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Chapter 8

Fibre optic monitoring section:
Data evaluation

The Semmering Base Tunnel (SBT), a twin-tube single-track railway tunnel in Austria with
a length of approx. 27 km is currently under construction. The geological and geotechnical
conditions are challenging (cf., e.g., [171]). From chainage 1438.2 m to chainage 1440.2 m of
track 1 of the tunnel Gloggnitz (construction lot SBT 1.1), the outer lining made of shotcrete is
equipped with a distributed fibre optic sensing (DFOS) system. It allows for a direct, continuous,
and autonomous monitoring of strain in the shotcrete lining along the DFOS cables. In this
thesis, this tunnel section is termed DFOS section. Captions of some figures and tables below
cite the abbreviation SBT1.1 | Gloggnitz referring to track 1.

[416] describe the instrumentation at the construction site in detail. Section 8.1 in this thesis
briefly describes the main specifications of the installed DFOS system. Section 8.2 lists relevant
information about the geological and hydrogeological conditions at the DFOS section and tunnel
sections behind and ahead. Relevant rock mass types are cited in Section 8.3 (p. 172). It follows
a summary of the tunnelling method (Section 8.5 on p. 175), a description of the positioning
of DFOS cables and other monitoring devices (Section 8.6 on p. 180), and a brief overview of
the system behaviour observed with conventional geodetic measurements (Section 8.7 on p. 181).
Section 8.8 (p. 186) outlines observed characteristics of the strain of the shotcrete lining monitored
with the DFOS system.

8.1 Distributed fibre optic sensing

The DFOS interrogation unit makes use of the Rayleigh backscatter. If a light pulse is sent
through the fibre core, it scatters at inhomogeneities of the glass. Such inhomogeneities can exist
naturally (i.e., prior to installation) or form as the fibre is strained either mechanically or because
of temperature changes. Chemical changes in the surrounding medium can also alter the glass.
Anyway, referring to a reference measurement at the beginning of the monitoring period, the
system can determine the relative frequency shift in the locally reflected frequency spectrum.
The frequency shift is directly proportional to the change in strain or temperature. Using the
signal runtime, it is possible to locate the particular point along the fibre core where this change
occurred. Note that only about 85% of the natural attenuations in optical fibres are caused by
Rayleigh scattering ([422] in [266, p. 2]). For more details about the working principles of DFOS
systems, refer, e.g., to [148]. [266, p. 2]

169
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Protective layers, which allow for an unbiased strain transfer from the outer sheath to the
sensitive fibre core, surround the latter. The outer sheath features a structured surface to
guarantee a proper bond with the shotcrete. The fibre core and all protective layers make up the
DFOS cable approx. 7 mm in diameter. [266, p. 3, 8]

The strain values obtained are temperature compensated. This means that effects of temper-
ature changes in the fibre core are eliminated from recordings to provide strain values that result
only because of the straining of the shotcrete lining ([266, p. 4]). The latter, however, can be
of mechanical origin (i.e., because of rock mass deformation) but also because of temperature
changes in the shotcrete lining, and because of creep, shrinkage, and swelling of the shotcrete
material. The fibre optic temperature values recorded at the DFOS section are influenced by
systematic effects of the Rayleigh sensing unit and, thus, are not further considered in this thesis.
Brillouin sensing results at another cross section at the same construction lot, however, show
that appropriate temperature values can be obtained using the DFOS system (cf. [58]).

The sensing unit used to interrogate the installed fibre optic sensing cable network features a
measurement repeatability of 1 µm/m and 0.1 °C ([233] in [266, p. 3]). The spatial sampling is
2 cm with a physical spatial resolution of 5 cm.1 The sampling rate was set to 1 minute at the
beginning of the monitoring period, but was reduced as soon as the deformation of the shotcrete
lining tended towards a stable value. [266, p. 2, 8]

For further reading on the distributed fibre optic sensing at tunnelling projects in Austria,
refer, e.g., to [268, 269].

8.2 Geological and hydrogeological conditions

The DFOS section is in the fault zone system called Haltestelle Eichberg Seitenverschiebung.
It’s a sinistral (i.e., left-lateral) strike-slip fault system dipping north ([407, p. 137]) comprising
several faults, fault zones, and damages zones different in thickness and orientation. Fig. 8.1
shows the extent of the fault system. The tunnel heads through it for more than 150 m. The
DFOS section is close to the end of the system. The main fault zone of the system starts approx.
at chainage 1365 m. There, the fault zone dips to NNW–N at a moderate to high angle. Approx.
at chainage 1435 m, it changes its orientation and steeply dips to S. The top heading exits the
fault zone approx. at chainage 1475 m. According to the site mappings (cf. [104]), the core of
the fault zone extends from the beginning of the main fault zone to approx. chainage 1450 m.
A damage zone characterises the end of the fault zone (i.e., the last 25 m). It is assumed that
the fault and damage zones visible in the rightmost part of the section view in Fig. 8.1 are also
structures associated with the large-scale fault system.

Approx. up to chainage 1440 m, the mapped foliation planes dip to the right tunnel side,
mainly against the direction of the drive (DOD), and at a low to moderate angle (cf. Fig. 8.2a,
and Tab. 8.7 on p. 183). They align sub-parallel to the main fault zone. As the orientation of
the fault zone changes, also the trend of the orientation of the foliation planes does. In the last
40 m of the fault zone, the mapped foliation planes mainly dip to the left tunnel side and against
the DOD; also at a low to moderate angle (cf. Fig. 8.2b). They do not align with the fault zone.

