulting e.g. from
FEM analyses with modelling of the longitudinal joints
using linear-elastic contact elements (Figure 28).

If the segments are modelled in the numerical
analyses with continuum elements stresses, but not
internal forces, are determined as output for the
longitudinal joints. In order to apply the stress block
method the resulting stresses in the joint must then

be integrated over the contact area and the result-
ing normal force N and the bending moment M must
be determined from this. The stress block can then
be back calculated and the verifications of the partial
area loading can be carried out in accordance with ch.
5.7.2 (see Figure 28).

h Segment thickness in radial direction

L Segment length in the longitudinal direction of the tunnel, ring width

hkr Height of the contact surface, hinge joint width

do Height of the analytical load transfer surface (radial) or load application width or load width

dq Height of the analytical load distribution surface (radial)

lo Length of the analytical load transfer surface

I Length of the analytical load distribution surface (longitudinal)

A =dp-lg  Analytical load transfer surface on the contact surface

Aq=di- | Analytical load distribution surface (after load distribution)

t Depth pf the analytical load distribution figure (in the design check for partial area loading
according to ch. 5.7.2)

Oco Pressure acting on the joint (as rectangular equivalent stress block)

Oci Rectangular equivalent stress from load distribution

e Total eccentricity/eccentricity of the load

o Distance of the normal force from the nearest segment surface, edge distance of the result-

ant load (egr = h/2 - €)

Load axis Segment axis
Load axis heF
Segment axis d(}‘ |
Load application area | e
Ag=dy'ly N r—-—
Contact surface (hye.l)
T O L i 4 O
Load distribution area
=dy|
Acidrk ,,‘_/ ‘ ‘ . v—?

Segment
(Thickness h, Ring width )

h

} _&EHJ LHJ LU%
|

Figure 27 Schematic diagram of the load distribution across the segment thickness resulting from partial area
loading with definition of the analytical distribution areas
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Additional eccentricities from production and
assembly

In addition to the load eccentricity ey, additional
eccentricities eys from production and assembly tol-
erances must generally be taken into account in all
individual verifications of segment joints:

e=¢epm+ ey =M/N+es,

In accordance with RiL 853.4005 [1], the additional
eccentricities can generally be assumed to be e =
10 mm, unless smaller tolerances can be justified by
quality assurance measures on the jobsite or centring
devices in the joints.

5.7.2 Verification of the partial area loading in
the longitudinal joint

The analytical verification concept for partial area
loading is based on the “stress block method”, see
also ch. 5.7.1, and follows DIN EN 1992-1-1 [7] sec-
tion. 6.7 "Partial area loading”. Accordingly, the ac-
ceptable partial area laoding in the longitudinal joint
is determined as follows:

OcO,Rd = fed - m < 3-fy
with:
fed = Qe " fok /e

A large number of segment-specific tests have already
been carried out for longitudinal segment joints with
partial area loading. Examples include the tests for the
4th tube of the Elbe Tunnel in Hamburg [33], for var-
ious DB AG railroad tunnels (“Bossler Tunnel”, “Filder
Tunnel”) and in research projects (see [41], [43]). All
tests show high stress resistance capacities that, with
suitable joint reinforcement and larger related eccen-
tricities e/hys are in some cases significantly higher
than the previous normatively permissible load-bear-
ing capacities. For this reason, it is recommended that
the following adjustments be made for the partial
area loading on segment joints that are designed ac-

cording to DIN EN 1992-1-1, together with meeting
the related conditions:

= For the depth tq of the load distribution in the di-
rection of loading, the conditions of Figure 27 ap-
ply with a load distribution with an inclination 2:1,
which is based on Figure 6.29 of DIN EN 1992-1-1.

= The limitation of the load distribution width
di to three times the load transfer width dg
(d1 £ 3-dp) is not applicable for longitudinal seg-
ment joints, provided the concrete strength class is
not higher than C50/60. For strengths higher than
C50/60, however, at least the absorbable partial
area loading may be applied that results from the
above regulations for a C50/60 concrete.

= The centre of gravity of surface A.1 must coincide
with the centre of gravity of the load transfer sur-
face A in the direction of loading. The curvature of
the segment may be neglected.

= The criterion of "geometric similarity” between the
urfaces Ac1 and Ag does not apply to segments.

= |f several compressive forces act on the concrete
cross section, the calculated distribution areas must
not overlap within the depth t1. This does not apply
to the usual recesses of guiding rods.

= The calculated loads must be almost constant over
the length lp, whereby recesses can be disregard-
ed. If the progression in the longitudinal direction
of the segment is not constant, the further details
described in ch. 5.7.8 must be taken into account.

= The transverse tensile forces (splitting tensile force)
resulting from the load distribution due to the par-
tial area loading must be covered by sufficient rein-
forcement in accordance with ch. 5.7.3.

atA R AR\ AR A

Figure 28

Exemplary representation
of the joint stresses in an
FE model with linear-
elastic concrete behaviour
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= |In addition to the load eccentricity ey = N/M, ec-
centricities from production and assembly toler-
ance (eys) must be taken into account in the analyt-
ical verifications.

= With large relative eccentricities e/hys, tests have
shown that even partial area loads higher than
3-fg can be absorbed. In individual cases, it
may therefore make sense to verify the increased
load-bearing capacity by means of project-related
tests as part of a test-based design.

5.7.3 Verification of splitting tensile reinforce-
ment in the longitudinal joint

The splitting tensile stress in the longitudinal joints
must be verified analytically. To this end, the splitting
tensile reinforcement is determined for the most un-
favourable combination of normal force and associ-
ated bending moment, or the eccentricity epy = M/N,
and with additional consideration of production and
assembly tolerances.

For an eccentrically applied load with e > h/6, ten-
sile forces F,9 and secondary splitting tensile forces
F,2 occur in addition to the splitting tensile forces F,1,
see Figure 29 and DAfStB, Issue 631 [18]. Edge ten-
sile forces and secondary splitting tensile forces are
generally subordinate for segment design. If required,
the edge tensile forces can be verified against the
permissible concrete tensile strength. They are not
dealt with further here.

The calculation of the forces and the verification
of the reinforcement are carried out by applying the
force transfer using the stress block method based on
DAfStB Issue 631 [18] and DIN EN 1992-1-1-1, sec-
tion 6.5.3.

The following applies to the resulting forces of the
splitting tensile stresses:

Fz1=025-N-(1-dg/dy)

with:

di=2-(h/2-e)=2-epF £ h (Figure 29)

The required splitting tensile reinforcement req. Ag 74
is to be determined as follows for the verification in
the ultimate limit state (ULS):

req. Asz1 [cm?] = Fp1.4/ (fyk / vs)

For the splitting tensile reinforcement no crack width
verifications need to be performed in the serviceabil-
ity limit state (SLS).

The following is recommended for the structural
design of the splitting tensile reinforcement:

= The position of the splitting tensile reinforcement
should correspond to the distribution of the split-
ting tensile stresses or the position of the resulting
forces according to Figure 29; details can be found
in DAfStB Issue 631 [18], section 5.2.1.

* The joint surface reinforcement has the function of
a secondary edge reinforcement.

2 Note: The analytical depth of the load distribu-
tion figure is determined differently in the veri-
fications of the splitting tensile stress in accord-
ance with ch. 5.7.3 (“t;") and in the verifications
of the partial area loading in accordance with ch.
5.7.2 (“t;"). It is designated differently here (“t;"
or “t;"”) to avoid confusion.

= The splitting tensile reinforcement should be an-
chored outside the load application area. If the
anchoring is carried out using welded cross bars,
the anchoring length must be determined in ac-
cordance with DIN EN 1992-1-1, section 8.6. The
regulations of NA, NDP to 8.6(2) and NCI to 8.6.(5)
(Fbtg = 0) are not applicable.

Load axis

Segment axis

Zone with transverse pressure

(0,1-)

Figure 29

Designations of the split-
ting tensile stresses for par-
tial area loading according
to the stress block method.
For designations not men-
tioned here, see Fig. 28

04t

01t

ts=ch

F,, ... Splitting tensile force in the segment
(actingat a depth of 0.4t )

F,, - Edge tensile force at the contact surface
(actingat a depth of 0.1t )

F,, ... Secondary splitting tensile force
(acting at depth 2/3-h)

s - Depth of the load distribution figure for the
verification of the splitting tensile stresses
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= |f shear factors according to EN ISO 17660-1 are
specified in the design for the anchoring of welded
reinforcement elements, these must be verified in
the course of QA-inspections of the reinforcement
production. Shear factors for structural connections
are usually between 0.5 and 0.7.

= The joint surface reinforcement is designed to pro-
tect the corners from major spalling. The detailing
must be executed with particular care. It is recom-
mended that the minimum permissible concrete
cover in accordance with ch. 5.9.1 is utilised. From
design point of view, it may be advisable to specify
the tolerance allowances not only for a shortfall, but
also for certain overruns of the nominal concrete
cover dimensions.

= The joint surface reinforcement is usually located in
the zone of the transverse compressive stresses that
occur at edge distances < 0.1 - t;, see Figure 29. It
should therefore not be considered in the calcula-
tion of the splitting tensile reinforcement. However,
tests have shown the positive effect of the surface
reinforcement on the introduction of surface pres-
sures; in terms of a robust structural design, surface
reinforcement should therefore always be provided.

5.7.4 Maximum hinge rotation in the longitudi-
nal joint

In addition to the structural verification of the longitu-
dinal joints, the compatibility of the calculated hinge
rotation with the joint geometry and the design of the
sealing gasket must be checked. Particular attention
must be paid to the adequate sealing effect of the
gasket (increase of the groove bottom distance when
the joint is opened on the outside) and the absorp-
tion of the restoring force of the sealing profile by the
concrete in the area of the groove (increase of com-
pression and spalling effect when the joint is opened
on the inside). The axis of hinge rotation can be as-
sumed in a simplified manner according to Janssen
[34], section 4.2, unless more detailed investigations
are carried out. For verification of the groove filling
ratio, see also ch. 4.6.

5.7.5 Verification of shear force transfer in the
longitudinal joint

For segment hinges, the ratio of shear force V to

compressive force N can be evaluated using a friction

model.

Based on DIN EN 1992-1-1, section 6.2.5 [7], the
coefficient of friction between concrete and con-
crete can regularly be assumed to be p = 0.5 (even
for smooth joints). Separate considerations are re-
quired for the longitudinal joint of the key segment,
see ch. 5.7.6. For the most unfavourable ratio of the
characteristic values V and N in the longitudinal joint,

the minimum global safety against sliding is thus ob-
tained:
min. n 2 (0.5 - Ny) / Vi

In regard of the safety level a value of n > 2 is recom-
mended for the BS-P and BS-T design situations and a
value of n > 1.5 for the BS-A design situation.

5.7.6 Verification of the longitudinal joint on
the key segment

The longitudinal joints of standard lining segments
are formed radially. This ensures that the normal ring
force always acts perpendicular to the longitudinal
joints and that no downward components have to be
considered. Therewith it is possible to design the lon-
gitudinal joints flat and without toothing or dowelling.

Due to the usual steeper layout of the longitudinal
joints of the key segment as mentioned in ch. 3.3.2,
however, additional downward forces arise in the key
segment joints, which may need to be verified ana-
lytically by more detailed investigations. Guiding rods
and bolts are generally not suitable for the transfer of
downward forces.

It is known from practice that simplified design
checks for the position stability of the key segment in
ring building may lead to results on the uncertain side,
as, for example, in the case of lubrication to facilitate
installation (ch. 11.2.2), the application of the coeffi-
cient of friction p = 0.5 in accordance with ch. 5.7.5
may be too favourable. Back analysis from projects
with key segment displacements indicate that the co-
efficient of friction can reduce to around p = 0.25.

5.7.7 Verification of partial area loading in the
ring joint

As a result of the jacking forces from TBM tunnelling,
the ring joints, including the load-releasing side, must
be verified. For the verification of the partial area
loading and the determination of the splitting tensile
stresses, an additional eccentricity e, of the ram shoe
from construction deviations must be taken into ac-
count, see also ch. 5.6.3.

Verification of the partial area loading is carried
out in accordance with DIN EN 1992-1-1/NA, para. 6.7.
The curvature of the segments can be neglected and
the “similarity criterion” does not need to be taken
into account (see ch. 5.7.2). The recommendations for
splitting tensile reinforcement according to ch. 5.7.3
can be applied analogously. In practice, it is common
to base the verifications on

» The "assumed operating jacking force for standard

tunnel advance”, taking into account the normative
partial safety factors on the material side, and
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* the “maximum installed jacking force (or tolerated
value)”, without taking into account partial safety
factors on the material side.

The load increases in the jacking forces (partial safe-
ty factors yE on the action side) are handled very
differently in practice. Values in the range yg = 1.35
to yg = 1.0 (no increase) are common, depending,
among other things, on how the jacking forces are
applied. Due to the great influence on the reinforce-
ment content of the segments, the possible risk of
longitudinal cracking, the flexibility in the TBM drive
and any contractual boundary conditions, no gen-
erally valid recommendation can be given. Rather, if
possible, a project-related specification should be in-
cluded in the tender specifications. In any case, the
analytically verified jacking forces must be specified
on the execution drawings and strictly adhered to
during tunnelling.

5.7.8 Longitudinal joint stresses in the longitu-
dinal direction of the tunnel

In the longitudinal direction of the tunnel, a constant

stress curve can generally be assumed as an approxi-

mation. The longitudinal joint verifications are based

on one linear metre (running metre) of tunnel or the

ring width L.

In special areas, for example next to crosscut
openings, usually a highly variable stress distribution
in the longitudinal direction of the longitudinal joints
occurs due to the load transfer around the opening
(Figure 30). In practice, it has proven useful to aver-
age the joint pressures to form stress blocks over sub-
sections in the longitudinal direction. The subsections
can be defined from engineering judgement and the
verifications can be performed in accordance with ch.

oc(pressure)

/(tension or. 0) \ longitudinal joint

"window"
e.g. cross-passage

Figure 30 Examples of longitudinal joint stresses
next to a crosscut opening, for a stress distribution
that is not constant in the longitudinal direction

5.7.2 and ch. 5.7.3 for each individual section. The
following recommendations apply to this procedure:

= Averaging should only be carried out over stress
ranges of the same algebraic sign. Averaging over
areas with joint gaps or analytical tensile stresses is
not permitted.

* The maximum partial length for averaging should
not exceed half the ring width, but no more than
1.0 m.

» The averaged stress value of a partial length should
not be less than 50 % of the maximum value in this
area.

* The normal forces N and the bending moments M
should always be averaged over the same partial
lengths.

= |f the verifications are carried out for partial sections
in the longitudinal direction, it must be ensured that
the load distribution zones do not overlap over the
depth t; in the longitudinal direction of the tunnel.

5.7.9 Numerical verification of partial area loads
Generally the partial area load and radial splitting
tensile stresses should be verified using the analytical
methods according to DIN EN 1992-1-1 or DAfStB, Is-
sue 631 [18]. Additionally, or alternatively, these veri-
fications can also be performed using numerical veri-
fications. However, as these have not yet been widely
tested and cannot yet be regarded as established, the
admissibility and procedure for verification should be
determined by the client as part of the tendering pro-
cess. The procedure should also be agreed between
the designer, the client and the checking engineer as
part of a design manual with regard to the models,
loads, acceptable resistances, partial safety factors,
the simulated material behaviour and other boundary
conditions before the verifications are carried out.

The numerical calculations can be used to perform
the following verifications

= Partial area loading, especially in the case of high
compressive stresses, locally or in total;

= Absorption of radial splitting tensile stresses inside
the segment;

= Absorption of edge tensile stresses in the case of
highly eccentric loads;

= Absorption of tensile stresses that occur outside of
reinforced areas and therefore cannot be covered
by reinforcement.

With regard to numerical modelling, no specific mod-
el has yet established itself or proven to be in particu-
lar suitable. The models for longitudinal joints shown
in Figure 31 are listed as examples and have indi-
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vidual advantages and disadvantages. Other suitable
models can also be used.

The models shown in Figure 31 have in common
that the internal forces determined from the calcula-
tion on the overall model are applied to the longi-
tudinal joint as external loads and can therefore be
factored with partial safety factors. For non-linear
analyses, it is recommended to apply all partial safe-
ty factors — i.e. the action and material coefficients or
the system coefficient — to the external loads (yg) as
a whole. All building material characteristics (streas
a whole. All construction component characteristics
(stressstrain relationships) can then be applied with
their characteristic values as "actual values”. This fulfils
the requirement of DIN EN 1992-1-1, section 5.7 for
the application of realistic stiffnesses. Depending on
the objective of the verification, the loads can also be
applied as characteristic values or as design loads.

In general, non-linear material models should be
used, as with linear material models only limited con-
clusions are possible for the load bearing behaviour
of the joints . Due to the multi-axial stress states in the
joint area, the applied material model must be suita-
ble for the selected numerical modelling with contin-
uum or solid elements and the approach with charac-
teristic or design values must correspond to the scope
of work. This applies in particular to the approach for
the concrete tensile strength. Tensile loads in the seg-
ment should in the ULS be assigned as far as possible
to a respective splitting tensile reinforcement.

In the numerical models, the radial reinforcement
and the circumferential reinforcement can be repre-

Figure 31 Detailed numerical models for the verifica-
tion of the close-up range of longitudinal joints:
double-sided block model (left) and curved double-
sided model with bedding (right)

sented by tension members, e.g. with beam elements.
For the bond behaviour between reinforcement and
concrete, the bond strength fp,q can be used in ac-
cordance with DIN EN 1992-1-1, section 8.4.2.

5.7.10 Verification of segment joint connections
In the assembly state during ring erection, temporary
bolting in the longitudinal joints is applied to coun-
teract the restoring forces of the sealing gasket un-
til the surrounding ground, the annular gap backfill
or form closure in the longitudinal direction prevent
joint opening, see ch. 3.3.4.

The bolts or dowels in the joints are designed to
ensure that the sealing gasket is not relaxed beyond
the permissible release value respectively the accept-
able joint gap. The stiffness of the bolt or dowel con-
nection, the restoring force/deformation behaviour of
the selected sealing gasket and the geometric bound-
ary conditions (e.g. inclination of the bolted connec-
tions, opening angle of the longitudinal joints) must
be taken into account. This results in the maximum
calculated force in axial direction of the connection.

An overall increase factor of 2.0 is usually applied
to this calculated force. The design of temporary bolts
or dowels is then carried out considering the yield
strength without any additional material-related safe-
ty factors. For a robust design, it is recommended to
provide an additional material-related partial safety
factor of 1.1 for steel bolts and 1.25 for plastic dow-
els. RiL 853.4005 (11) [1] provides for an increase of
150 % (factor 1.5) and a maximum analytical utilisation
of 80 %.

If the load-bearing capacities of the connections
are not specified by the manufacturer/supplier — usu-
ally as average values based on tests — they can be
determined on the basis of the relevant regulations.

The safety coefficients for permanent bolted con-
nections must be determined on a project-specific
basis; for plastic dowels creep effects may need to be
considered.

The use of permanent plastic dowels and perma-
nent plug-in dowel connections (in the longitudinal
direction of the tunnel) is not yet common practice
in Germany.

5.7.11 Transfer of coupling forces in the ring
joints
Coupling elements in the ring joint are usually deCou-
pling elements in the ring joint are usually designed
as a dowel connection, occasionally also as a cam and
pocket construction. The previously common tongue
and groove constructions are no longer used today.
In terms of the load-bearing behaviour, a distinc-
tion must be made between:

= Structural, centring coupling elements: Such ele-
ments are used as structural elements to asist as-
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sembly or to secure the position in construction
stages. Plug-in dowel connections in the ring joints
often also serve to absorb the restoring forces of
the sealing gasket. Cam and pocket connections
only create a coupling in the radial direction. Cou-
pling elements with a low to moderate load-bearing
capacity and ultimate loads per coupling point of
up to around 300 kN are used, e.g. cam and pocket
connections or plastic dowels.

* Load-bearing coupling elements: These are ele-
ments that are structurally effective, in particular
for load transfer of the ring compression forces
to neighbouring rings (for example when opening
crosscuts), or for control of deformations as a result
of the increase in stiffness due to ring coupling.

For the transmission of the coupling forces struc-
tural verifications must be provided. The load-bear-
ing capacity per coupling element results from
structural requirements and can be very high (up to
over 1000 kN); depending on the load, mainly steel
dowels (possibly plastic dowels with a steel core) are
used.

To avoid constraints on installed coupling elements
during ring erection, the coupling elements should be
provided with sufficient clearance. The manufacturer
of the coupling element usually provides respective
recommendations. The clearance should be taken
into account in the structural calculations according-
ly. However, since the in-situ clearance is not know,
since this depends on the local boundary conditions
for installation, the structural calculations have an un-
avoidable "inaccuarcy” in this respect.

The coupling elements are usually simulated an-
alytically as coupling springs with non-linear spring
characteristics. Details on the modelling of coupling
elements with slippage can be found in [45].

If a clearance in the coupling connection is not
permitted or should be limited for structural reasons

(e.g. in the case of crosscut openings), special solu-
tions are usually required to allow for higher static
loads. A comparison of the effect of different cou-
pling elements on crosscuts is carried out in [57].

The absorption of the coupling forces in the ring
joint must be verified for both, the installed coupling
devices and for the segments. The approaches for this
must be agreed early enough. Particularly in the case
of larger coupling forces, the absorbable coupling
force may have to be determined as a "testbased de-
sign” using component tests.

General approaches for the verification of the
load transfer in segments are given in [31] and [32].
With regard to estimating the load-bearing capaci-
ty of dowel connections (especially with smaller di-
mensions), reference is made to the planned STUVA
recommendation [44] and the analogy of shear bolts
according to [30] and [40]. Dowels for shear force
transfer are verified in accordance with [44] using
punching shear or strut models. The load-bearing
capacity of cam and pocket connections can be esti-
mated according to [42]. The aforesaid literature and
in [44] also information on a suitable reinforcement
layout are provided. It is essential that the coupling
forces transmitted in the radial direction are covered
by suitable reinforcement (Figure 32).

The load-bearing capacity of coupling elements
and detailed input values for their deformation be-
haviour (force-deformation curve) can be estimated
from detailed analytical or numerical analyses or de-
termined from manufacturers’ specifications or tests.

5.8 Post-hardening of concrete for tun-
nel segments

Measurements on completed lining segments have
shown that considerable post-hardening occurs in
the high-quality concrete types for segments com-
pared to the nominal 28d strength.

Figure 32

Schematic diagram of
the load transfer of a
cam and pocket con-
nection (left) and a
dowel connection (right)
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S Note: A distinction must be made between “post-
hardening” and intended excess strength, for ex-
ample to enable rapid demoulding. Excess strength
is not the subject of this ch. 5.8.

Post-hardening is already taken into account in the
application of the fatigue strength coefficient accgco
of DIN EN 1992-1-1 as compensation for the drop in
load-bearing capacity with longer-lasting loads (see
fib Model Code MC-2010 [19]). In analogy to DIN EN
1992-1-1, section 3.1.2 (6) [7], a analytical considera-
tion of post-hardening is therefore generally not re-
quired.

The fatigue strength coefficient should also gen-
erally be taken into account for temporary loads, as
segment tests have shown that long-term effects can
influence the load-bearing capacity even with short-
term load durations of just a few hours.

2 Note: DB-RiL 853.4005 [1] contains information
on the use of 90d strengths in late construction
stages. These regulations are consistent with this
ch. 5.8.

5.9 Additional notes for the structural
configuration

5.9.1 Concrete cover

On the surfaces a minimum concrete cover of
Cmin = 40 mm must be maintained, on the end faces
and in local areas (for example recesses and built-in
parts) the minimum concrete cover is Cyin red = 20 mm.

The tolerance allowance of the concrete cover Ac
is dependent on the production conditions and the
quality control. As a guiding value, Ac = 5 mm can be
assumed with appropriate quality assurance during
segment production and in accordance with ZTV-ING
Part 7, section 3-7.2.3.(2). Particular attention must be
paid to the outside surface of the segments that lies
on top during the production; the tolerance allow-
ance for this may need to be increased.

It may be necessary to increase the concrete cov-
er for reasons of durability (exposure classes in ac-
cordance with DIN EN 1992) or due to structural fire
protection requirements. Because of the associated
structural disadvantages (including reduced structur-
ally effective height, poorer containment of the split-
ting tensile forces), increased concrete cover should
be carefully evaluated by the designer and alternative
measures examined.

5.9.2 Spacing of reinforcement

Typical reinforcement grids are in the range of be-
tween 100 mm and 150 mm. Larger bar spacings are
possible, but have a negative effect on the calculated

crack widths. After the reinforcing cage has been lift-
ed into the mould, it must be possible to locally reach
through the upper layers of steel to fix built-in parts
inside the mould. Clear openings in the reinforcing
cage of at least 90 mm to 120 mm must be provided
for this purpose.

5.9.3 Minimum reinforcement

A grid reinforcement of @ 10 mm, a = 150 mm is gen-
erally recommended as the minimum reinforcement
for the segments. For road tunnels, ZTV-ING Part 7
[2], section 3-7.2.3.(1) requires a minimum reinforce-
ment of @ 10 mm, a = 100 mm on all segment surfac-
es. Local adjustments on a small scale are possible in
compliance with section 3-7.2.3.(3). RiL 853.4005 [1]
requires a surface reinforcement of at least 0.15 % of
the concrete cross-section per direction on the inside
and outside for rail tunnels. For segment thicknesses
of 35 c¢m, this corresponds to the ZTV-ING require-
ment mentioned in the first paragraph before.

The minimum reinforcement required in accord-
ance with DIN EN 1992 is generally not applicable for
segments due to the redistribution capability after in-
itial crack formation and the low tensile stresses from
restraint.

5.10 Verifications in the serviceability
limit state (SLS)

5.10.1 Analytical service life time

These recommendations are based on the "analytical
service life time” of 100 years which is common in
Germany for tunnel segmental linings. Analytical ser-
vice life analyses are not common practice in Germa-
ny. Such calculations require additional input values
that are not determined as standard (e.g. chloride or
carbonation resistance of the concrete). In many cases,
service life analyses also lead to analytically increased
concrete cover requirements, which can have a detri-
mental effect on the design (see ch. 5.9.1).

5.10.2 Calculated crack widths

Crack widths for durability reasons must be deter-
mined in accordance with DIN EN 1992-1-1/ NA, Ta-
ble NA 7.1. In general, an analytical crack width for
permanent loads of w¢, = 0.3 mm can be assumed for
all exposure classes.

For reasons of water impermeability or other func-
tional requirements, the client may specify more ex-
tensive crack width or impermeability requirements.
For example, a calculated crack width of wey = 0.2 mm
or 0.15 mm (outside) is required for railway and road
tunnels located under water. For further details, please
refer to ZTV-ING, Part 3, sections 3-8 [2], RiL 853.4005
and RiL 853.2001 [1].
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Crack width verifications must be carried out in ac-
cordance with DIN EN 1992-2. The determination of
internal forces in SLS load cases is described in ch. 5.5.

Even if the calculated crack widths are met, indi-
vidual cracks with larger crack widths cannot be ruled
out. Project-related procedures should be defined for
dealing with such cracks.

5.11 Steel fibre reinforced concrete seg-
ments

5.11.1 General

To date, segments with reinforcement made exclu-
sively of steel fibres or with "hybrid reinforcement”,
i.e. in combination with conventional reinforcement,
have only been used in few cases in Germany; for
example, for temporary segments (Wehrhahn Line
Dusseldorf) or for double-shell construction methods
(Mangfall Valley drinking water tunnel — Munich).

This situation is a result in particular of formal as-
pects, as the DAfStB Guideline for Steel Fibre Rein-
forced Concrete [15] introduced in Germany by the
building authorities — referred to in the following as
DAfStB-RIL SFB — considerably restricts the application
of steel fibre reinforced concrete (SFRC) in tunnelling,
among other things by limiting the application of
SFRC to certain exposure classes only. National regu-
lations that go beyond this also limit the use of steel
fibre reinforced concrete in tunnelling. For example,
according to DB Guideline RiL 853.4005 [1], segments
made of steel fibre reinforced concrete are defined as
a non-regulated construction element in the DB AG’
area odf responsibility and therefore require internal
company approval (ICA) and project-related approval
(PRA).

In international projects, on the other hand, steel
fibre reinforced segments have often proven to be a
robust and economical construction method under
suitable boundary conditions, see for example [49]
and [50]. These DAUB recommendations close the
gap in the application guidelines in Germany for steel
fibre reinforced concrete segments. The recommen-
dations are essentially based on DAf-StB-RiL SFB [15],
but also take into account the special boundary con-
ditions of the segmental lining construction method
in tunnelling, the experience made with the predeces-
sor code of practice, the DBV-Merkblatt SFB [17], and
the experience gained in international projects.

At European level, steel fibre reinforced concrete
is to be adopted by the building authorities through
the 2nd generation of Eurocode 2. According to the
current status, this will regulate the design of steel
fibre reinforced concrete based on post-cracking
strength tests in accordance with EN 14651 [12] and
an assessment of performance in accordance with the
RILEM guideline [20] or fib Model Code 2010 [19].

However, details on the planned consistent use of
steel fibre reinforced concrete for all design and con-
struction phases, including quality assurance, are not
yet available. The DAUB has therefore decided to refer
exclusively to the DAfStB-RIiL SFB [15] in these rec-
ommendations. It is noted that "mixing or combining”
with other regulations is not allowed.

The technology and function of steel fibre rein-
forced concrete is assumed to be known and is not
described in the context of these recommendations;
please refer to the extensive relevant technical litera-
ture; such as, for example, the articles in the Betonkal-
ender (“Concrete Calendar”) 2011 [46] with further
references.

5.11.2 Application of segments made of steel
fibre reinforced concrete and hybrid
segments

At the start of the project, the technical and con-

tractual feasibility of applying steel fibres should be

checked and, if necessary, the layout of the individual
segments and the overall ring, for example the ring
division, be adapted.

In particular, “extremely slim” segments are gener-
ally not suitable for the use of steel fibres. The follow-
ing radian/thickness ratios b/h of the segment can be
used as reference values:

= b/h <10
* b/h = 10 — 14 conditionally suitable for steel fibres
" b/h > 14

usually suitable for steel fibres

rather unsuitable for steel fibres

In addition to the verification of the longitudinal joints
in the final state, the verifications for the construction
stages are relevant in many cases for the technical
feasibility of steel fibre reinforced concrete segments.
These should therefore be checked and verified with
particular care, in particular

= Demoulding and turning,

= Storage and stacking,

= Transport to the TBM and the erector,
= Moving the segment with the erector,
= Annular gap backfilling and

* the introduction and transfer of the TBM jacking
forces in the longitudinal direction of the tunnel.

If required, a hybrid reinforcement, consisting of a
conventional steel bar reinforcement to cover the
splitting tensile forces at the segment joints, com-
bined with a pure steel fibre reinforcement in the seg-
ment's body to absorb normal force/bending stresses
(N-M stresses) can be used.
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The structural requirements for steel fibre rein-
forced concrete, denoted as “performance”, are de-
fined in accordance with DAfStB-RiL SFB, section
R.3.6.1. In addition to the strength and exposure class,
the performance classes L1/L2 required for the con-
crete must therefore be specified on the construc-
tion drawings. The performance classes L1/L2 are
determined by the structural engineer as part of the
structural verification of the segments. It is then the
sole responsibility of the concrete supplier to select
a suitable concrete mix design, the fibre type and the
required minimum dosage of steel fibres.