Along the tunnel alignment, the main fault zone comprises schists and phyllites often tecton-
ically strongly overprinted. Rocks and fault rocks different in the degree of fracturing and in
the share of cataclasites alternate heterogeneously. Fault rocks of core zones are often clayey to
sandy cataclasites. Zones with a high share of cataclasites often are fine-grained and cohesive.

1The achievable spatial sampling and resolution usually depends on the total cable length: 0.5 cm or even
better for lengths less than 70 m; min. 3 cm for lengths up to 2 km. It is similar for the accuracy. [232]
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Figure 8.1: SBT1.1 | Gloggnitz: Plan view of the geological conditions from chainage 1300 m
to chainage 1500 m, based on face mapping during excavation. The conditions outside the
tunnel and large-scale structures are best estimates considering pre-excavation investigations and
investigations during the heading.

Figure 8.2: SBT1.1 | Gloggnitz: Schmidt net (equal area) plot of orientations of mapped foliation
planes and of the main fault zone. (a) From chainage 1313.2 m to chainage 1439.2 m, and (b)
from chainage 1450.2 m to chainage 1499.2 m; cf. Tab. 8.7 (p. 183). The light red great circles
highlight the variation in the dip angle of the fault zone. The plots also include the direction
of the tunnel drive and the approximate orientation of the minimum primary horizontal stress,
σh, and of the maximum primary horizontal stress, σH . Graphs created with the free software
Stereonet ([12, 13, 65]).
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Less fractured fault rocks feature a lower share of cataclasites and the foliation is still observable.
All of them are weak to very weak, but unweathered, and are moderately to highly anisotropic.
More competent, less disintegrated shear bodies can feature a thickness of up to several metres.
A reticular, secondary jointing usually characterises those shear bodies resulting in a small-sized
fragmentation. The risk for large-scale caving is low because, overall, the interlocking between
rock blocks is good and the number of geomechanically highly effective discontinuities is rather
small. [105]

In the excavation area, the rock mass was dry or featured an inherent moisture. The amount
of water ingress increases when approaching major faults, but usually remains below 0.1 l/s.
Often, water trickles from drillings and rock bolts. [105]

From chainage 1432 m to chainage 1450 m, including the DFOS section, the strength of hand
rock samples was classified to range predominantly between 1 and 5 MPa. Rocks are schists,
sometimes quartz-rich, sericitic, or phyllitic, sericitic phyllites, and cataclasites. Minor shares of
the tunnel face of less than 15% feature a strength of 5 to 25 MPa. Those areas usually comprise
schists, which are often sericitic, chloritic, or phyllitic. [104]

The spacing of foliation planes, joints, faults, and slickensides is below 6 cm. Most discontinu-
ities feature an undulated surface. Sometimes they are planar. The surfaces are usually smooth
or polished. Fillings or gouges are often present. Their characteristics range from haematitic,
clayey, silty, and sericitic to chloritic. Relative to the foliation planes, the orientation of all other
discontinuities often differs strongly. [104]

At the DFOS section, the share of cataclasites is partly very high and the spacing of the
discontinuities is below 2 cm. In immediate sections behind, the situation is similar. In those
ahead, the mapped strength is a little higher and the fragmentation lower. The orientation of
the foliation planes in the DFOS section is listed in Tab. 8.7 (p. 183). [104]

8.3 Rock mass types

Fig. 8.3 gives sketches of selected top-heading tunnel faces and some information on the identified
rock mass types (RMT). Mapping the face, the geologist evaluates the rock strength for each
characteristic area on hand rock samples using categories (e.g., 1 . . . 5 MPa, 5 . . . 25 MPa). Fig. 8.3
lists the maximum range for each face.

Tab. 8.1 lists the information on the RMT’s shares for some more mapped tunnel faces.
Approx. up to chainage 1455 m, RMT 8c often dominates. It is a fault material comprising
phyllites and schists rich in phyllosilicates with a moderate share of cataclasites ([380, p. 32]).
This type aims to describe a strongly anisotropic rock mass where more competent layers of
parent rock (e.g., RMT 2b-2) alternate with heavily fractured cataclastic layers (i.e., RMT 8d or
8f) ([61, p. 65]).

Approx. from chainage 1455 m, the rock mass is dominated by RMT 2b-2 (cf. Tab. 8.1).
It is a strongly fractured, sheared schist. RMT 8d is a fault material comprising phyllites and
schists rich in phyllosilicates. And RMT 8f is a fault material comprising sericite phyllites. Both
RMT 8d and 8f feature a high share of cataclasites. [380, p. 8, 33–34]
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Figure 8.3: SBT1.1 | Gloggnitz: Sketches of the tunnel face at and close to the DFOS section
including information on the areal share of the tunnel face by the rock mass types (RMT)
(sketches and information from [104]).

Table 8.1: SBT1.1 | Gloggnitz: Areal share of the top-heading tunnel face by the rock mass
types (RMT) in the DFOS section and sections nearby (information from [104]). Note that the
distribution is similar at the mapped tunnel faces of the bench/invert heading (not listed).

Areal share of the top-heading tunnel face in percent
Chainage [m] 1407.2 1412.2 1418.2 1423.2 1432.2 1434.2 1439.2

RMT 2b-2 18 27 39 37 - - -
RMT 8c 48 55 61 43 100 93 49
RMT 8f 34 18 - 20 - 7 51

Chainage [m] 1441.2 1445.2 1450.2 1455.2 1459.2 1463.2 1471.2
RMT 2b-2 16 19 12 85 100 100 54

RMT 8c 74 47 28 - - - 45
RMT 8f 9 34 60 15 - - -
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8.4 Primary stress state

The first of the two following subsections describes the primary stress state assumed to exist
in the rock mass the underground constructions of the construction lot SBT 1.1 have to cope
with. The second subsection draws conclusions about the primary stress state close to the DFOS
section.