Pure SFRC segments are usually produced with a
fibre dosage of around 30 to 50 kg/m3 and, for hy-
brid reinforcement, between 25 and 40 kg/ m3. These
are generally subcritical fibre contents, which means
that the centric post-cracking tensile strength ffg
of the steel fibre concrete is lower than the centric
tensile strength f, of the unreinforced concrete. De-
spite the subcritical fibre content, there is generally
no loss of load-bearing capacity during initial crack
formation under bending load, as stress redistribution
can activate load-bearing reserves for the post-crack
range. In recent years, with the development of new
high-performance fibres, a tendency towards super-
critical fibre contents has been observed [50]. This
means that the application range of SFRC segments
can be expanded in future.

The preliminary trials and any tests to verify the
performance classes and to monitor the concrete
must be carried out in accordance with DAfStB-RiL
SFB, Part 2, Annex O on 150 x 150 x 700 mm beams
in a four-point bending test. Accordingly, tests in ac-
cordance with DIN EN 14651 (CMOD tests) are not
considered in Germany. The requirements for the test
specimen dimensions according to DIN EN 12390-1
must be complied with.

Further information on the production of steel fi-
bre reinforced concrete and SFRC segments can be
found in ch. 11.1.4 of these recommendations.

5.11.3 Structural verifications of segments with
steel fibre reinforcement

2 Note: The recommendations in this chapter have
been agreed with the DAfStB-Sub-Committee SFB.

Basic information, regulations
The introduction of the DAfStB-RIiL SFB [15] by the
building authorities provides a consistent set of rules
for the design of pure steel fibre reinforced concrete
or steel fibre reinforced concrete in combination with
reinforced concrete. The DAfStB-RIL SFB refers to DIN
EN 1992-1-1.

The DAfStB-RiL SFB follows an approach deter-
mined by the material behaviour: the post-cracking

material behaviour of steel fibre reinforced concrete is
evaluated using small-scale experiments from which
basic parameters of post-cracking tensile strength
are derived. From these basic parameters the analyt-
ical and design parameters for defined stress-strain
curves are determined. These stress-strain curves are
incorporated into the standard design of reinforced
concrete structures according to DIN EN 1992-1-1; in
order to improve load-bearing capacity and service-
ability.

As a result of his structural calculations the design
engineer determines the required construction mate-
rial properties of the steel fibre reinforced concrete
by specifying the concrete strength class and the per-
formance classes L1 and L2, where applicable in com-
bination with conventional reinforcement for hybrid
segments.

The DAfStB-RiL SFB is primarily focusing to the
needs of the standard building and industrial con-
struction sector. Below, the DAfStB-RiL SFB is de-
tailed and supplemented for the special requirements
of precast segments, taking into account the highly
structurally indeterminate systems in tunnel construc-
tion. The recommendations refer in particular to the
currently common steel fibre reinforced concrete seg-
ments with a subcritical fibre content.

A major reason for the widespread use of pure
steel fibre reinforced segments abroad is also the ac-
ceptance of a test-based design in conjunction with
high demands on the performance class of the steel
fibre reinforced concrete. The possibility of a “test-
based design” is therefore explicitly mentioned as an
alternative verification method for segments.

5.11.3.1 Supplementary recommendations for steel
fibre reinforced concrete segments

For the analysis of segments with structurally effective
steel fibre reinforced concrete (SFRC) or a hybrid re-
inforcement made of steel fibres in combination with
conventional reinforcement, the application of the
approved guidelines DAfStb-RiL SFB [15] is recom-
mended as a matter of principle. The following spec-
ifications and amendments must, however, be taken
into account.

The following alternative test-based verification
options refer to a "test-based design” in accordance
with EN 1990 [3], [4], Annex D, usually within the
scope of a project-related approval (PRA) or accord-
ing to separate requirements of the supervisory au-
thorities.

= For DAfStB-RiL SFB R.1.1.2, section (1)P - Area of
application (Requirements): The stated require-
ments for the use of structurally effective steel fibre
reinforced concrete, i.e. the possibility of internal or
external redistribution, can generally be regarded
as fulfilled under normal boundary conditions in
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tunnelling. In exceptional cases, in which an exter-
nal, redistribution possibility on the load-side is not
given or only given to a insignificant extent (for ex-
ample in the case of predominantly water pressure
loading with a low bedding reaction of the ground),
the uncritical impact of deformations, plasticisation
or cracking associated with redistributions in the ul-
timate limit state (ULS) must be verified separately.

For DAfStB-RIL SFB, R1.1.2, section (4)P — Area of
application (Exposure classes): In the exposure
classes XS2, XD2, XS3, XD3, the analytical effect of
the steel fibres may only be taken into account in
the verifications of the ULS if it is verified for the SLS
that no limitation of the service life time from ex-
cessive cracking (Wmax = 0.2 mm) is to be expected
for the lining. These verifications can be carried out
in accordance with the recommendations below
“For DAfStB-RIL SFB, R.7.3.1 to R.7.3.4 — Verifications
in the SLS — Limitation of crack widths".

For DAfStB-RiL SFB, R.1.1.2, section (4)P — Area of
application (Compressive strength classes): Steel
fibre reinforced concrete may only be used for high-
strength concrete of compressive strength classes
of C55/67 and more with project-specific approval.

For DAfStB-RiL SFB, R.3.6.3, section (5P -
Strengths (Factor kfg of the component size): For
all verifications in longitudinal tunnel sections (e.g.
N-M stresses, splitting tensile verifications in the
longitudinal joint, but not for splitting tensile ver-
ifications in the ring joint), the ring width “I" can be
assumed as the reference length in the longitudinal
direction of the tunnel to determine the cracked
cross-section area Af.. To avoid an iteration to de-
termine the factor kfg, an approximation for the
tensile zone height of 0.75- h (h = segment thick-
ness) is recommended as an empirical value of the
DAUB for N-M stresses. This value must be checked
after the design and adjusted if necessary.

For DAfStB-RiL SFB, R.3.6.3, section (5P -
Strengths (Factor of the fibre orientation): For
bending verifications (N-M stresses), segments are
to be regarded as flat, horizontally manufactured
planar components within the meaning of DAf-
StB-RiL SFB. For the splitting tensile verifications in
the ring and longitudinal joints, kff = 0.50 is to be
assumed. As an alternative to determining the k¢
values, “test-based verification” can be carried out
in accordance with the preliminary remarks.

For DAfStB-RiL SFB, R.3.6.3, Table R.3 — Perfor-
mance classes L1 and L2 (Footnote 2): The condi-
tions for precast segments are generally more fa-
vourable than for building construction:

— Production in the precast plant with continuous
monitoring,

- Use of high performance fibres,

- High standard of quality monitoring, e.g. high
number of tests,

- Higher concrete strengths.

It is therefore justified that the requirement of the
DAfStB-RiL SFB in accordance with Footnote 2 (ad-
ditional GTA or PRA) can be waived for the applica-
tion of performance classes 2.7 and 3.0. These per-
formance classes must always be verified by tests
in accordance with the DAfStB-RIL, Annex O; in de-
viation from the general regulation, at least n = 12
tests must be carried out.

For DAfStB-RiL SFB, R.3.6.3, Table R.3 — Perfor-
mance classes L1 and L2: The use of intermediate
values of the performance classes specified in Ta-
ble R.3 in steps of 0.1 N/mm?2 is permissible. The
tabulated basic values must then be interpolated
accordingly.

For DAfStB-RiL SFB, R.6.5.1, section (R.2) P — Strut-
and-tie models (General): Verifications using strut-
and-tie models are only carried out for segmental
lining design only in few special cases, for example
when a load is applied through concrete brackets.
As a rule, it must then be verified that the tensile
stresses occurring in the tension struts of the model
are less than ffctd,u. in the ultimate limit state.

2 Note: The splitting tensile stress under partial area
loading in accordance with R.6.7 is not to be under-
stood as a strut-and-tie model within the meaning
of the above paragraph.

= For DAfStB-RiL SFB, R.6.7, section (4) — Partial area
loading: Section R.6.7, (4) is supplemented as fol-
lows:

a) If the splitting tensile reinforcement of the lon-
gitudinal joints consists exclusively of steel fi-
bres, the elimination of the limitation of load
distribution dq < 3-dg in accordance with ch.
5.7.2 may not be applied for partial area load-
ing.

b) According to R.6.7, Figure R.5, the idealised
splitting tensile stress for partial area loading is
a stress block with os;4 = F;14 / 0,8 - ts. Here,
F,1,4 represents the design value of the result-
ing splitting tensile force F,q and t the depth of
the load distribution figure in accordance with
ch. 5.7.3.

As an alternative to the verification method b), ver-
ification of the splitting tensile stresses for partial
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area loading may be carried out using one of the
following methods ¢) to f):

c) According to the method by Mark-Schnitgen
[35], the two transverse strains in the load ap-
plication zone must be limited to a maximum of
0.1 %o/yc. Analytically, a uniform, linear-elastic
material behaviour and a Poisson’s ratio u = 0.2
must be assumed for the steel fibre reinforced
concrete.

d) It must be verified that the design values of
the maximum main tensile stresses occurring
in the load application zone can be absorbed.
This can be done by means of a linear-elas-
tic calculation in which the maximum values
of the splitting tensile stresses in the ULS are
covered by the tensile strength of the unre-
inforced concrete fiq without consideration
of the steel fibres. In accordance with DIN EN
1992-1-1, section 3.1.6, the design value of the
concrete tensile strength is to be defined as
fetd = Ot * fetke0,05 / Ye,uB- Here, ot = 0.70 should
be used and the partial safety factor for unrein-
forced concrete should be set to y. g = 1.8.

e) The splitting tensile stresses in the ULS can be
verified using non-linear numerical models ac-
cording to ch. 5.7.9. The verification must then
be carried out in line with DAfStb-RiL SFB, sec-
tion R.6.7 applying DAfStb-RiL, section R.3.6.5
(stress-strain curves of steel fibre reinforced
concrete). For simplification, fftg , may be used.
In the numerical model, the struts must not be
steeper than 2:1 (for an explanation of the angle,
see also Figure 27 in ch. 5.7.1).

f) The verification of the partial area loading at
the segment joints, including the verification of
the splitting tensile stresses, can be carried out
by means of a test-based design in accordance
with the preliminary remarks.

In all other cases, conventional reinforcement in ac-
cordance with ch. 5.6.1 must be provided (so-called
"hybrid segments”) to cover the splitting tensile
stresses at the segment joints.

= For DAfStB-RiL SFB, R.7.3.1 to R.7.3.4 - Verifica-
tions in the SLS - Verifications of crack width lim-
itation: For pure steel fibre reinforced components
with subcritical fibre content, calculations do not
show multiple cracking. The verification concepts
for crack width limitation in the SLS mentioned in
DAfStB-RiL SFB, sections R.7.3.1 to R.7.3.4 are there-
fore not suitable for standard steel fibre reinforced
concrete segments and cannot be applied.

Due to the small dimensions of the segments
and as a result of prestressing by external loads and
possibly by the thrust cylinders, no tensile stresses

can generally build up from restraint actions. Crack
width verification in the SLS from restraint stresses
therefore does not generally need to be carried out
for segments. However, practical experience shows
that with pure steel fibre reinforced segments, the
propagation of cracks that have occurred at the seg-
ment's edge further into the centre of the segment
cannot be fully ruled out. For further discussion of
this aspect, please refer to the comments in [38].

In the ring direction, it may be necessary to limit
the crack width in the SLS under the N-M stress-
es arising from external loads, for example to verify
durability in accordance with section R.1.1.2 (area
of application with regard to exposure classes) or
water impermeability in the case of waterproof con-
crete requirements. There are currently no suitable
verification methods available for pure steel fibre
reinforced components with a subcritical steel fibre
content. It is therefore recommended that, if nec-
essary, one of the following alternative verification
methods be used to verify the crack width limitation
in the SLS:

a) If the zero stress line of the N-M stress in the
SLS is mathematically located in the cross sec-
tion, the calculated crack width wy may be sim-
plified in accordance with DAfStB-RiL SFB, Eq.
(R7.11) as wy = s, - &ft. The tensile zone height
(h-x) should be used for sf,, and the edge tensile
strain of the steel fibre reinforced concrete from
the analytical verifications of the SLS for &f.

2 Note: The value sf,, is not to be understood
as a crack spacing for determining crack
widths from strains determined in numerical
calculations (FEM).

b) Compliance with the crack width requirements
must be verified using suitable numerical,
non-linear calculation models that include the
mathematical determination of crack widths.

¢) It must be verified that under the SLS loads
the lower fractile value of the concrete tensile
strength fcy 005 of the unreinforced concrete
according to DIN EN 1992-1-1, Table 3.1, is not
exceeded.

2 Note: It is common practice abroad to per-
form this verification against the mean con-
crete tensile strength fqm. This verification
method does not constitute a reliable crack
width limitation, but may be suitable depend-
ing on the respective project requirements.
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d) The crack width verifications can be carried out
as a "test-based design” in accordance with the
preliminary remarks.

= For DAfStB-RiL SFB, R.9.2.1.1 — Minimum rein-
forcement for ductile behaviour: Tunnels with
segmental lining are considered to be systems ca-
pable of redistribution, which develop an increased
inherent load-bearing capacity after initial cracking.
Therefore, no minimum reinforcement for ductile
load-bearing behaviour is required for tunnel seg-
ments.

5.11.3.2 Determining properties of the concrete in
tests

The classification of steel fibre reinforced concrete in

the performance classes L1 and L2 is based on the

results of a 4-point bending test of beam-shaped

specimens according to DAfStB-RiL SFB, Part 2, Annex

O - Test to determine performance classes.

To determine the post-cracking tensile strength
of steel fibre reinforced concrete, so-called CMOD
tests in accordance with EN 14651 [12] and RILEM
TC 162 [20] are now standard practice internationally.
In addition, extensive test results are available, both
nationally and internationally, from tests in accord-
ance with the DBV Code of Practice for Steel Fibre
Reinforced Concrete [17]. However, due to different
test and evaluation conditions, the calculated val-
ues obtained for the post-cracking strength are not
comparable with the performance classes of the DAf-
StB-RiL SFB. Consequently, the DAfStB Guideline SFB
does not allow “mixing or combining of regulations”
in section R.3.6.3.

S Note: The DAfStB-RIL SFB is currently being re-
vised and will probably take three-point bending
tests into account in the next revision.

If, in exceptional cases, the post-cracking tensile
strengths of steel fibre reinforced concrete cannot
be determined using the DAfStB-RiL SFB tests — for
example, because the testing laboratories are not
equipped for this — special considerations regarding
applicability and verification methods are required;
separate calibration tests may then be useful. In this
case, the involvement of an expert assessor is recom-
mended. Information on converting the post-crack-
ing tensile strengths of 3-point and 4-point bending
tests is given in [48].

5.11.3.3 Production Control
For steel fibre reinforced concrete segments, the reg-
ulations for production control in accordance with
DAfStB-RiL SFB [15], Part 2, Annex Q and Part 3 of
DIN 1045-3, Annex NB apply.

If the acceptance criteria for the result of the
post-cracking bending tensile test in accordance with
Table NB.4 are not met, the relevant segments must
be rejected and not installed. Alternatively, further
comparative tests of the post-cracking bending ten-
sile strength on additional retention samples or spec-
imens obtained from drill cores can be used before
the segments are installed. Alternatively , analytical
verifications for the performance class reduced in ac-
cordance with the test results may need to be carried
out.

6 Structural fire protection

6.1 Introduction

The requirement, type and extent of structural fire
protection for a tunnel lining are always to be con-
sidered and defined accordingly in association with
the operational protection measures (e.g. traffic
management and control, possibilities to drive into
safety/evacuation zones, escape routes design, fire
detection, smoke removal, ventilation, cooperation
with emergency services), and the risk to the tunnel
structure in the event of fire in accordance with the
relevant regulations.

Following the relevant regulations DIN EN 1992-1-
2 [8], DIN EN 1363 [21], RiL 853 [1] and ZTV-ING [2],
ensuring adequate stability and, if necessary, also ser-
viceability (watertightness, limitation of permanent
deformations) during and after a fire are named as
the key protection goals of structural fire protection
in tunnels. If necessary, sufficient load-bearing capac-
ity for the status of a subsequent refurbishment must
also be taken into account.

6.2 Actions

Measurements from fire tests in tunnels and the
evaluation of real tunnel fires show that tunnel fires
differ from fires in buildings both by the level of the
reached maximum temperatures and on the other
hand by the extremely rapid temperature rise at the
beginning of the full fire.

For the description of the thermal actions, usually
temperature-time curves are defined for the fumes
mixture. Figure 33 shows the temperature-time fire
exposure curves of relevant regulations.

The ZTV-ING curve (1) is usually applied for Ger-
man road tunnels. For German railway tunnels, the
EBA curve (5) is generally used, which corresponds to
the internationally more common EUREKA curve.

The RWS curve (2) from the Dutch regulations
used for both road and rail tunnels.
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Curves that are open to the rear side (e.g. RWS)
must be defined for the analytical consideration of
the cooling phase.

This must be specified on a project-specific basis.
In the absence of specifications, the cooling should
not be considered faster than described by curves (1)
and (5).

6.3 Possibilities for structural fire pro-
tection

Concrete spalls when heated to high temperatures;
the reinforcement and also the concrete lose their
strength and stiffness due to excessive heating. Ac-
cording to DIN EN 1992-1-2 [8], Table 3.2a, a re-
duction in strength occurs in cold-formed structural
steels from a temperature of 300 °C and in hot-rolled
structural steels from a temperature of 400 °C. If an
increase in temperature in the regular reinforcement
layer above these values can be ruled out, sufficient
load-bearing capacity can generally be assumed even
after the fire. If the steel reaches higher temperatures,
the reduced properties of the steel may need to be
considered. Fire tests have shown that the segments
can retain sufficient load-bearing capacity after the
fire even at higher temperatures in the reinforcing
steel.

The following measures are used for structural fire
protection:

» Cladding with fire protection panels or fire protec-
tion mortar, which have a heat-insulating effect, can
prevent the reinforcement layers from heating up

‘ DAVEB

intolerably or the concrete from being seriously
damaged.

= By using concretes with high fire resistance and cor-
respondingly low spalling, the remaining concrete
cover has a heat-insulating effect on the reinforce-
ment and the surrounding concrete. Increased fire
resistance of the concrete can be achieved, for ex-
ample, with an optimised concrete mix with the ad-
dition of PP fibres.

6.4 Fire protective claddings and fire
tests

6.4.1 Fire protection panels

For fire protection panels the mounting is part of the
protective system, as it must not lose its functionality
during the fire to prevent the panels falling off. Fire
tests are necessary to verify the heat-insulating effect
of the cladding and the load bearing capacity of the
mounting. Special cladding panels must be provided
in the vicinity of tunnel installations.

The service lifetime of cladding systems is limited,
which is why the panels usually have to be replaced
within the service life of the tunnel. Studies in [55]
suggest that this may even have to be done multi-
ple times. Particular attention should be paid to the
attachment of the fire protection panels in regard of
corrosion resistance. Since fire protection panels hide
the concrete surfaces underneath from inspection or
structural examination, their application can certainly
be considered critically.
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6.4.2 Fire protection mortar

Because of the fibre content, fire protection mor-
tar is relatively soft and elastic and therefore have a
crack-bridging effect. Harmful cracks in the load-bear-
ing concrete are therefore not transferred into the
mortar and consequently cannot be detected during
the mandatory regular inspections of the structure.
As mounting elements for signage, tunnel guidance
systems, etc. must penetrate the protective mortar
layer, special designs are necessary for fire protection
and for load transfer in these areas.

To ensure the protective effect of fire protection
mortar, sufficient adhesion to the structure by means
of sprayed application, adhesives or a mortar base
layer must be ensured.

As for fire protection panels, the service life time
of protection mortar is limited. This is one of the rea-
sons fire why protection mortar has not yet become a
standard application in practice and is primarily used
as a special measure.

6.4.3 Concrete with high fire resistance

In recent years, polypropylene fibres (PP fibres) have
been added to concrete to increase its fire resistance
and thus provide adequate structural fire protection.
This addition can significantly reduce spalling in the
event of fire and thus maintain the insulating effect
of the concrete cover. Monoor multifilament PP fi-
bres with a round cross-section and a smooth surface
should be used.

Fibre contents in the order of 1.5 to 2.0 kg/m3 are
common.

Current experience with optimised fibres has
shown that lower fibre contents can also be used with
the same fire protection effect. One way of demon-
strating the equivalence of the lower fibre contents
is to carry out comparative tests on concrete speci-
men with conventional PP fibres at a fibre content of
2 kg/m3.

Verification of adequate fire resistance must be
provided by large-scale fire tests on a representa-
tive section of the tunnel lining, by analytical stabil-
ity verifications taking into account the spalling that
is expected in the event of fire — usually determined
from fire tests with the selected concrete mix design
and addition of PP-fibres — or a combination of both
options.

If structural fire protection can be achieved by
means of the load-bearing structure, there are no re-
strictions with regard to inspections of the structure
and the detection of cracks. Structural fire protection
is effective for an unlimited period of time. Structural
fire protection with PP fibres therefore currently rep-
resents the standard case.

6.4.4 Fire tests

To ensure adequate structural fire protection and to
determine the in-situ spalling depths under real con-
ditions, preliminary fire tests can be carried out on
representative sections of the tunnel lining.

As a rule, segments with the same dimensions and
concrete composition as in the final tunnel must be
used as test specimens. In addition, the predicted
loading level in the segment is approximately applied
by means of horizontal and radial or vertical jacks.
In a fire chamber the specimens are exposed to the
required temperature-time curve (see ch. 6.2). With
smaller test specimens and test specimens without
loading, significantly less spalling than to be expected
in reality can occur in the tests.

Otherwise the tests are carried out in accordance
with DIN EN 1363 [21]. Parts 1 and 2 and according
to Schuck/Stading [53].

If the load-bearing capacity is maintained in the
fullscale tests, this can generally be regarded as a
criterion for adequate structural fire protection. For
a combined verification of tests and analysis, the
spalling depth that is determined in the fire-test can
be adopted as input value for the analytical verifica-
tion.

It is recommended to carry out tests in advance, at
least as small-scale fire tests, to check the suitability
of the concrete mix design and to determine an in-
dicative actual spalling depth. The above instructions
must be considered.

Project-specific specifications are recommended.
The necessary lead times for segment design on the
one hand and the time required to prepare, carry out
and evaluate the fire tests on the other hand must
also be taken into account.

6.4.5 Joints and watertightness

Generally, it can be assumed that the hot gases gen-
erated during a fire will, due to the limited gap width,
in the joints not lead to critical temperatures for seal-
ing gaskets on the outer side [47], [51]. If, on the oth-
er hand, major spalling should occur in the joint area,
the watertightness of the structure could still be jeop-
ardised. In real fires, e.g. in the Channel-, Great Belt-
and Follo Line-tunnels, it has been shown that severe
spalling occurred more frequently in the centre of
the segment, whereas at the segments edges, usually
webs remained or the visible damage only occasion-
ally extended up to the segment joints [52], [51]. It
can therefore be assumed that the sealing gaskets in
the segment joints are also adequately protected if
the spalling depth is limited.
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6.5 Analytical studies

The segments can be analytically verified using the
general verification method in accordance with DIN
EN-1992-1-2 [8]. The following aspects must be taken
into account.

A spalling depth that is determined, estimated or
specified through fire tests must be taken into ac-
count in the thermal and structural analyses. Refer-
ence values for spalling depths are given in RiL 853
[1]. To be on the safe side and due to the fact that
spalling usually occurs very early, it is assumed analyt-
ically that spalling occurs at time “zero” in the analy-
ses, i.e. immediately at start of the fire.

The temperature distribution in the segment
cross-section is determined with a prior thermal anal-
ysis for the relevant fire temperature curve or alterna-
tively, if available, by evaluation of temperature meas-
urements in fire tests. Due to their highly non-linear
character, this temperature distribution must be eval-
uated for several points in time, which should also
consider the decay period of the fire up to a point
in time after the fire. The temperature-dependent pa-
rameters of DIN EN 1992-1-2 [8] can be used for the
thermal analyses.

For the structural verification, the non-linear and
temperature-dependent material behaviour accord-
ing to DIN EN 1992-1-2 [8] can be applied. Differ-
ent points in time during the fire, for the decay of the
temperature load in the segment and for the condi-
tion after the fire are examined and in each case the
previously determined temperature distribution in the
cross-section is applied as a restraint load.

Due to the temperature-dependent stiffness and
strength over time and the cross-section height, the
loads vary greatly, which is why the analysis must be
carried out with several consecutive calculation steps.

The restrained loads arise in the segmental lining
rings on the one hand in circumferential direction,
due to the restrained deformations caused by the
tunnel bedding, and on the other hand, in the longi-
tudinal direction of the tunnel due to the restrained
expansion of the segments caused by the adjacent
rings. To determine the constraints in the longitudinal
direction, calculations using shell models are recom-
mended for the analytical verification of a fire event.

7 Earthing measures in tunnels

Due to the complexity of the earthing measures, an
adequately qualified and experienced electrical engi-
neer should be involved at an early stage in the con-
struction and design phase. The client need to specify
earthing requirements in the project or tender spec-
ifications.

7.1 Rail tunnel
7.1.1 Current return circuit and earthing for rail
tunnel

EN 50122 [22] can be seen as the normative basis for
the rail sector.

Basic principle (normal operation): In the sub-
station, the electric current is fed into the overhead
contact line and drawn by the consumer through the
current collector. The traction return current must
then be returned to the feed-in source by means of a
return conductor. This extended return conductor in
accordance with EN 50122 [22] is part of the traction
current circuit and should prevent the currents from
flowing back through the ground as much as possible.
Elements of the return conductor can be running rails,
return conductor rails, return conductor wires, etc.
Hereafter only conventional systems with overhead
contact lines or conductor rails for supplying traction
energy are discussed.

The return conductor is also characterised by
the fact that the circuit breaker is tripped upon
contact with an active part. This means that in
the event of a fault, for example if the over-
head contact line breaks, a short circuit will oc-
cur in order to switch off the overhead contact line
due to the high current flow through the low-resist-
ance connection.

Traction current return via the rails results in a po-
tential difference between the rails and the surround-
ing area (usually “earth”, i.e. zero potential), which
can pose a risk to people, animals and other objects
from an electric shock. To reduce the rail potential, rail
earthing is used with connecting to as many tracks
and return conductors as possible. Earthing is the
electrical connection between conductive parts and a
conductive medium ("earth electrode”) that is in con-
tact with the "earth” (zero potential).

At the same time, potential differences can occur
in any operating state — for example as a result of in-
duced voltage in metallic components — which can be
intolerable for people or other components. This re-
quires equipotential bonding (conductive connection)
or earthing of the track.

Electrically conductive components in the over-
head contact line area — i.e. the area whose limits are
generally not exceeded by a broken contact wire or
a broken catenary wire, see DIN 50122-1 [22] — and
in the pantograph area — the area whose limits are
generally not exceeded by a live current collector,
even in the event of breakage or derailment — must
be earthed.

In accordance with DIN 50122-1 [22], partially
conductive structures (reinforced concrete) must have
protective measures in the form of a connection to
the return conductor. Structures without electrically
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continuous reinforcement can, for example, have the
following precautions:

= Electrical connection between the reinforcements
of all parts of the structure and the return conductor

= |Installation of conductors or meshes to connect all
parts of the structure

= Connection of a few parts of the structure to the
return conductor

= |nstallation of conductors between the parts of the
structure that are connected to the return conduc-
tor. However, attention must be paid to the stray
current problem for direct current (DC) railways in
accordance with DIN 50122-2 [22].

If there are conductive or partially conductive com-
ponents in the overhead contact line area that cannot
carry the short-circuit current for the duration of the
protective reaction, buffer conductors (as a special
form of return conductors) must be provided in ac-
cordance with RiL 997.0223 [23].

7.1.2 AC railways
Alternating current (AC) railways are all 16.7 Hz/15 kV
or 50 Hz/25 kV railways. In Germany, the first-men-
tioned system is common in long-distance transport
and, with a few exceptions (Hamburg and Berlin
S-Bahn rapid transit systems), in local public trans-
port. Subways, e.g. the Berlin subway, are operated
with a DC voltage of 750 V.

Earthing for AC railways is regulated in RiL
997.0223 [23], for example. For single-shell sealed
tunnels, usually tunnels with precast segmental lining,

» Earthing for equipotential bonding with the rock
and

= Buffer conductors to allow short circuits in the
event of contact between the tunnel structure and
the broken overhead contact line

must be taken into account. In addition, a return con-
ductor wire can be used for each catenary near the
overhead contact line for partial compensation of the
magnetic field of the overhead contact line and as
an earthing bus for easy connection to parts of the
overhead contact line to be earthed.

The conventional reinforcement in reinforced con-
crete structures must always be connected to a return
conductor for equipotential bonding.

A distinction must be made between the following
applications for buffer conductors:

= Buffer conductors at rail level to create short cir-
cuits in the event of contact wire breaks. These are
used for equipotential bonding for escape and res-

cue routes and to protect installations in the track
bench. If buffer conductors are cast in concrete
in the track bench, a maximum concrete cover of
10 cm is permitted. Running rails are also included
in this type of buffer conductor.

= Buffer conductor halfway up between the imaginary
intersection of the overhead contact line area/side
wall and the escape or rescue route level.

2 Note: If available, this can also be accomplished
using a suitable handrail.

The return conductors mentioned must be connect-
ed across block joints and cross-connected approx.
every 250 m and also connected to the rails.

Particular features of segmental tunnels

Due to the large number of individual segments in
segmental lining, connecting the entire reinforce-
ment and therefore all individual segments for equi-
potential bonding has proven to be impractical dur-
ing construction and maintenance. In addition, due
to the direct contact of the segments with the ground
via the annular gap material, the spreading resistance
is significantly lower compared to sealing with plastic
liners; therewith the earth sensitivity (quality of the
earthing) is higher and thus a direct discharge takes
place.

This also means that the installation of dispersing
earth electrodes (earth electrodes with longer lengths
in the ground), e.g. in the area of connecting struc-
tures, is often not necessary for segmental linings.
However, this must be agreed with the designer of
the overhead contact line before the start of the pro-
ject, taking into account the boundary conditions of
the individual case. Tests to determine the conductiv-
ity of the subsoil should also be carried out as part of
the geotechnical investigation. Because it is not pos-
sible to have buffer conductors running in the con-
crete in the crown area, an internal return conductor
wire is installed above each overhead contact line in a
zigzag arrangement (+ 1.5 to 2 m).

Due to the high voltages in existing installations, it is
not possible to avoid buffer conductors in the track
bench area despite the better discharge.

7.1.3 Earthing and equipotential bonding of
other electrical energy systems

For AC railway tunnels, the entire earthing and equipo-
tential bonding system must be designed in addition
to the railway earthing; see for example RiL 954.0101
[24] and RiL 954.0107 (specifically RiL 954.0107A01)
[24]. Further regulations on electrical installations for
emergency management (e.g. tunnel safety lighting
and electrants) are listed in particular in RiL 954.9107
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DAY,

Figure 34

Buffer conductors in the
rupture area of the over-
head line (shoulder, side
wall, track) and in the
crown in the pantograph
area in form of a rope

[24]. An example of a complete earthing concept can
be found in the earthing manual [25].

7.1.4 DC railways
DC railways (usually 600 V or 750 V) include most
subways, tramways and, in special cases, rapid transit
systems (e.g. in Hamburg and Berlin). These differ sig-
nificantly from AC railways in terms of return current
circuit and earthing.

Only the track or a busbar should be used as re-
turn current conductor for traction energy. The reason
for this is that stray currents are more critical in the
area of DC railways than with AC railways. These can
lead to corrosion of metallic components. Regulations
on this are contained in EN 50122-2 [22]. However, in
all component protection considerations, protection
against electric shock in accordance with EN 50122-1
[22] always takes precedence.

Due to the stray currents, the return conductor
must be insulated from the rest of the tunnel. The
required cross-connection of all conductors (equipo-
tential bonding) is not permitted here in accordance
with VDV 501-1, 2 [26] and DIN EN 50122-1, -2 [22].