8.4.1 General

Considering results from hydraulic fracturing tests in boreholes, the tectonic setting (left-lateral
strike-slip fault system), and the orientation of the rock mass structure on a regional scale, experts
approximated the minimum primary horizontal stress, σh, to align with a NW to SE trend (cf.
Fig. 8.2 on p. 171), and the maximum primary horizontal stress, σH , with a NE to SW trend.
([61, p. 83, 87])

Because of tectonic and topographic effects, the horizontal stresses increase disproportionately
with depth. At great depths, tectonic effects will dominate. At shallow depths above the level
of valley floors, the lack of lateral restraint probably results in reduced horizontal stresses. In
particular, in sections of competent rock mass, the horizontal stresses are probably increased,
and larger differences exist between the minimum and maximum component. On the tunnel
level, for most parts, σH > σv > σh where σv is the primary vertical stress. In major fault zones,
to a large extent, a stress environment exists that is closer to being isotropic. Anyway, locally,
differences may exist depending on the rock mass conditions. For σv, the overburden stress is
used (cf. [103, p. 29]). Considering that, because of topographic effects, the vertical stress most
likely is not equal to the overburden stress, the experts decided on the lateral pressure coefficients
as follows: ([61, p. 83ff])

• Competent rock mass: k0,h = 0.7 . . . 1.0, k0,H = 0.9 . . . 1.3;

• Heavily fractured material, major fault zones: k0,h = k0,H = 0.75 . . . 1.25.

8.4.2 Primary stress at the analysed section

At the DFOS section, the overburden is approx. 135 m. It continuously decreases from approx.
140 m at chainage 1313.2 m to approx. 131 m at chainage 1499.2 m. RMT 8c predominates
close to the DFOS section (cf. Tab. 8.1 on p. 173). Its unit weight is 25 kN/m3 (cf. Tab. 9.6 on
p. 221). σv results in -3.4 MPa.

Because the azimuth of the DOD is 232° from N (cf. Tab. 8.7 on p. 183), the direction of σH

deviates from it by 6° to 9° (cf. Fig. 8.2a on p. 171). Thus, σh almost matches with the primary
horizontal in-plane stress.

The DFOS section is in the core and at the end of a fault zone (cf. Section 8.2 on p. 170
and Fig. 8.1 on p. 171). Even if it borders a more competent rock mass zone ahead, both are
considered weak (cf. [407, p. 206]) compared to the host rock surrounding in large scale, also
when referring to their capability for storing large differences in the primary principal stresses
([221]; cf. also [103, p. 29]).

That the side walls displace more than the crown (cf. Section 8.7.3 on p. 185 and Tab. 8.7)
does not necessarily relate to a directed primary stress state. First, with approx. 6 cm (cf.
Tab. 8.7), the displacements in the DFOS section are not that large given that the section is
within the core of a fault zone. Consequently, the yield zone around the tunnel is probably
relatively small. If the displacements of the side walls would be rather large, one could assume
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higher vertical stresses. The latter lead to increased tangential stresses and a larger yield zone
next to the side walls. Second, side wall displacements can exceed those of the crown even if the
primary stress state is hydrostatic just because of the excavation geometry (cf. report on the
UDEC calculations on p. 185). Thus, the in-plane horizontal stresses do not need to be increased
at all.

In contrast, k0,h can be assumed < 1. The fault system crossing the analysed tunnel section
is of strike-slip type (cf. Section 8.2 on p. 170). Supposing that Anderson’s theory of faulting
applies here (cf. Chapter 2 on p. 9) and recognising that the theoretical strike of the fault planes
in Fig. 2.5c (p. 11) match well with the strike of the fault planes in Fig. 8.2 (p. 171) (both viewed
relative to the orientation of the primary horizontal stresses), then one primary horizontal stress
component at the analysed section is the minor principal stress, σ3. Note that the theory assumes
an angle between the fault planes and the major principal stress, σ1, of 45◦ − φ/2. Here, it is
between 35° (cf. Fig. 8.2a) and 45° (cf. Fig. 8.2b) relative to σH . Differences may be because of
the theory’s simplifications (cf. Chapter 2).

This study sets k0,H = 1 and k0,h = 0.75. Then, σv = σH = σ1 = σ2 and σh = σ3. That
σ1 = σ2 and not σ1 > σ2 (like it is in Fig. 2.5c) may explain why the main fault zone is not
vertical but dips at a moderate to high angle (cf. Fig. 8.2). Note the different orientation of
σ1 and σ2 in Fig. 2.5a and Fig. 2.5c, and the resulting orientation of the fault planes. Is it
here a combination of both faulting types? Anyway, selecting σh < σH is supported by a study
performed by [216]. She analysed the influence of the orientation of the primary principal stresses
on the displacement characteristics of a tunnel drive numerically and in three dimensions. In
one case (cf. [216, p. A-58]), the orientation of the stresses is like it is here: σ1 and σ2 align
with the vertical plane parallel to the tunnel axis, whereas σ3 is perpendicular to it. In that
case, σ1 > σ2. Here, σ1 = σ2. But in both cases, σ2 > σ3, and the ratio of σ1 to the equivalent
uniaxial peak compressive strength of the rock mass is close to -5. The numerical results suggest
that the tunnel periphery displaces longitudinally against the DOD; the side walls more than the
crown. And the same displacement characteristic was recorded at the DFOS section (cf. Fig. 8.8
on p. 182).