Conductive components in electrical contact with
the return conductor must not have a conductive con-

nection to components that are not earth-insulated. If
a connection to the return conductor is un- avoida-
ble to protect against electric shock, measures must
be taken in accordance with EN 50122-2 [22]. These
range from voltage limiting devices to insulat- ing the
structure’s reinforcement against earth.

DIN 50122-2 [22] contains calculation examples
for estimating the effects of stray current corrosion,
but due to the complexity of the measures, early in-
volvement of an electrical planner is recommended.

7.2 Road tunnels

For road tunnels, EABT-80/100 [27] applies with re-
gard to lightning and surge protection, whereby the
equipotential bonding to be carried out within the
tunnel tube is also described.

In tunnels with segmental linings, a continuous
earth connection between the individual segments
cannot generally be derived from these regulations
and is usually not implemented.

Earthing for the connection of electrotechnical in-
stallations must be interconnected.
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8 Durability

8.1 Requirements

The durability of the tunnel structure assumes its in-
tended load bearing capacity and serviceability —
taking appropriate maintenance into account — over
the entire service life. Generally, a service life time of
100 years is specified by the client for the load-bear-
ing system of segmental lining tunnels.

Inspection and maintenance options are generally
only available to a limited extent. In particular, chang-
es to the carrier's operating concept may change
the requirements for the clearance profile and must
be taken into account in the event of repairs. Based
on life-cycle considerations, how ever, maintenance
strategies are increasingly being developed in ac-
cordance with DIN 31051 in order to extend the ser-
vice life of the structure. The so called “structurally
usable space” of 30 cm, added to the radius, which is
specified for railway tunnels, is a good contingency
for later repairs. The more difficult areas for inspec-
tion and repair apply in particular to the surfaces that
are in contact with the ground, to the sealing gaskets
and to the joints that are no longer accessible after
installation. The same applies in principle to surfaces
that are covered by fire protection cladding, for ex-
ample. The following requirements must always be
met:

* Load bearing capacity of the ring and its individual
components,

= Watertightness against water under pressure,

= Avoidance of spalling, which can limit serviceabil-
ity (e.g. road safety), but can also impact the load
bearing capacity,

= Avoidance of excessive degradations such as corro-
sion and ageing effects in the materials concrete,
reinforcement steel (conventional or fibre rein-
forcement) or sealing and built-in components.

The following sections cover only segmental linings
with reinforced concrete segments. With regard to
the special characteristics of steel segments for instal-
lation, corrosion protection, transitions, etc., please
refer to ch. 10.2 and additional literature. The dura-
bility of the sealing gaskets is discussed in ch. 4. With
regard to analytical verifications for durability, refer-
ence is also made to ch. 5.10.1.

8.2 Ageing mechanisms

Segments are exposed to ongoing ageing from pro-
cesses attacking concrete and steel. The individual
mechanisms occur mostly in combination and may
enforce each other. They include:

= Carbonation of the outer surfaces that are in con-
tact with the ground or the air side surfaces respec-
tively, which causes the reinforcement to corrode,

= Sulphate attack due to sulphate-containing water
or subsoil with dissolving or driving effect, which
leads to sulphate crystallisation and sanding of the
surface, cracking and spalling at the surface, cracks
in the interior of the concrete structure and/or de-
struction of the concrete structure,

= Chloride attack from de-icing salts (for example, in
portal vicinity), saline water environment, possibly
the effects of fire causing corrosion of the reinforc-
ing steel,

* Mechanically abrasive wear of the inner surfaces
and edges, including from unplanned events (e.g.
also from tunnel cleaning),

= Accidents with or without the development of fire,
which can lead to partial or localised damage to the
lining,

= Degradation from thermal stress due to climatic
changes, such as frost-thaw cycles in the portal area,

= Contact corrosion of reinforcing steel with stainless
steel components, which is for example possible
with permanent longitudinal bolting, although usu-
ally not significant.

Unplanned cracking and spalling due to constraints
or mechanical action have an unfavourable effect on
ageing processes and should be avoided in favour of
a closed concrete structure with low porosity. Such
defects can occur at corners, edges, the ring joints
toothing or at the longitudinal joints. Possible repair
measures for spalling include, for example, surface
protection systems and, in the case of cracks, impreg-
nation and injections using epoxy resin, polyurethane,
cement paste or cement suspension, depending on
the crack width and type of loading.

With the usual concrete strengths for precast lin-
ing segments the depassivation front of carbonation
(pH values of <9) usually remains within the standard
concrete cover values over the life time.

On the other hand, in case of unfavourable condi-
tions, the penetration depths of chloride-containing
waters (with chloride ion concentration that is rele-
vant to reinforcement corrosion) can be significantly
higher than standard concrete cover values, which
then needs to be considered in the lining design.
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8.3 Recommendations to improve dura-
bility

The following boundary conditions are recommended
to improve the durability for tunnel lining segments
made of reinforced concrete or steel fibre reinforced
concrete:

= A robust design that does not reach the limits of
utilisation. This includes e.g.:

- Adequate segment thickness,
- Adequate width of the sealing gasket,
- Adequate reinforcement content,

- Use of a normal strength concrete at the upper
limit of the strength spectrum. This must on the
lower side provide adequate strength for the
expected loading, but should at the same time
have sufficient deformation or working capacity.
High-strength concrete mixtures are more prone
to brittle edge and corner spalling in the event
of unplanned edge pressures during installation
or transport, as well as from thermal actions. Re-
paired damages from spalling or cracks with larg-
er crack widths are often weak points in terms of
durability.

= A dense concrete structure with low porosity is de-
sirable particularly in the areas of concrete cover.
This must be ensured by:

- concrete technology (low w/c-ratios, balanced
grading curves, etc.),

- adequate production at the plant, usually with
closed steel formwork (compaction, adequate
curing, protected storage). The curing of the out-
er side of the segment is of special importance
because air pockets can gather here as a result of
the concreting process and top-closing moulds
(absorbent formwork systems on the tops or
manual curing and removal of segregated sur-
face concrete).

= Adhering to demoulding times

= Transport, storage and installation that avoid dam-
age (avoidance of cracking and necessary repair
works)

= Adequate concrete cover as specified in ch. 5.9.1
= Use of a securely fixed reinforcement cage

= Avoidance of unplanned mechanical loads (over-
loading, local damage) and unplanned exposures
(e.g. chloride or sulphate-containing backwater or
leakage water) by continuous structure inspections
and maintenance during operation

= Limitation of the analytical crack width in accord-
ance with ch. 5.10.2.

= Consideration of additional installation components
and anchorage devices (anchoring of pipes, fittings,
electrification, etc.) in the durability design.

= Use of other special constructions such as HDPE
concrete protection panels, polymer-modified pro-
tective layers, foils, etc.

8.4 Special considerations for the use of
steel fibres

Steel fibres can corrode when exposed to a relevant
aggressive environment; corrosion is, however, lim-
ited to the near-surface region. Due to the small fi-
bre di- ameter, the corrosion products do not lead to
spalling effects of the concrete matrix and the corro-
sion does not reach very deep.

The corrosion of the steel fibres on the concrete
surface can potentially be an aesthetic problem, but is
otherwise acceptable.

For the use of steel fibre reinforced concrete seg-
ments in aggressive environments (exposure classes
XS2, XD2, XS3, XD3), refer to ch. 5.11.3.

9 Sustainability, carbon footprint

9.1 Introduction

In the fight against climate change, the aim is to
achieve climate neutrality in all areas and, as an inter-
im goal, to significantly reduce greenhouse gas emis-
sions. Tunnelling can be an important tool in achiev-
ing this goal, as sustainable construction methods
focus in particular on issues such as recycling and pro-
tection of natural resources. Underground structures
protect the environment, as they help to reduce land
sealing, for example, and thus protect the soil and
groundwater, serve as heat reservoirs or as shelters
for natural disasters or as storage facilities for waste.
Only in recent years has the issue of sustainabili-
ty beeOnly in recent years has the issue of sustaina-
bility been increasingly taken up and addressed with
regard to tunnel structures. Different approaches and
assessments shape the discussion. In particular, when
assessing the sustainability of tunnel structures, a
large number of different performance indicators de-
scribing the ecological, economic, socio-cultural and
functional quality of the structure must be taken into
account. A defined and uniform assessment param-
eter or an assessment scheme for tunnel structures
does not yet exist in practice apart from the public
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approval procedures. For this reason, current discus-
sions generally focus on the "CO, emissions” during
construction of the structures that dominate public
perception. However, the use of resources is no less
important. Primary resources must be used multiple
times and protected. Tunnelling has significant re-
serves in this regard, as it already reuses excavated
material as far as possible, for example.

Due to complex soil-structure interactions and
high demands on the durability of the structures, tun-
nelling consumes considerable quantities of material,
the production of which is associated with significant
CO, emissions and resource consumption. Added to
this are CO; emissions from material logistics, which
inevitably occur during the construction of running
structures. Despite these enormous environmental
impacts, resource consumption-optimised and low
CO, construction methods in tunnelling — and in par-
ticular in mechanised tunnelling — have so far only re-
ceived sporadic attention.

As the topic of sustainability is becoming increas-
ingly important, it is addressed for the first time in
this recommendation. The recommendation is limited
to the minimisation of CO, emissions. However, it is
urgently necessary to assess sustainability on the ba-
sis of additional criteria, taking into account the func-
tional equivalent (functional equivalent = techni- cal
properties of a structure that must fulfill all examined
sustainability criteria, e.g. cross-section size, distance
between emergency tunnels, crack widths, etc.). In
this context, CO;, emissions from materials, logistics
and production are relevant for precast tunnel seg-
ments.

Sustainability is assessed for the entire civil engi-
neering structure throughout its lifecycle. This en-
sures a comprehensive assessment. In justified cas-
es, however, functional units or components may be
separated from the overall project, provided that a
comparability between different construction variants
is ensured. The recommendations given here must
therefore always be scrutinised in relation to the spe-
cific project and adapted if necessary. Socio-cultural
aspects, in particular, are becoming increasingly im-
portant in society and are included in the early stages
of the assessment of infrastructure schemes. These in-
clude, for example, the aspect of land sealing, which is
stopped in urban areas and replaced by green zones.
Tunnels are often the only way to combine the de-
sired mobility and quality of life.

Mechanised tunnelling in particular, with its high
potential for automation solutions with regard to
segment prefabrication and production optimisation,
is a key technology for modern transport projects and
their sustainable implementation.

9.2 Material

Worldwide, segments with CO, emissions of approx.
700 to 1000 kg CO,/(m3 segment) based on Portland
cement concrete mixes are identified as the standard.
Projects in the UK and elsewhere are pursuing alter-
native approaches to increasingly replace Portland
cements with blast furnace cements. Substituting
reinforcement with fibres is another way of reducing
CO5 emissions.

However, a significant reduction in CO, through
material changes in the area of cement also leads
to changes in manufacturing processes as a result
of longer demoulding times and modified material
properties. A precise quantification of these effects
based on reliable empirical values is currently not yet
possible. However, it is undisputed that a significant
reduction in CO, can only be achieved through dras-
tic changes to the materials used as concrete aggre-
gates and their production. The reduction or substi-
tution of the Portland cements is one possibility that
can already be considered in current projects.

It should be noted that the reuse of excavated
material in particular, e.g. in concrete production, has
considerable potential for a sustainable project and
should be more frequently used in the future as part
of the recycling process.

9.3 Logistics

The necessary transport processes on tunnel jobsites
result in CO, emissions, which should be limited if
possible. Local segment production using tunnel ex-
cavation material as an aggregate would, for example,
contribute to a reduction in transport volume.

The consideration of other emissions from the
construction process could be relevant in order to
identify the most sustainable construction method
from a variety of options: mobilisation, demobilisa-
tion, equipment operation, equipment wear.

9.4 Final considerations

There is currently no real alternative to the use of con-
crete in tunnelling. To increase the sustainability of
tunnel structures not only a more resource-efficient
and CO; emission-minimising use of materials can
contribute. Concrete is highly durable. A design that
is adapted to the material and using the structure for
as long as possible (also considering a change of use)
also contribute to improving the sustainability of tun-
nel structures. Current material developments show
the potential of new types of concrete.

Tunnel structures address many other aspects of
sustainability and should always be considered ho-
listically when comparing structures. The DAUB has
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decided to give the subject greater attention and to
develop recommendations for tunnelling as part of a
"Sustainability” working group. A white paper [60] has
recently been adopted that addresses all key aspects
and as part of the future DAUB recommendation sets
out the framework.

10 Special designs - cross passages,
steel segments, transition to cut
& cover sections

10.1 Cross passages

10.1.1 Introduction

Cross passages in tunnel tubes with segmental lin-
ing serve as escape tunnels between two tubes or
to emergency exits, as connection to stairways or as
service rooms. The cross passages are usually con-
structed with conventional tunnelling methods, less
commonly with the pipe jacking method. The layout
of the cross passages itself has few peculiarities. In
contrast, the transition between the segmental lining
and the cross passage is more critical in regard of de-
sign and structural aspects and will therefore be ex-
clusively discussed hereafter. Similar challenges also
often occur with shaft connections, niches, emergency
or breakdown bays and pump sumps.

10.1.2 Placement of the cross passage opening
The optimum formation of a cross passage opening
greatly depends on the specific boundary conditions
(cross-section of the main tunnel and the cross pas-
sage, geometry of the segmental lining and location
of longitudinal joints, construction method and lining
type of the cross passage, required clearance profile,
pipelines and cables, rock type, water pressure, seal-
ing concept for the cross passage, number of cross
passages, construction schedule, requirements for
corrosion and fire protection, etc.). The upper and
lower edges of the cross passages and their transi-
tions should be within the segment tunnel if possible.
It is advantageous if the height of the cross-passage
axis coincides approximately with the height of the
tunnel axis of the main tunnel.

Generally it is possible to design special segment
rings with steel segments in the cross passage area or
to install reinforced concrete segments with standard
geometry, the latter, however, often with increased
reinforcement and additional bolted connections/
dowels. The cross passage opening is taken or sawn
out of these special segment rings.

If special segmental rings are foreseen, it is advan-
tageous to arrange parallel rings of uniform width in

the area of the cross passage. This is particularly the
case if built-in parts are provided in the area of the
cross passages and the ring position is therefore pre-
determined. With tapered rings the location and or-
der of the rings must be determined in advance or be
limited. The key segment has special geometric pro-
portions and is for simplification often placed on the
side opposite the cross passage opening. To reduce
the number of special segments, a mirror-image ar-
rangement of the segments in the cross passage area
is desirable in both tunnel tubes. It should be noted
that this means that in both tubes the possibility of
TBM alignment correction is lost or limited in the area
of the special segments.

If ground freezing is to be executed from the seg-
mental lining tunnel, the structural analyses must take
into account the arrangement and location of the
freezing lances around the cross passage opening as
well as any freezing pressures acting on the seg- men-
tal lining.

10.1.3 Support of the Segments

The segmental lining rings are permanently interrupt-
ed in the area of the cross passage opening. In the
final state the normal forces are generally transferred
around the opening via in-situ concrete frames or
frames made of steel segments. The cast iron seg-
ments used in the past are no longer in use.

Because an in-situ concrete frame can only be
constructed after the breakout of the cross passage
opening, this solution additionally requires temporary
support of the segments during construction. This
can be done with steel rings, steel girder trestles or
frames transverse to the tunnel axis. It is also possible
to bolt or dowel the segments in the ring joints using
special connecting devices in the concrete segments.
Combinations of multiple measures are also possible,
whereby in this case particular atten- tion must be
paid to the realistic distribution of the loads on the
individual components proportional to their respec-
tive stiffnesses.

If segment frames or dowelling, respectively bolt-
ing, are used as support in the construction and the
final state, the bedding of the load-bearing rings in
the side wall must be ensured at all stages of con-
struction. Connecting devices between the segment
rings that are to remain permanently effective require
the corresponding approvals.

In case that the entire junction area is stabilized
all round by ground freezing, jet grouting or ground
injection, the stabilization my potentially replace the
temporary support or the load that needs to be trans-
ferred can be reduced to the dead weight of the seg-
ments plus a loosening pressure.

The analytical approach must take into considera-
tion that the loading and the bedding reaction are no
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longer effective in the area of the opening and possi-
bly beyond. This implicates that the load-bearing sys-
tem of the segment ring is disrupted, exhibits asym-
metries and transverse displacements between the
rings may occur. These must be reduced by appropri-
ate measures to a tolerable level. It is recommended
that any existing water pressures on both sides of the
tunnel tube be reduced as much as possible during
the construction phase.

10.1.4 Steel segment frames

In the past, in areas around cross passages steel seg-
ments were often used, which were bolted together
to form a rigid frame around the opening (Figure 37).
However, as this solution is comparatively expensive
and not very sustainable, alternative solutions have
recently established themselves.

Special steel segments must have the same ring
width as the standard segments; if necessary smaller
segments must be supplemented with additional spe-
cial elements to make up the full ring width. Bolting
of the ring and longitudinal joints must correspond
to the concrete segments. The longitudinal joints
must also be matched to the concrete segments. In
extension of the TBM jacks the steel segments must
be stiffened accordingly. Because of the tailskin seal,
the outer diameter of the special segments must cor-
respond to that of the standard rings, whereas the
inner diameter may be the same or larger.

When defining the inner diameter of the special
segments the requirements for corrosion and fire
protection must be clarified in advance, see ch. 6. For
corrosion protection steel coatings, an increase in the
steel plate thickness or concrete coatings are com-
monly used. For fire protection, fire resistant plasters,
fire protection panels or PP fibre-reinforced concrete
can be used. In order not to restrict the clearance
profile, the inner diameter of the special segments is
usually increased when concrete coatings and/or fire
protection panels are applied (see ch. 6).

For railway tunnels with electrification, details for
earthing and electrical through-connection of the
steel segments must be clarified in advance.

Steel segments usually also use circumferential
elastomer profiles as sealing gasket. Therefore a seal-
ing groove must be foreseen in the same way as for
concrete segments. Recessed corners are not permit-
ted. It is also important that the sealing gasket is not
damaged when the filling segments are removed.

The steel segment frames are also used to sup-
port the segmental lining ring during construction.
This requires sufficient lateral bedding reaction of the
rings. The required width for the bedding depends
on the load, the cross-section of the main tunnel, the
width of the transition frame and the geology.

At the latest before removing the filling segments
from the opening, the individual steel segments are
bolted together with high-tensile prestressed bolt
connections to form the rigid frame. This requires ap-
propriate mounting holes.

10.1.5 Bolting or dowelling in the ring joints
When using special segments, the segments can be
force-locked bolted or dowelled in the ring joints
above, below and next to the cross passage opening
(Figure 35). The coupling allows the normal forces of
the interrupted segment rings to be transmitted to
the adjacent rings.

Such structures can be designed both solely for
the construction stage and for the final state. If they
are merely for load transfer during construction, the
ring forces of the segments must in the final state be
absorbed by an in-situ concrete collar that is arranged
within the opening (bracket). If the connections are
considered for the final state, special requirements
must be considered for fire protection and corrosion
protection.

Since the load transfer may results in high local
stresses in the ring joints between adjacent rings,
usually special precautions are taken for the load in-
troduction into the concrete segments and the rein-
forcement is designed accordingly. The load on these
special segments usually requires a considerable high
reinforcement content.

Depending on the geotechnical and geometric
boundary conditions, forces in radial direction (i.e.
transverse forces acting in direction of the segment
thickness) may occur at the coupling points in the ring
joint in addition to the forces acting in the tangential
direction (i.e. normal forces that act in the ring direc-
tion). These forces in radial direction often determine
the load bearing capacity and thus the possibility of
using such type of construction.

For further information on coupling force trans-
mission, please refer to ch. 5.7.11.

10.1.6 Inward facing steel structures

Steel frames around a cross passage opening can ei-
ther be arranged inside the main tunnel cross-section
(Figure 36) or in the central area of the segmental
lining (see ch. 10.1.4).

Arrangement to the inside of the cross-section re-
quires the transmission of forces from the segmental
lining into the support structure via brackets, steel
mandrels or similar. In addition, the support structure
must be installed to allow full force transfer (poten-
tially with pre-tensioning of the struts), the deflection
of the bars must be taken into account and, in the
case of curved struts, their bedding must be ensured.
If the main tube consists of tapered rings, the tunnel
describes a three-dimensional curve. This must be
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Figure 35 Special segments with a bicone dowel (left) and a bolted solution (right)

considered in the design of the frame and the brack-
ets.

10.1.7 In situ concrete frames
In situ concrete frames between the segmental lining
tunnel and the cross passage are often used as the
final support of the tunnel lining. The level and the
segment division of the main tube and the level of the
cross passage are decisive for the design. In addition
to the clearance height of the opening, a sufficient
height of the bracket above and below the opening
is required for supporting the lining rings. Sometimes
problems are caused by necessary cable conduits or
drainage pipes in the invert of the cross passage that
may reduce the cross section of the lower bracket.

The in situ concrete frame serves together with the
inner concrete lining of the cross passage as stiff bed-
ding element for the steel segment frames.

In case of a double-shell lining construction the
in situ concrete inner lining, that is installed around
the opening in advance, can often act as temporary

£ E- \ - oo __ . '.‘;

igure 36 Steel frame construction Katzenbergtunnel

and potentially permanent support for the segmental
lining in the cross passage area.

10.1.8 Creating the cross passage opening

In most cases, the opening in the segmental lining
is realised using secant core drills and/or saw cuts
along the opening contour. However, filling elements
can also be used which close the later cross passage
opening during tunnelling and are subsequently re-
moved. The removal of such filling elements needs to
be considered already in the design of the cross pas-
sage opening.

10.1.9 Sealing of junctions

When designing the sealing of the junction between
the cross passage and the segmental lining the wa-
ter pressure head and the sealing type of the cross
passage are decisive. Possible solutions are an in-situ
concrete lining made of impermeable concrete with or
without an additional waterproofing geomembrane.

Figure 37 Steel segments as part of the cross passage
support
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A technical possibility for sealing the junction is
gluing the geosynthetic membrane of the cross pas-
sage onto the appropriately prepared outer face of
the segmental lining outside the cross passage open-
ing. Fastenings with fix-loose flange constructions are
also used.

The disadvantage of these solutions is that the
outer face of the segment is usually rough and
curved in one direction and the sealing system cross-
es the segment joints a number of times. These joints
must be cleaned and filled up to the depth of the
sealing profile to avoid water creeping at the clamp
construction. Backfilling with special grout is recom-
mended only at low water pressures. In any case, an
additional grouting hose should be foreseen. For
higher water pressures, a PU resin filling can be con-
sidered. In this case, however, considerable problems
with joint filling overhead can occur. PU also does not
adhere to the elastomeric seal. For further details and
possible solutions reference is made to the technical
literature on the subject (see e.g. [61]).

If steel segments are arranged around the cross
passage opening, a loose flange construction with a
joint sealing tape or a protruding steel flange can also
be subsequently mounted on the outer face or end
face of the segment.

Fix-loose flange constructions can generally
be used only for water pressure up to about 3.5 bar.

Differential settlement is generally possible be-
tween the main tunnel and the cross passage, but this
is often very small. When a reinforced concrete frame
is formed the expansion joint between the main
tunnel and cross passage is advantageously arranged
as a compression joint between this concrete frame
and the standard cross-section of the cross passage

10.1.10 Emergency locks

Emergency locks at the cross passage openings, that
are sometimes required by clients to prevent flood-
ing during construction are very expensive. The locks
must be designed for the full water pressure and are
therefore very heavy. On the other hand, they must
be quick and easy to close in the event of danger. The
pre-tensioning force for the lock is usually generat-
ed by the water pressure itself. Emergency bulkheads
that can be slid in from one side or drop gates respec-
tively flaps placed above the opening have been used.

10.2 Steel segments

10.2.1 Introduction

In the past, “steel” segments were mostly produced
as cast iron segments made from nodular cast iron.
Despite the steel-like properties of nodular cast iron,
these are not steel components. Today, steel seg-
ments are made from rolled steel sheets which are

welded to form a segment. Steel segments are gener-
ally used where, due to the loading or the geological
conditions, the tunnel lining is exposed to extreme
loads which can no longer be absorbed by reinforced
concrete segments.

10.2.2 Formation

Steel segments welded from rolled sheet metal usu-
ally consist of an outer shell plate, which forms the
watertight shell of the tunnel lining. On the inside
web plates are arranged in the circumferential and
the longitudinal direction of the tunnel, so that a kind
of casket segment is created. Together with the shell
plate the web plates arranged circumferentially ab-
sorb the ring forces consisting of normal force, bend-
ing moment and shear force. The web plates arranged
in the longitudinal direction of the tunnel are used to
transfer the normal forces in the longitudinal direc-
tion of the tunnel, for example, from the TBM jacking
forces. In some areas, the caskets can also be filled
with non-shrinking concrete ex works to improve the
transmission of compressive forces.

In both, the longitudinal joints and the ring joints,
the steel segments are connected by means of bolts.
Depending on the number and the preloading of the
bolts the connections can be made rigid and shear
resistant.

In a segmental lining ring either only single rein-
forced concrete segments can be replaced by steel
segments (see ch. 10.1.4) or the entire ring can be
formed from steel segments.

10.2.3 Production

For the production of the steel segments process re-
lated boundary conditions result that must be taken
into account already in the design phase.

The individual plates are first cut and then weld-
ed together to form segments. Welding results into
stresses and distortion in the sheets and the entire
segments. For this reason the final outer contour line
is formed only after welding by milling. The segments
are aligned in such a way that as little material as pos-
sible is milled. The holes for the bolts are also drilled
in this step. This ensures that the segments are suffi-
ciently dimensionally accurate and exactly fit together.

When determining the plate thicknesses the
amount for the milling plus a certain tolerance value
must be taken into account. It must be ensured that
minimum thickness of the plates, that is statically re-
quired, is maintained after milling.

10.2.4 Installation

The installation of steel segments is much more
complicated than the installation of reinforced con-
crete segments. This results from the low toleranc-
es for bolting, which requires a very much exact ring
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erection. The installation of the numerous bolt con-
nections is very time consuming. All bolts must be
tightened to their required preload which reduces the
tunnelling performance considerably. Usually special
adapter plates are required for the installation of the
steel segments with the erector.

Due to the production of the individual segments
offsets can occur on the inner side between adjacent
segments, although the bolt connections and thus
also the sealing profile perfectly fit together.

10.2.5 Fire protection

In order to ensure the fire protection in the final state,
it is possible to design the steel segments slightly
thinner than the reinforced concrete segments and to
provide a cladding with fire protection panels or fire
protection mortar. See also ch. 6 (Fire protection).

10.3 Transition to cut & cover sections
(e.g. at stations or portals)

10.3.1 Introduction

Stations, portals and other special structures are usu-
ally constructed as in-situ concrete structures using
the cut-and-cover construction method. To provide
for a tight connection between the segmental lining
and the in-situ concrete, a special transition structure
is required. This is usually ensured by means of joint
tape sealing systems. Fundamentally it must be differ-
entiated whether the sealing system should be per-
manently accessible and replaceable from the outside,
or whether it should be integrated into the concrete
structure and no longer accessible.

10.3.2 Replaceable sealing systems

Permanently accessible and replaceable sealing sys-
tems can be accomplished only with the help of a
clamp construction and an omega-type sealing pro-
file. For this purpose, complex fix-loose flange con-
structions are required. Appropriate fixed flanges
must be arranged for this solution on both sides of
the segment lining and the in-situ concrete structure.
An elastic joint tape is attached to it at both ends by
means of a loose flange.

For corrosion protection, the flange constructions
usually have to be of stainless steel. Because such
constructions are technically very complex and usual-
ly no deformations are expected between the in-situ
concrete structure and segmental lining, they are usu-
ally avoided.

For fire safety reasons, the joint tape must usual-
ly be protected against the effects of fire my means
of appropriate fire safety equipment (fire protection
mats).

10.3.3 Non-replaceable sealing systems
Constructions in which a joint sealing tape is embed-
ded directly into the situ concrete are less complex
(Figure 38). On the segmental lining side the seal
construction should be flanged onto the sealing gas-
ket frames of the adjacent segmental lining ring. It has
proven useful to provide an additional circumferential
insert made of raw rubber between the sealing gas-
ket frame and the sealing flange. The free end of the
sealing tape generally ties into the in situ concrete
construction made of waterproof concrete. Alterna-
tively, the joint sealing tape can also be connected to
an external sealing membrane.

To accommodate possible movements between
the in-situ concrete construction and the segmental
lining, the joints between the segmental lining and
the in-situ concrete structure should be designed as
expansion joints. Appropriate compressible materials
and joint sealing tapes that can accommodate the
movements should be used for this purpose.

Special fire safety precautions are not generally re-
quired because the joint tape is adequately protected
by the in situ concrete.

As valid for any joint construction, appropriate
grouting hoses should be provided for any resealing
that might be required at later stage.

11 Segment production and instal-
lation

11.1 Notes on the production of seg-
ments in a precast plant

11.1.1 Carousel/stationary production

Two types of production have become established in
the manufacture of segments stationary production
and carousel systems.

For stationary production, the segment moulds
are permanently positioned at a defined location in
the production hall. It is recommended to separate
the formwork from the concrete floor slab using an
elastomer bearing so that the vibration energy of the
vibrators can be fully transferred to the fresh concrete
via the mould base. Clamps fixed to the foundation
prevent the formwork from lifting off when the seg-
ment is lifted out. With this production method, all
consumables (reinforcement, built-in parts, release
agents, concrete) are brought to the formwork. The
concrete can be poured using buckets or directly from
the truck mixer. Heating pipes are placed under the
formwork to optimise the hardening of the concrete.
This production method should be selected if, for ex-
ample
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Figure 38 Transition construction with an L-shaped joint tape and raw rubber layer as well as sequence of

sealing elements

= A quick start to production is required,
= The production period is short (1 — 1.5 years),

= Segments only need to be produced for a single
project,

* The existing hall layout only permits this type of
production.

Stationary production is generally more labour-inten-
sive than carousel production.

In the more investment-intensive carousel system,
the moulds are moved on tracks by a drive system.
This should move the formwork as smoothly as possi-
ble using frequency-controlled drive technology. The
following areas/work steps are typical for carousel
plant production:

a) Production line — all the steps required for de-
moulding, cleaning, reinforcing and concreting
are carried out here

b) Lateral shift — the formwork is moved alternately
on a trolley to the lines of the curing tunnel

¢) Curing tunnel (often also called heat tunnel) — the
formwork is pushed into the curing tunnel by the
shift trolley. There are usually 3 zones with differ-
ent temperatures in the curing tunnel

d) Lateral shift — the formwork is alternately pulled
out of the curing tunnel onto the shift trolley and
returned to the production line.

With carousel plants, the term cycle time is usually
used. This describes the time required per work sta-

tion, including the shifting time to reach the next
work position.

A carousel plant usually allows two complete cy-
cles per working day. This means that each mould is
filled with concrete twice a day. The production out-
put is usually determined by the number of available
formwork sets and the curing time.

With stationary production, two fillings per work-
ing day are also possible. However, in contrast to the
carousel system, the number of formwork sets can be
increased at any time, thereby achieving a higher pro-
duction output.

Automation/use of robots

Both forms of production have automation options
that have already proven themselves in practice.
These include:

= Hydraulically opening and closing formwork: this
can significantly reduce the time and manpower
required. The plant technology also prevents incor-
rect operation of the formwork.

= Robots for cleaning the formwork: stationary robots
or robots mounted on linear units clean the form-
work quickly and safely and prepare it for its next
use. These robots also blow out residual concrete
and oil the formwork.

= Robots for surface finishing: stationary robots or ro-
bots mounted on linear units smooth the surface of
the freshly poured segment.

Other automation options (fully automated demould-
ing gantries, semi-automated concreting equipment,
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use of image-processing camera systems, etc.) are
also possible and already in use.