Because the overburden does not vary much, topographic effects can be excluded. And by
neglecting differences in the rock mass density in the numerical model between Zone A, B, and C
(cf. Section 9.4 on p. 210), the primary principal stress state at the tunnel level is the same in all
zones:

• σv,A = σv,B = σv,C = −3.4 MPa;

• σh,A = σh,B = σh,C = k0,h · σv = 0.75 · (−3.4) = −2.55 MPa;

• σH,A = σH,B = σH,C = k0,H · σv = 1 · (−3.4) = −3.4 MPa.

8.5 Tunnelling method

The DFOS section and close tunnel sections behind and ahead have been excavated with an
excavator. The tunnel drive was separated into two headings: (1) the top heading (th), and
(2) the bench/invert heading (bih). The round length of the top heading is 1 m, and of the
bench/invert heading it is 2 m. The distance between the top heading and the bench/invert
heading ranged between 8 m and 30 m ([267, p. 4]).
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8.5.1 Excavation sequence

Fig. 8.4 graphs the construction sequence at and close to the DFOS section. Because of the
installation of the DFOS system and related delays, the interruption in tunnelling at the DFOS
section and the following top-heading round was longer than usual.

Note that at the DFOS section, before the second layer of shotcrete was applied, round i+1
got excavated. After applying the first layer of shotcrete at round i+1, a DFOS cable could be
installed extending across both rounds (cf. Section 8.6 on p. 180). Then, the second shotcrete
layer was applied at both round i and round i+1 (cf. time of shotcrete application highlighted in
Fig. 8.4).

Tab. 8.2 lists the construction sequence in detail, the moment of the reference measurements,
and time differences of actions related to the reference measurements of the DFOS system at the
top heading. Particularly note the moment of ring closure.
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Figure 8.4: SBT1.1 | Gloggnitz: Construction sequence from chainage 1438.2 m to chainage
1446.2 m. The plot highlights the moment of reference measurements at the DFOS section. th
. . . top heading, bih . . . bench/invert heading, rs . . . rock side, cs . . . cavity side. Information from
personal notes and from [342].

8.5.2 Support

Tab. 8.3 and Tab. 8.4 list the installed support at the top heading and bench/invert heading,
respectively, at and close to the DFOS section.

8.5.3 Work steps

Tab. 8.5 and Tab. 8.6 (both on p. 179) list the work steps for constructing the rounds of the top
heading and bench/invert heading, respectively, at and close to the DFOS section. Particularly
note the comment (d) in Tab. 8.5 on the installation of the radial rock bolts at the DFOS section
of the top heading.
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Table 8.2: SBT1.1 | Gloggnitz: Construction sequence of and ahead of the DFOS section, moments
of reference measurements at the DFOS section, and time differences to the DFOS reference
measurements. The time given for excavation includes excavations works and in case of partial
face excavation (only at the top heading) the installation of temporary face support between.
It does not include the installation of temporary support at the last partial face. Shotcreting
times are only given for the DFOS section. The times for instrumentation (DFOS system, strain
gauges, pressure cells) are not included. Information from personal notes and from [342].

Time difference
Chainage [m] Date Time rel. to th|rs rel. to th|cs

Action from to [dd/mm/yy] [hh:mm] [h] [d] [h] [d]
excav. th - S 1438.2 1439.2 14/03/17 07:30 -9.45 -0.39 -20.50 -0.85
excav. th - E 1438.2 1439.2 14/03/17 09:00 -7.95 -0.33 -19.00 -0.79
shotcr. th rs S 1438.2 1439.2 14/03/17 16:30 -0.45 -0.02 -11.50 -0.48
0r DFOS th rs - - 14/03/17 16:57 0.00 0.00 -11.05 -0.46
shotcr. th rs E 1438.2 1439.2 14/03/17 17:15 0.30 0.01 -10.75 -0.45
0r geod. - - - - 14/03/17 18:00 1.05 0.04 -10.00 -0.42
excav. th - S 1439.2 1440.2 14/03/17 18:45 1.80 0.08 -9.25 -0.39
excav. th - E 1439.2 1440.2 14/03/17 21:00 4.05 0.17 -7.00 -0.29
shotcr. th cs S 1438.2 1439.2 15/03/17 03:30 10.55 0.44 -0.50 -0.02
0r DFOS th cs - - 15/03/17 04:00 11.05 0.46 0.00 0.00
excav. th cs E 1438.2 1439.2 15/03/17 04:15 11.30 0.47 0.25 0.01
excav. th - S 1440.2 1441.2 15/03/17 06:00 13.05 0.54 2.00 0.08
excav. th - E 1440.2 1441.2 15/03/17 08:15 15.30 0.64 4.25 0.18
excav. th - S 1441.2 1442.2 15/03/17 15:00 22.05 0.92 11.00 0.46
excav. th - E 1441.2 1442.2 15/03/17 16:30 23.55 0.98 12.50 0.52
excav. th - S 1442.2 1443.2 15/03/17 20:45 27.80 1.16 16.75 0.70
excav. th - E 1442.2 1443.2 15/03/17 22:15 29.30 1.22 18.25 0.76

1 m = round length top heading
excav. bih - S 1435.2 1437.2 19/03/17 10:00 113.05 4.71 102.00 4.25
excav. bih - E 1435.2 1437.2 19/03/17 11:30 114.55 4.77 103.50 4.31
excav. bih - S 1437.2 1439.2 19/03/17 12:30 115.55 4.81 104.50 4.35
excav. bih - E 1437.2 1439.2 19/03/17 14:15 117.30 4.89 106.25 4.43
0r DFOS bih rs - - 19/03/17 20:39 123.70 5.15 112.65 4.69
shotcr. bih rs E 1437.2 1439.2 19/03/17 20:45 123.80 5.16 112.75 4.70
shotcr. bih cs E 1437.2 1439.2 19/03/17 23:00 126.05 5.25 115.00 4.79