11.1.2 Concrete: production and monitoring

The strength class of the concrete must be defined in
advance in accordance with DIN EN 206 and verified
by a specified date at the latest. According to ZTV-
ING, Part 7 Tunnelling, section 3, clause 7.2.2.1, a min-
imum compressive strength of 15 N/mm? is required
for lifting. For anchored gasket frames, a minimum
compressive strength of 18 N/mm? is recommended
to prevent the sealing gasket from being pulled out.
If demoulding is planned with a lower compressive
strength, a structural analysis must also be carried
out for this. The conditions of segment production (in
particular the type of lifting equipment) must be tak-
en into account. As general rule, the early strength can
only be determined on the demoulded segment in
maturing storage. Determination of the early strength,
which is recommended once per production shift, is
carried out on the segment surface. These values are
on the safe side compared to the strengths in the core.

Due to heat treatment, segments often experience
a deviation from the standard-compliant storage of
the test specimens in the form of an increased tem-
perature during curing. The strength should therefore
also be verified on heat-treated test specimens from
steel moulds. The core temperature of the segment
should not exceed a concrete temperature of 55 °C. A
fresh concrete temperature between 18 °C and 25 °C
is recommended. Fresh concrete with temperatures
above 30 °C should not be used.

If necessary, the strength of the finished segment
can be verified using non-destructive testing (e.g. re-
bound hammer) on the basis of DIN EN 12504-2.

The tests for monitoring the concrete should gen-
erally be carried out in accordance with DIN EN 206
and DIN EN 13369.

For fibre-reinforced concrete with increased fire
protection, DIN EN 14889-2 must be used for the PP-
fibres. To determine the fibre content, please refer to
the OBV guideline “Increased structural fire protec-
tion for underground traffic structures made of con-
crete” and the ZTV-ING, Part 7 Tunnelling, section 1,
appendix B. Principles of structural fire protection can
be found in ch. 6.

11.1.3 Reinforcement: production, installation,
positional stability

It is recommended to use welded cages for segment
production, as this reduces the overlap and anchoring
lengths, leading to a reduction in the reinforcement
content. It also results in increased dimensional ac-
curacy and a low-deformation storage option for the
cages. Partially welded cages are also possible.

Welding robots are increasingly being used today
for the production of welded cages. These offer the
advantage of high availability in terms of time and
enable traceability of the individual welds (welding
time, current consumption) with regard to quality
assurance. The high demands on the position of the
intersection points to be welded must be taken into
account, especially when welding on the entire cage,
so that welding is possible at all. Furthermore, the re-
quirements for minimum distances and production
tolerances resulting from automated production must
be coordinated in advance during reinforcement de-
sign and taken into account accordingly.

When producing the reinforcement, particular at-
tention must also be paid to the dimensional accura-
cy with regard to the durability of the segments. In
the case of structurally required force transmission
of welded joints, the respective shear factor (e.g. SF
50) must be specified for the relevant connections.
Compliance with the specifications must be verified
at regular intervals. Only welders with appropriate
certificates of competence in accordance with EN ISO
17660 should be employed.

It is recommended to maintain a maximum of one
diameter increment for welds between load-bearing
and structurally welded bars.

Weldable reinforcing steel B500 B in accordance
with DIN EN 10080 must be used for the reinforce-
ment.

EN ISO 17660 -1, -2 (Welding of reinforcing steel)
must be used for welded reinforcement.

The number and position of the concrete spacers
must be selected depending on the geometry of the
reinforcement cage. For light and unstable cages, the
number of spacers must be increased (also in devia-
tion from the standard).

In tunnel segment production, point-type spacers
made of cast concrete or fibre-reinforced concrete,
which are mounted on the intersection points of the
meshes, have proven effective. Plastic spacers are of-
ten not approved by the client.

In the course of quality assurance, particular atten-
tion must be paid to checking of the concrete cover.
Non-destructive measuring methods have proven ef-
fective for this purpose. It is advisable to agree the
measuring method that is to be used between the
contracting parties in advance.

11.1.4 Reinforcement: use of steel fibres

In addition to using conventional reinforment for the
segments, steel fibres are also applied. The steel fibres
must be certified in accordance with DIN EN 148809.

In accordance with the DAfStB Guideline for Steel
Fibre Reinforced Concrete [15] the designer deter-
mines the performance class of the steel fibre rein-
forced concrete as part of the design, see also ch.
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5.11. The composition of the concrete, including the
type and quantity of fibres, is determined by the man-
ufacturer of the steel fibre reinforced concrete. The
required equivalent bending tensile strength is con-
firmed by means of preliminary tests, in accordance
with the requirements of DIN EN 12390-1, with the
specified concrete mix design and different steel fi-
bre contents. Aggregates with a maximum grain size
of 16 mm for round grain and 22 mm for crushed
grain are recommended. The length of the steel fibres
should not be less than 1.5 times the maximum grain
size. The higher the desired fibre content, the lower
the proportion of coarse aggregate should be.

The steel fibres are usually added to the fresh con
crete mix using a dosing system with a vibrating de-
vice for separating the fibres. This is filled with steel

fibres from big bags. To prevent moisture-induced
sticking of the fiber bundles ahead of production,
these systems should be enclosed and protected from
damp weather. The desired quantity to be added per
batch in kg is set on the weighing instrument or in
the mixing computer. The fibres are added to the ag-
gregates on the discharge conveyors, in the inclined
elevator bucket, in the weighing hopper or directly
into the mixer. Mixing the fibres with aggregates be-
fore adding the binder facilitates the breaking up of
the fibre packages and helps to reduce fibre balling
in the fresh concrete.

Maintaining a minimum mixing time in the mixing
plant for each batch after adding all materials is rec-
ommended as follows:

* One minute for particularly good mixing action
(twin shaft compulsory mixer, pan mixer with agi-
tator),

= Two minutes for all other concrete mixers.

Addition of the fibres into the truck mixer is also
possible. If the fibres are added as continuously as
possible and the drum rotates at maximum speed, a
mixing time of at least five minutes after adding the
steel fibres is recommended. The mixing time per cu-
bic metre of fresh concrete in the drum should not be
less than one minute.

The exact quantity (£ 1-2 % deviation) of steel fi-
bres is determined by negative weighing.

The following tests should be carried out at regular
intervals during production:

= Strength determination on the bending beam,
= Washout test,

= Test specimens to determine fibre distribution in
the cross-section,

= Retention samples.

The influence of the addition of steel fibres on the
compaction behaviour of the segment concrete
during vibration is negligible. Excessive compaction
should be avoided, as this can lead to an uneven dis-
tribution of the steel fibres.

The “Inductive Method” [20] was developed as a
non-destructive test to determine not only the fibre
content but also the distribution and orientation of
the fibres.

11.1.5 Concreting: vibration, compaction, curing
Two processes must be taken into account when con-
creting and compacting tunnel segments:

= Placement and distribution of the concrete: due to
the given shape and the mould covers, the concrete
usually has to be placed centrally in the formwork
and then transported to all sides, especially the cor-
ners, by the vibration energy.

= Filling the formwork and compacting (removing air)
the concrete: filling the concrete in layers at high
compaction energy and air release from concrete.

External vibrators are used in most segment form-
works. These are attached to the underside of the
formwork base. Attaching the external vibrators to
the lateral formwork is not recommended, as this
would lead to the tolerances being exceeded in the
segment width. Compressed air vibrators are usual-
ly used. It has been shown that these vibrators are
sufficiently suitable for the two above-mentioned
processes and are gentle on the construction of the
steel formwork. Electric vibrators are often used for
segments with larger lengths and thicknesses (>0.5
m), as the controllable compaction frequency enables
a purposeful distribution and compaction even with
these large dimensions.

The compaction vibrators should always be con-
trollable in groups so that optimum compaction of
the concrete is possible in all areas and filling states.

Vibration time and intensity should always be re-
corded by the concreting supervisor.

The use of vibrating tables is also possible, but has
so far only been carried out very rarely.

Curing

The concrete for tunnel segments must be cured
at least until the cube compressive strength of the
concrete is at least 60 % of the average cube com-
pressive strength of the conformity test or exceeds a
cube compressive strength of 30 N/mm?, whichever
is higher.

If curing agents are used, a sufficiently high seal-
ing coefficient must be ensured for effectiveness.
Compatibility with subsequent coating systems must
be investigated.
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The young segment must be protected against
rapid cooling; the cooling rate at the surface should
be max. 10 K/h. The temperature difference between
the surface and the ambient temperature should be a
maximum of 25 K when moving to the outdoor stor-
age area.

11.1.6 Demoulding

Once the concrete has reached its demoulding
strength, the segment can be lifted out of the form-
work. The use of a vacuum suction plate is preferred.
This enables gentle and safe demoulding and trans-
port.

The crane and vacuum suction plate must be de-
signed in such a way that the segment can only be
lifted out once the vacuum has been fully established.
In addition to the design safety factors, the suction
plate must also pass a test that simulates a power fail-
ure and thus a stop of the vacuum pump. According
to DIN EN 16191, Tunnelling machines, it must be
demonstrated that the vacuum is maintained for at
least 20 minutes after the power supply or the vacu-
um pump fail.

Additional safety is provided by attaching belts or
using safety arms that reach under the segment after
demoulding to prevent it from falling.

When dimensioning the vacuum suction plate and
the demoulding crane, the lifting force should always
be added. This additional force is usually caused by
the segment sticking to the formwork. As general rule,
at least 30% of the total weight of the segment and
lifting device should be added. According to DIN EN
13155:2020, vacuum lifters must be dimensioned in
such a way that they can still hold at least twice the
load capacity at a distance to the end of the working
area or at the beginning of the danger zone.

When using a vacuum suction plate, the location
of use must already be taken into account in the de-
sign phase of the device. For example, when used in
geographically higher production facilities, additional
safety measures must be taken into account.

A reduced suction area must be considered in the
design if the suction area is restricted by the covering
of installation parts, e.g. anchor rails.

Attention should also be paid to the evenness of
the outer surface (rock side). Larger local offsets pre-
vent the buildup of a vacuum, thereby impairing func-
tionality and/or reducing safety.

Mechanical gripper systems

Mechanical grippers can also be used for smaller seg-
ments, usually with a segment weight of less than
4 t. For this purpose, the lateral formwork is opened
slightly wider and the gripper clamps the segment
between rubber or plastic claws. The dowel openings
in the ring joint are often used to centre the gripper

system. Lifting, on the other hand, takes place pure-
ly by friction and is therefore limited by the available
surface area and the compressive strength of the con-
crete.

The advantage of this system is the integration of
a simple turning device. This means that, if necessary,
the segment can be turned into the final installation
position immediately after demoulding.

11.1.7 Equipment

The tolerance specifications must be observed and
continually checked for all built-in parts of the seg-
ment.

Particularly high demands must be placed on the
quality of the concrete structure for the main equip-
ment parts, such as the gasket frame. Care must be
taken to ensure that the sealing groove is dimension-
ally accurate and free of voids before the seal is in-
stalled. Cracks crossing grooves, if permitted, must be
repaired beforehand.

For reliable bonding of the sealing gasket in the
groove, the groove must be brushed out with a hard
brush and blown out with oil-free compressed air be-
fore applying the adhesive. The use of a jacking frame
is recommended to achieve an even fixation of the
gasket frame.

When using anchored gasket frames, it is recom-
mended that sections of the gasket be removed at
regular intervals from the rejected segments in order
to obtain information on the condition (especially the
presence of voids) of the concealed areas.

If packers are foreseen in the ring joints, it must be
ensured that the adhesive is applied evenly; the use of
self-adhesive packers is recommended. The materials
used must be resistant to weathering for a sufficiently
long storage period of the segments or should oth-
erwise only be applied at a later date. Self-adhesive
plastic packers are a good alternative to convention-
al packers that are usually made of swellable wood-
based materials.

Currently, the proportion of jobsites that com-
pletely avoid the use of packers for segmental linings
is increasing. An increase in defects attributable to the
lack of packers can only be observed to a small extent,
if at all.

When using guiding rods in the longitudinal joints,
it is preferable to install them at the precast plant us-
ing pins instead of adhesive. Pins are small anchor
nails that are attached to the end formwork and then
cast into the segment. After demoulding, the guiding
rod, which already has holes for the pins, can then be
attached to them. Gluing is not required.

In the case of anchor rails cast in concrete on the
inside, appropriate precautions must be taken for vac-
uum lifting devices, e.g. covering the anchor rail inside
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the suction plate with a foam pad to ensure a safe
vacuum build-up.

11.1.8 Survey

To determine compliance with manufacturing toler-
ances, in addition to the necessary survey on indi-
vidual segments, surveys on the complete segmental
lining ring are also useful. The respective locations for
survey should be specified in the construction con-
tract.

Test ring, virtual test ring and virtual ring building

A test cast is often made after the first formwork set
has been produced and a single-layer or double test
ring is built from this. The test ring should be built
without the EPDM gasket, as the gasket cannot be
compressed by bolting or tensioning of the ring. Af-
ter assembly, the ring is measured (inner diameter,
outer circumference). Other dimensions can only be
checked to a limited extent or not at all.

The tolerance values (see ch. 3.5.2) apply to meas-
urements on the young segment. During the control
measurement, the component and ambient temper-
ature must be recorded and taken into account when
evaluating the survey results.

An alternative and much more meaningful option
is to create a virtual test ring. Here, the survey data of
the formwork or a segment can be used and virtually
assembled to a ring. Deviations on the ring can be
precisely identified with this method. The survey re-
sults from several sets of formwork can also be used
and assembled to several rings. It is also possible to
record and evaluate the position of the built-in parts.

Virtual ring building can also be used to assemble
manufactured and measured segments with toler-
ance deviations to acceptable lining rings.

Formwork before first use

When producing the formwork, the formwork man-
ufacturer creates a 3D certificate for factory accept-
ance. After transport and assembly on the jobsite or
in the precast plant, a 3D measurement should be
carried out again. In principle, the formwork manu-
facturer should constructively provide a possibility for
readjustment.

Frequencies

After the initial survey on the jobsite or in the precast
plant, the segments should be measured at regular
intervals. A new formwork measurement should only
be carried out if significant deviations are repeatedly
detected during segment survey. The measurement
intervals after 1, 5, 50 and then after every further
100-250 shuttering operations have proven to be
practicable. If manufacturing tolerances are exceeded
during a measurement, the affected segments should

be randomly remeasured in a backward sequence up
to the last measurement where the tolerances were
met. Segments exceeding the tolerance limits must
be examined separately.

Type of measurement

Various survey service providers offer 3D laser tracker
measurements. The type of survey (devices, number
of survey points, etc.) and evaluation software is not
standardised. Different survey and evaluation tech-
niques have an influence on the measurement results.
A survey regime that is accepted by all parties should
be established before formwork and segment pro-
duction begins.

Rod micrometers, templates

During production, a regular quick check of the seg-
ment length in the formwork using a rod micrometer
is advisable. Diagonals can be checked using a preci-
sion tape measure. These measuring methods do not
meet the requirements of a 3D measurement, but any
deviations can be detected quickly. Impact marks in
the joint area of the side formwork indicate whether
the formwork is properly closed.

In addition, 3D templates can be used to locally
determine deviations of the side and end formwork
using sensors. However, since these results do not
provide information in geometric space, modern seg-
ment producers no longer use these templates and
instead prefer the 3D laser tracker method.

11.1.9 Transport and storage

During the production process, segments are moved
several times at an early concrete age. Gentle meth-
ods such as the use of vacuum lifters have proven
effective in the past. Grippers equipped with rubber
buffers are also able to move the young precast ele-
ments without causing damage.

When using mechanical segment clamps or forklift
tines, precautions must be taken to prevent spalling.
For this purpose, resilient supports or polyamide pads
should be used.

The edges and corners of the segments to be
moved must remain free of load. Appropriate edge
distances must be maintained for the load-bearing
points of the lifting equipment.

To avoid damaging the gasket, segments with
sealing frames should generally be stored in a hori-
zontal position. Segments without sealing frames can
also be stored upright on the ring joint.