→ the ring at round i is now closed
excav. bih - S 1439.2 1441.2 19/03/17 23:00 126.05 5.25 115.00 4.79
excav. bih - E 1439.2 1441.2 20/03/17 00:00 127.05 5.29 116.00 4.83
excav. bih - S 1441.2 1443.2 20/03/17 01:30 128.55 5.36 117.50 4.90
excav. bih - E 1441.2 1443.2 20/03/17 03:00 130.05 5.42 119.00 4.96

2 m = round length bench/invert heading
excav. . . . excavation, shotcr. . . . shotcreting, 0r DFOS . . . zero reading (= reference measurement)
DFOS system, 0r geod. . . . zero reading (= reference measurement) geodetic monitoring targets, th
. . . top heading, bih . . . bench/invert heading, rs . . . rock side, cs . . . cavity side, S . . . Start, E . . . End
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Table 8.3: SBT1.1 | Gloggnitz: Specifications of the support of the top heading at and close to
the DFOS section. Information from [346].

Primary support of the side walls and the crown
Shotcrete SpC 20/25/J2/RV ([289, p. 26ff]: minimum characteristic compressive

strength fck,min = 25 MPa for cores with h/d = 1, early strength class
J2, RV . . . reduced leaching behaviour), thickness t = 25 cm

Wire mesh AQ 60 (in both directions: cross-sectional area A = 2.83 cm2/m), one layer
of wire mesh in each shotcrete layer

Lattice girder 3 bar type 95/20/30 (distance between upper and lower bar [mm]/diameter
of lower bar [mm]/diameter of upper bar [mm]), cross-sectional area A =
13.35 cm2/m, section modulus Sx = 66 cm3 and area moment of inertia
Ix = 485 cm4 with x in the direction of the tunnel drive

Bolts 12–13x grouted IBO self-drilling rock bolts with hollow bars installed radially,
length L = 6 m, maximum tensile force (or nominal ultimate load) Ft,max =
250 kN

Temporary face support
Shotcrete same as for side walls (see above), 90% of face area with thickness t = 10 cm

and wire mesh, 10% of face area with thickness t = 5 cm and unreinforced
Wire mesh AQ 50 (in both directions: cross-sectional area A = 1.96 cm2/m), one layer
Bolts 8x grouted IBO self-drilling rock bolts with hollow bars installed ahead of

the tunnel face and interlocked with the tunnel face by load distribution
plates, length L = 12 m, maximum tensile force (or nominal ultimate load)
Ft,max = 350 kN

Primary support ahead of the tunnel face
Spiles approx. 25x non-grouted tube spiles, outer diameter OD = 38 mm, wall

thickness t = 4 mm, length L = 4 m, circumferential spacing e < 30 cm

Table 8.4: SBT1.1 | Gloggnitz: Specifications of the support of the bench/invert heading at and
close to the DFOS section. Information from [346].

Support of the side walls and the invert
Shotcrete SpC 25/30/J2/RV ([289, p. 26ff]: minimum characteristic compressive

strength fck,min = 30 MPa for cores with h/d = 1, early strength class
J2, RV . . . reduced leaching behaviour), thickness t = 30 cm

Wire mesh AQ 60 (in both directions: cross-sectional area A = 2.83 cm2/m), one layer
of wire mesh in each shotcrete layer
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Table 8.5: SBT1.1 | Gloggnitz: Work steps at the top heading at and close to the DFOS section.
For the chainages of the rounds, c.f. Fig. 8.4 (p. 176). Information from personal notes and from
[342].

Normal sequence close to DFOS section Sequence at DFOS section (incl. round after)
# Action # Action
01 round i, alternatelya: mechanical ex-

cavation, mucking, face supportb
01 round i, alternatelya: mechanical excava-

tion, mucking, face supportb

02 round i, 1st layer wire mesh 02 round i: 1st layer wire mesh
03 round i, lattice girder 03 round i: lattice girder
04 round i-1, 2nd layer wire mesh 04 round i, 1st layer: DFOS cables, strain

gauges, pressure cells
05 round i, 1st layer shotcrete 05 round i, 1st layer: shotcrete
06 round i-1, 2nd layer shotcrete 06 round i: spiles
07 round i, spiles 07 round i+1, alternatelya: mechanical excav-

ation, mucking, face supportb

08 round i-1, radial rock bolts; round i,
each 7th round rock bolts ahead of
the tunnel face

08 round i+1: lattice girder

09 round i and i+1, 2nd layer: wire mesh
10 round i, 2nd layer: strain gauges, pressure

cells
11 round i+1: spiles
12 round i, 2nd layer: DFOS cablesc

13 round i and i+1, 2nd layer: shotcrete
14 rock bolts ahead of the tunnel face
15 radial rock boltsd

a Partial face excavation: at and close to the DFOS section two partial faces
b Includes a thin base layer of shotcrete at the side walls and the crown
c DFOS cables extent into the 2nd shotcrete layer of round i+1
d After excavation and shotcreting of round i+2, installation of rock bolts at round i and
round i+1

Table 8.6: SBT1.1 | Gloggnitz: Work steps at the bench/invert heading at and close to the DFOS
section. For the chainages of the rounds, c.f. Fig. 8.4 (p. 176). Information from personal notes
and from [342].