For stacked segments, in addition to ensuring
a sufficiently load-bearing surface, it is important
that the stacking blocks are aligned as precisely as
possible. A placement template or markings on the
segment can be helpful for this purpose. For larger
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segments and higher stacking, a three-point support
system is recommended.

11.1.10 Documentation during production

To clearly identify a segment, a negative imprint is
embedded in the formwork, usually on the formwork
base. Typically, the formwork type and set number are
stamped into the concrete. However, interchangeable
matrices can also be used, to include additional in-
formation such as the production date and the seg-
ment’s serial number.

Central database

In general, a data management system is recom-
mended. The core of the system is a central computer/
server where all production data can be collected and
analysed. Modern management systems operate with
real-time data.

Documentation of production steps

The documentation of individual process steps is car-
ried out using a scanner with a user interface. The re-
sponsible operator logs in with their name or ID and
selects the process step to be documented, such as
the placement of the reinforcement cage. First the
formwork is scanned (using a barcode or QR code)
followed by the code on the reinforcement cage. The
system verifies whether the correct cage has been
selected and records the installation. This links the
formwork or the emerging concrete segment to the
reinforcement cage.. Another example is the docu-
mentation of the "demoulding” process step. During
demoulding, the formwork is scanned recording the
demoulding time and thus the concrete age at the
time of demoulding. After demoulding, the segment
receives one or more barcode labels containing the
serial number and the production date.

Documentation of acceptance processes

After demoulding, the young segments undergo
a quality inspection. Using the attached barcode, any
damages can be documented, along with the corre-
sponding repair process. Related photos are also at-
tached to this data record.

Measurement results from routine inspection can
be clearly assigned to the segment via the serial num-
ber contained in the barcode.

If segments do not meet the quality requirements,
they can be systematically blocked from being used in
tunnel installation.

Documentation of concrete batches with compo-
nent assignment

For clear traceability, the concrete batches used must
be assigned to the respective segments. For this pur-
pose, the data of the mixing plant or the respective

C

delivery batch should be assigned to the segment via
the serial number. In some cases, it is also helpful to
include an individual barcode or QR code on the con-
crete delivery note. This code can be scanned at the
installation site to associate the concrete batch with
the formwork and, consequently, with the segment’s
serial number.

Storage and retrieval timing

By collecting production data and using a segment
identification number, the removal of the segment
from the production hall and its storage in the exter-
nal storage yard can be documented. This also allows
for verification of the concrete age ,ensuring that only
segments that have reached the required curing time
are approved for shipment.

A simple storage management system can be im-
plemented with a black-box storage approach, where
only the entry and exit of segments are recorded.

However, more advanced warehousing manage-
ment programs are available, that document not only
the storage and retrieval times but also the exact stor-
age location and stacking order. In such systems, the
crane operator receives information on which stack
should be retrieved next, either following the First-In/
First-Out principle or based on crane positioning to
minimize unnecessary crane movements.

These warehouse management programs are es-
sential when dealing with a large variety of segment
or ring types, such as rings with different reinforce-
ment configurations or concrete grades.

Tunnel Installation with ring number, ring posi-
tion and location assignment

The segment ID on the barcode can also be used in
conjunction with a scanner during ring assembly in
the tunnel. The ring number, ring position etc. can be
combined with geological, hydrological and tunnel-
ling machine data and recorded in the digital con-
struction log-book.

This data records can be crucial for future damage
analysis.

The data collection process can also be automated
using readers attached to the erector suction plate.
The same applies to all transport equipment such as
clamps, cranes, and multi-service vehicles (MSVs).

RFID tags Tracking

In addition to adhesive barcodes, RFID tags (usually
embedded in plastic plates) can be permanently in-
stalled in the concrete and visibly placed on the inner
surface of the segment. This allows for easy segment
identification using a reader, even at a later stage. The
RFID system also enables a seamless connection to
the database and the segment or tunnel history.
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However, identifying individual segment IDs via
RFID in the tunnel is generally only possible when in
close proximity to the respective segment. For reading
RFID tags on segments located in the tunnel crown,
the use of a working platform may be necessary.

11.2 Tunnel excavation and ring assembly

A tunnel excavation manual as specified in ZTV-ING,
Part 7, section 3 describes the excavation process
including ring assembly. The following execution
recommendations are provided for inclusion in this
guideline document.

Typically, ring assembly is carried out after the
completion of excavation and once the required
shield extension for ring assembly has been reached.
However, recent developments show that with ap-
propriate TBM modifications, including an extended
shield tail and additional thrust cylinders, segment
installation during excavation is also possible. In this
method, individual thrust cylinders are retracted dur-
ing excavation, allowing for the installation of a new
segment. The adjacent segments next to the newly
installed one must be designed to withstand higher
thrust forces and the absence of lateral bedding dur-
ing this process.

11.2.1 Ring type and assembly position

The selection of the ring type to be installed (e.g.
standard ring, left/right ring, special ring with built-in
parts, etc.) is based on the tunnel design and the cur-
rent advance position of the TBM. The TBM initiates
an order to the intermediate storage facility, from
where the corresponding segments are loaded and
delivered.

During lifting operations and loading of transport
vehicles, special attention must be paid to the correct
stacking sequence of the segments. When transport-
ing segments inside the tunnel and unloading them
onto the TBM's segment feeder, they must be placed
in the required assembly order. Due to limited space
conditions, extra caution is necessary. The permissi-
ble ring assembly sequences and ring orientations
must be defined as part of project work preparation.

The tunnel lining generally follows the TBM, which
in turn follows the designated tunnel alignment ad-
vance.

To ensure that the segmental lining follows the
tunnel alignment and compensates for steering move-
ments, rings are typically designed conically and in-
stalled with an angular offset relative to each other.
During construction, the optimum ring or key segment
position is usually suggested by the automatic ring
sequence calculation of the TBM navigation software.
This calculation considers parameters such as target
tunnel alignment, actual TBM position and deviation,

differences in thrust cylinder stroke lengths and clear-
ances between the last installed ring and the shield tail.
The final decision regarding the final ring position is
usually made by the responsible shift engineer.

11.2.2 Ring assembly

Prior to ring assembly the tailskin must be cleaned
to ensure a safe and flawless assembly process. It is
essential to make sure that no dirt or contamination is
present in particular in the contact areas between the
segments, on the sealing gaskets and in the contact
points between the segment and the erector. When
using vacuum suction plates, the erector's access
holes must be free of water and ice. Additionally, it is
necessary to verify that the vacuum effect is sufficient
in relation to the altitude of the jobsite.

During ring assembly, the segments must be in-
stalled floating with sufficient clearance from the
shield tail, ensuring that they do not rest against the
shield tail or the deflection strip. Segments should be
installed without misalignment at both the longitudi-
nal and circumferential joints, and collisions with ad-
jacent segments must be avoided.

Markings on the inner side of the segments near
the ring joints, e.g. in the form of notches, have prov-
en useful. Plastic centring devices in the longitudi

nal joints and in particular in the ring joints have
been beneficial in practice (see ch. 3.3).

The ring face at the thrust side must be even to
prevent localized stress concentrations, which could
lead to cracking or concrete spalling. A reliable indi-
cator for this evenness is the stroke measurement of
the thrust cylinders, from which the surface flatness
can be determined through cross-comparisons.

To prevent displacement of the sealing gasket
frame in the longitudinal joints, the gaskets may be
lubricated with a compatible material before instal-
lation. However, it is crucial to prevent lubricant from
reaching concrete contact surfaces, especially at the
key segment. The segments should be moved to-
gether in the longitudinal joint as much as possible
without the gaskets making contact.

Compression in the longitudinal joint

The erector must exert sufficient force in any ring po-
sition to overcome the restoring force of the sealing
gasket. The bolting through the longitudinal joint
must prevent the sealing gasket from relaxation.

The temporary bolting in the longitudinal joint can
only be removed once the surrounding annular gap
backfill material is able to transfer the minimum sur-
face stress that is required to compress the gasket
profile into the rock.

Therefore, the earliest time for removing the bolt-
ing is dependent on the strength development of the
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annular gap filling material and not on the advance
rate.

Compression in the ring joint
Typically, the pressure of the thrust cylinders exceeds
the pressure necessary for ring assembly. Therefore,
when using segment bolts, it is necessary to retighten
them during the next thrust stroke. When using plug-
in dowels, it must be ensured that the applied forces
are sufficiently high for the dowel to engage properly.
The ring face of the most recently installed ring
should be regularly measured, at least every 10th ring,
to determine deviations from the ideal plane. Devia-
tions from the ideal plane of approx. 1-2 mm can of-
ten be compensated for during ring assembly — espe-
cially if sufficiently soft packers are applied; However,
larger deviations require special measures to create
an ideal joint plane. The previously common practice
of inserting intermediate layers has proven to be only
partially effective, as the increased joint gap can lead
to sealing problems if the gasket profiles are not de-
signed for such gap. Therefore, this measure should
only be used as a last option and should not be con-
sidered standard practice.

Key segment installation

From the beginning of ring assembly, it is essential to
ensure a dimensionally accurate installation. Depend-
ing on the size of the key segment, the use of tem-
plates is recommended.

The key segment must be installed without con-
straint to avoid damage, yet the installation tolerance
should not be too large. The use of lubricating soap
on the gasket frame to facilitate a stress-free installa-
tion should be carefully considered if there is a higher
risk for the key segment slipping inwards. A decisive
factor is the radial inclination of the longitudinal joint.
The risk of the tapered key stone slipping out towards
the backside without bolting in the ring joint increas-
es as the key stone becomes smaller and the angle of
the longitudinal joint's conicity increases.

11.2.3 TBM advance

Position of the thrust cylinders

When positioning the thrust cylinders on the seg-
ments, particular attention must be paid to the posi-
tion and direction of the jack shoes in both tangential
and radial direction. The predefined permissible lim-
its for any rolling between the segment ring and the
shield or jack shoe must be observed. The same ap-
plies to the radial eccentricities of the jack shoes that
have been considered in the segment design. Cor-
recting measures must be initiated in a timely manner
before reaching the maximum permissible value for
rolling in order to ensure that the thrust cylinder forc-

es are introduced in the designated contact surface
areas of the ring joints.

The maximum value for rolling is usually limited to
around 2°. With increased effort during tunneling, a
limit of around 1° can also be achieved.

For single jacks, care must be taken to ensure that the
jack shoe is not mounted in a twisted position on the
segment joints. For standard ring assembly, it is es-
sential that the thrust presses acting on a single seg-
ment are never released simultaneously.

TBM advance and annular gap grouting

When tunnelling resumes after ring assembly, the last
rings built are first loaded by the thrust cylinder forces
in the longitudinal tunnel direction and subsequently
by the outside pressure from grouting of the annular
gap acting in radial direction. The annular gap grout-
ing is part of the annular gap backfilling (definition
from RiL853.4006). The annular gap grouting must
be carried out continuously during TBM advance and
must be operated to ensure an early bedding of the
ring that is leaving the tailskin.

When grouting the annular gap, care must be tak-
en to avoid excessive ring deformation and floating
of the tunnel tube. Consequently, both the mix of the
annular gap backfill material and the machine con-
trol system for the annular gap grouting must be de-
signed accordingly.

Experience shows that most deformations of the
segmental lining occur in the early phase after ring
erection until setting of the annular gap backfill and
activation of the segments’ bedding. Since large ring
deformations can lead to constraint stresses, it is par-
ticularly advisable at the beginning of construction to
measure the area of the most recently installed rings
to document system behavior. In addition to conver-
gence measurements, additional joint offset and joint
opening measurements have proven effective during
the first 3 to 5 thrust strokes after ring assembly. Fur-
thermore, crown leveling measurements are useful for
quickly detecting potential floating effects.

11.3 Segment damages and repairs

11.3.1 Possible segment damages
Many causes of possible segment damage are well
known and should therefore be taken into account
in the design phase and afterwards in the production
and installation/execution phase.

In the design phase, a robust segment design
should be ensured, including:

= with regard to the segment geometry (e.g. acute
corners), the arrangement of built-in parts (e.g. gas-
ket framea too close to the segments outer face),
the loading (e.g. significant high restoring forces of
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the gasket frame), the reinforcement layout (e.g. in
areas of bolt pockets or embedded components).

During segment production, including:

= Dimensional accuracy must be checked regularly,
(e.g. to avoid load peaks in the segments due to
exceeding tolerances),

= Care must be taken to prevent voids,

* The groove for the gasket frame must be reworked
if necessary,

= Defects must be reworked if the limiting values are
exceeded,

= Care must be taken not to overstretch the gasket-
frame in the corners.

During the installation/execution phase, including:

= By appropriate monitoring (grout pressure, grout
volume, control drillings) insufficient bedding and
the resulting ring deformation/ovalization, as well
as cracks, spalling, leakages, and misalignments,
can be prevented.

= By regular inspections of the dimensions of packers,
the risk of segment damage can be reduced.

= By routinely checking the ring face, crack formation
due to due to hollow or saddle shaped positioning
of adjacent segments can be avoided.

11.3.2 Damage register

For the production of segments, as stipulated in ZTV-
ING, Part 7, Section 3, a comprehensive damage cat-
alog must be developed. This catalog shall systemati-
cally include various damage categories and scenarios,
along with the corresponding remedial procedures. It
must include precise definitions for permissible dam-
ages as well as for those damages that are repairable
and those that are not. In the event of damage, at a
minimum, distinctions should be made between nest-
ing, shrinkage voids, cracking, spalling, damage to
concrete contact surfaces and/or the gasket groove,
and damage to built-in parts.

Furthermore, repair options, procedures and re-
lated materials in accordance with the requirements
detailed in ZTV-ING, Part 3, Sections 4 and 5 must be
specified.

In addition, it should include guidelines for deal-
ing with possible damage from transport, ring assem-
bly and TBM advance.

11.3.3 Root cause analysis

If damage occurs to the segment lining, a root cause
analysis must determine whether it is caused by an
isolated incident or a systematic issue. A root cause
analysis can only be successful if it is based on suf-

ficient data. Therefore, maintaining thorough docu-
mentation of the segmental lining process is strongly
recommended.

In addition to the production history, the analysis
should particularly focus on evaluating the load and
deformation history in detail for any anomalies.

TBM data management systems allow to correlate
TBM operational data with information on the seg-
ment lining, thereby supporting an engineering-based
root cause analysis of segmental lining damage.

11.3.4 Acceptance and repairs

In addition to acceptance of the segments upon ar-
rival at the jobsite, they must also be checked for
any damage and accepted before and after installa-
tion. On the jobsite and in the tunnel, this inspection
particularly focuses on the concrete contact surfaces,
segment corners, and gasket areas.

To track segments throughout all phases and doc-
ument any repair measures, including inspections
and approvals, the use of scanners and tracking soft-
ware is recommended. This allows direct integration
of data into the management system; see also ch.
11.1.10.

If damage is discovered before installation, it must
be checked whether the affected segments can be in-
stalled as is, require repair or whether they need to
be replaced. Segments that do not meet the perfor-
mance requirements must not be installed.

If damage to a segment is identified during tun-
nelling or ring assembly, a decision must be made
- based on construction logistics, technical feasibil-
ity, and predefined damage criteria from the repair
concept - whether the segment should be disman-
tled and replaced. Any repair must comply with the
specifications and requirements outlined in the repair
concept, with proper documentation of its execution.
Before resuming excavation, an inspection must be
conducted. Whenever possible, replacing a damaged
segment should be prioritized over on-site repair.

Once installed, the segments undergo a damage
assessment, with any identified damage classified
into predefined categories. This assessment primarily
focuses on leakages, spalling, and crack widths, in line
with the repair concept.

Typically, crack injections are carried out for wa-
ter-bearing cracks and for all cracks exceeding 0.3
mm width. Leakages in the gasket area are sealed us-
ing curtain injections, inclined borehole injections in
the joint area, or direct injections through the gasket
frame (see ch. 4.12).

Offsets between adjacent segments are generally
not addressed for single-shell segmental linings.

Depending on the size and location of spalling, re-
pairs are carried out according to a predefined repair
concept.
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