Normal sequence close to DFOS section Sequence at DFOS section
# Action # Action
01 round i, alternately: mechanical ex-

cavation, mucking
01 round i, alternately: mechanical excavation,

mucking
02 round i, face supporta 02 round i, face supporta

03 round i, 1st layer wire mesh 03 round i: 1st layer wire mesh
04 round i, 1st layer shotcrete 04 round i, 1st layer: DFOS cables, strain

gauges, pressure cells
+ round i, 1st and 2nd layer: strain gauges,

pressure cells
05 round i, 2nd layer wire mesh 05 round i, 1st layer: shotcrete
06 round i, 2nd layer shotcrete 06 round i: 2nd layer wire mesh

07 round i, 2nd layer: DFOS cables
08 round i, 2nd layer: shotcrete

a A thin base layer of shotcrete, also at the side walls and the invert
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8.6 Position of monitoring devices

The top heading is equipped with five bi-reflex targets for standard monitoring of the tunnel
displacements with geodetic total stations. The monitoring targets (MT) are next to the crown,
at the shoulders, and at the side walls (cf. Fig. 8.5). It’s a usual setup at conventional tunnel
drives. The DFOS section is additionally equipped with the DFOS system, and for evaluation
purposes with vibrating wire strain gauges (SG) and pressure cells (PC). For the latter, refer to
[266, 415, 416].

At the top heading, both the rock-side shotcrete layer and the cavity-side shotcrete layer
comprise DFOS cables. At the bench/invert heading, only the rock-side shotcrete layer does.2

DFOS cables are aligned straight in the circumferential direction perpendicular to the tunnel
axis (cf. cables ’circ’ in Fig. 8.6). Other cables or cable segments are also guided in a loop
configuration being alternately aligned parallel and perpendicular to the tunnel axis (cf. cables
’long’ and ’long2’ in Fig. 8.6). The latter allows to monitor strain also in the longitudinal direction
(i.e., in the direction of the tunnel drive).

At the rock-side layer of the top-heading lining, the DFOS cables in the loop configuration
cross only parts of one shotcrete round (cf. Fig. 8.7). At the cavity-side layer, the cable ’long2’
extends also to the round ahead. The reader is asked to imagine the rock-side layer in Fig. 8.6
lying on top of the cavity-side layer to get an idea about the relative distances between cable
segments, monitoring devices, etc.

The alignment of the DFOS cables in the rock-side shotcrete layer of the bench/invert heading
is not sketched here. The thesis focuses on the short-term prediction of stiff blocks ahead of
the tunnel face using data from geodetic measurements. The latter is available only at the top
heading. For the alignment of the DFOS cables at the bench/invert, refer to [415, 416].

Figure 8.5: DFOS section: Schematic cross section of the tunnel, including the location of the
monitoring targets (MT), of strain gauges (SG), and of pressure cells (PC) (modified from [415,
Fig. 5.5, p. 36]). The view is in the direction of the drive (DOD).

2Note that the bench/invert heading also comprises cables in the cavity-side shotcrete layer. However, after
shotcreting the DFOS interrogation unit could not establish a connection with them anymore. Thus, no information
is available from those cables.
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Figure 8.6: DFOS section | top heading: Routes of DFOS cables (developed top view) and
positioning of DFOS evaluation points (Cix, Li, Lix: b . . . back = farther away from the current
tunnel face, f . . . front = closer to the current tunnel face), geodetic monitoring targets (MTi),
strain gauges (SGix: o . . . outer = rock-side layer, i . . . inner = cavity-side layer), pressure cells
(PCix: r . . . radial, t . . . tangential), and radial rock bolts. The symbol size does not match with
the individual actual instrument size. Thus, symbols may overlap here, but do not in reality. The
evaluation points are used for the graphs in Fig. 8.12 (p. 189), Fig. 8.13 (p. 192), and Fig. 8.14
(p. 193).

8.7 Observed system behaviour: Geodetic measurements

Fig. 8.8 plots the development of the monitored displacements of five targets mounted on the
shotcrete lining between chainage 1438.7 m and chainage 1438.9 m. Within the first days,
because of the top-heading advance, the displacements increase significantly in all directions.
Shortly after the ring closure (i.e., bench/invert heading has passed round i), the displacements
in the horizontal direction—in-plane (i.e., perpendicular to the tunnel axis)—come close to their
ultimate level. However, the advance of the top heading still effects the displacement components
in the other directions, although to a lower amount than before the ring closure. The increase in
the vertical and longitudinal displacements reduces significantly after day 10. Note that nine
hours pass between the end of the excavation of round i and the geodetic reference measurement
(cf. Tab. 8.2 on p. 177). The displacements developing during this time are not recorded.
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Figure 8.7: DFOS section | top heading: Schematic cross section of the shotcrete lining, including
the DFOS cables (modified from [415, Fig. 5.3, p. 34]).
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(c)

th advance up to 20 m ahead of round i
bih advance up to 20 m behind/ahead of round i
bench/invert excavation of round i−1 and round i

Ref. time: 14.03.2017 18:00:00 (CET)
* ∆Tend of excav. ≈ −9 hours
* ∆Tbegin of shotc. appl. rsl ≈ −90 minutes
* ∆Tbegin of shotc. appl. csl ≈ +9.5 hours

Figure 8.8: DFOS section | top heading: Development of the tunnel displacements monitored
with five geodetic targets (cf. Fig. 8.5 on p. 180). (a) horizontal displacements (displacement to
the left: negative value); (b) vertical displacements (displacement downwards: negative value);
(c) longitudinal displacements (displacement against the direction of the drive: negative value).
Note the different scaling of the ordinate axes. th . . . top heading, bih . . . bench/invert heading,
csl . . . cavity-side layer, rsl . . . rock-side layer, MT . . . monitoring target.
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Table 8.7: SBT1.1 | Gloggnitz: Evaluation and categorisation (CAT) of monitored displacements
(a) and of mapped orientations of foliation planes (b) between chainage 1300 m and chainage 1500
m. For visualisation, Fig. 8.9 plots the displacements at four selected monitoring cross sections.

(a) Displacements at monitoring cross-sections

Chainage [m] 1312 1321 1331 1340 1350 1359 1370 1379 1389 1401 1412 1422 1432 1439 1449 1459 1470 1482 1491 1498

<----------------------- main fault zone approx. from 1365 m to 1475 m ----------------------->

CAT of horiz. disp.* 1 1 1 3 2 2 2 3 1 1 3 2 3 2 3 1 1 3 3 1

CAT of vert. disp.* 1 1 1 1 2 2 3 1 1 1 3 3 1 2 2 2 1 3 3 1

2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 1 3 3 3

max. rad. disp. [mm] 42 30 42 41 72 57 52 45 42 50 67 45 57 57 67 69 70 56 50 49

mean rad. disp. [mm] 20 22 29 32 42 35 33 36 31 33 42 30 43 39 54 47 50 45 38 38

1 R > L 2 L > R 3 R ... right tunnel side L ... left tunnel side

* Qualitative categorisation (CAT) considering the monitoring targets at the side walls and at the shoulders

** Categorisation of the displacements against the direction of the drive (DOD)

Disp. relations: (quantitative evaluation; cell colouring by value)

0.3 0.5 0.5 0.7 0.3 0.4 0.5 0.7 0.5 0.4 0.4 0.5 0.5 0.7 0.8 0.6 0.6 0.6 0.8 0.7

0.5 0.6 0.6 0.8 0.5 0.6 0.8 0.8 0.5 0.6 0.8 0.9 0.7 0.9 0.7 0.7 0.8 0.7 0.9 0.9

0.4 0.9 0.8 1.0 1.5 1.8 1.5 1.1 0.7 0.9 1.2 1.4 1.1 1.3 1.0 0.6 0.7 1.1 0.8 0.8

V ... vertical displacements MT1: monitoring target at the crown MT4: monitoring target at the left side wall

H ... horizontal displacements MT5: monitoring target at the right side wall

(b) Orientation of foliation planes mapped at top-heading tunnel faces

Chainage [m] 1313.2 1322.2 1332.2 1341.2 1351.2 1360.2 1371.2 1380.2 1389.2 1402.2 1412.2 1423.2 1432.2 1439.2 1450.2 1459.2 1471.2 1483.2 1492.2 1499.2

<----------------------- main fault zone approx. from 1365 m to 1475 m ----------------------->

DOD [°] 234 234 234 234 234 233 233 233 233 233 232 232 232 232 232 232 231 231 231 231

DD/dip foliation [°] 013/42 018/51 354/52 005/38 351/35 351/22 355/41 021/35 320/21 035/58 357/27 007/35 032/53 018/71 128/31 074/21 126/28 066/40 058/38 327/05

009/32 344/57 042/78 308/68 038/25

043/88

DOD ... direction of the drive DD ... dip direction dip ... dip angle 260/18

Dip to the right tunnel side Dip to the right tunnel side Dip to the left tunnel side

and against the DOD and in the DOD and against the DOD

CAT of dip angle:

low (030°) x x x x x x xx

x xx x xx x x x x x x x x x

xxx x

CAT of long. disp.*, **

L  R

|VMT1/max(HMT4; |HMT5|)|

VMT1/max(VMT4; VMT5)

|HMT4/HMT5|

moderate (3060°)

high (6090°)

8.7.1 Time-dependent displacements

Because the foliation planes in the rock mass ahead of the DFOS section dip against the DOD at
a low to moderate angle (cf. Tab. 8.7b), they allow for a redistribution of stresses towards the
DFOS section when rounds ahead are excavated. They would not, or the amount of redistributed
stresses would be significantly lower, if the planes, for example, strike perpendicular to the tunnel
axis and dip steeply. Here, the redistributed stresses from ahead cause further vertical and
longitudinal displacements at the DFOS section after the ring closure.

After the top-heading round from chainage 1432.2 m to chainage 1433.2 m was excavated,
no excavation has taken place close to this section for almost 42 hours. During this time, the
bench/invert heading continued far behind. Anyway, the displacement of the lining at the
monitoring cross section approx. at chainage 1432 m still increased, first at a high rate, then at a
lower rate (not shown). Thus, even though no advance is made, ongoing stress redistribution and
local failure in the rock mass close-by results in delayed displacements. Similar long-term effects
probably contribute also to the displacements recorded at the DFOS section.

8.7.2 Out-of-plane displacements

Interestingly, the displacement of the left tunnel side against the DOD is always larger than the
displacement of the right tunnel side at all analysed monitoring cross sections before the DFOS
section (cf. Tab. 8.7a and Fig. 8.9a/b). This directly relates to the orientation of the foliation
planes and of the fault zone (cf. Section 8.2 on p. 170 and Tab. 8.7b). As soon as the orientation
changes, also the displacement characteristics change.
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Figure 8.9: SBT1.1 | Gloggnitz: Displacement vector plots in the cross and longitudinal section
view for the monitoring cross sections (MS) at chainage 1401 m, 1432 m, 1439 m, and 1470
m. Displacement vectors are scaled up by a factor of 50. The graphs show the displacements
development within 20 days after the reference measurement at the individual monitoring cross
section.

In [200], the first 1 km of the same tunnel has been analysed regarding the displacement
characteristics. The authors show that, for example, whether the left tunnel side displaces more, or
the right one, not only depends on the orientation of weakness planes such as foliation planes, but
also on the mechanical significance of the planes, on the strength-stress ratio of the surrounding
rock3, and on the primary stresses. One influencing factor can overrule another, locally or on a
larger scale. If, for example, the primary stresses are directed and the strength-stress ratio of
the rock is very low, yield zones may get quite large at particular locations around the tunnel
and there result in increased tunnel displacements. This could be misinterpreted as the major
primary stresses being aligned with the direction of the largest displacements. Anyway, any
natural feature (e.g., residual tectonic stresses at faults, mechanically highly effective slickensides,
weak shear bands) or significant changes in the support or excavation method (in particular local
ones) alter the characteristics of monitored displacements. Consider also the difference between
total and monitored displacements (cf., e.g., [291, Fig. 37, p. 42]).

That the left tunnel side displaces more against the DOD than the right tunnel side matches
with the findings by [92]. The author performed three-dimensional numerical analyses using the
Ubiquitous Joint model and simulated tunnel drives in transversely isotropic rock masses. For a
case where the foliation dips at an angle of 75° to the left tunnel side and against the DOD, the
right side wall displaces against the DOD, whereas the left side wall displaces in the DOD (cf.
[92, Fig. 60 on p. 67]). In the case studied here, at, close to, and before the DFOS section, the
situation is kind of mirrored around the tunnel axis. The foliation dips to the right tunnel side,
mainly at a moderate angle. Both the left and right side walls displace against the DOD, but the
right side wall to a (much) lower amount.

3For example, the ratio of the uniaxial compressive rock strength to the maximum elastic tangential in-plane
stresses around a circular opening according to [197]. For the latter, cf. Section A.5 on p. 319 in the appendix.
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Note that

• the dip angle strongly determines the displacement characteristics (cf. [92, Fig. 60 on
p. 67]),

• the primary and, thus, the secondary stresses determine the stresses acting on weakness
planes either preventing shear failure, or promoting it,

• in the case of [92] cited here, the absolute value of the minimum strength-stress ratio at
the tunnel periphery is 2.2 (i.e., rock is far from failure).

8.7.3 In-plane displacements

At the DFOS section, the left tunnel side displaces in all directions more than the right tunnel
side (cf. Fig. 8.8, Tab. 8.7a, and Fig. 8.9c). In tunnel sections before the DFOS section, it is often
also the opposite regarding the horizontal and vertical displacements. The in-plane displacements
strongly depend on the stiffnesses and strengths of geological features at the particular chainage
(cf. [415, p. 63]); but also on the shape of the excavation, on the support (in particular on its
degree of asymmetry), and on the primary stresses. Now here, at the beginning, immediately
after the shotcrete has been applied to the rock surface, the lining feet are not in contact with
the open (i.e., unsupported) top-heading invert. With ongoing deformation of the surrounding
rock mass, the size of the cavity reduces and the lining is compressed to some extent. Because
the lining is much stiffer than the rock mass, and as long as the ring is not closed, the lining is
forced to shear along the excavation boundary. The tunnel walls need to displace downwards.
Because of the curved shape of the side walls, they also displace towards the cavity. At any
one moment, the lining feet may touch or squeeze into the rock mass. Further shearing of the
lining along the excavation boundary but also vertical displacements of the top-heading invert
contribute to the inward displacement of the lining feet. Note that at the DFOS section but
also in analysed sections before and ahead, one of the side walls always displaces vertically
more than the crown (|VMT1/max (HMT4; |HMT5|)| < 1; cf. Tab. 8.7a); the same applies to the
horizontal displacement of the side walls compared to the vertical displacement of the crown
(VMT1/max (VMT4;VMT5) < 1). ([267, p. 6])

With simple UDEC ([176]) simulations, [200, Tab. 2, p. 4] could show that the side walls
can displace radially more than the crown even if the primary stresses are hydrostatic. The
considered excavation profile is identical to the one of the top heading in the tunnel section
evaluated here. The side walls are rather high and the roof arch is short (cf. Fig. 8.5 on p. 180),
and the top-heading invert remains unsupported. The excavation profile and the support are
asymmetric regarding any horizontal plane. In the UDEC simulations where parts of the rock
mass surrounding the tunnel yield, a larger zone yields below the unsupported top-heading invert
than above the supported crown. The displacing invert drags the top-heading lining feet towards
the cavity ([200, p. 4]). Circumscribing the top-heading excavation profile with a vertical ellipse
(axial ratio equals 1.13), for the plastic case ’p2 a’ in [200], with k0 = 1, the maximum elastic
tangential stress according to Bray’s equations (cf. Section A.6 on p. 320 in the appendix) results
above the crown with -8.8 MPa (compression). The rock mass strength is 2.6 MPa. Thus, the
absolute value of the minimum strength-stress ratio is approx. 0.3. In the simulation case with a
shotcrete lining and radial rock bolts, the ratio of the radial displacement of the crown to the
radial displacement of the side walls results in 0.77.

The displacement characteristics of the lining in the tunnel section evaluated here are similar.
The ratio of the vertical displacement of the crown to the maximum horizontal displacement of
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the side walls is always below 1 (cf. text above). At the DFOS section, it is 0.7 and, thus, very
close to the value from the UDEC simulation. Considering an overburden stress of -3.4 MPa,
the same axial ratio of the ellipse, and k0 = 1, the elastic tangential stress above the crown
is -7.7 MPa. Using an average rock strength of 2.5 MPa, the absolute value of the minimum
strength-stress ratio is 0.32 (i.e., extensive yielding must be assumed to occur). If k0 > 1, then
the displacement ratio is even lower (cf. Tab. 2 in [200, p. 4]). Increased horizontal stresses can
be a reason for the lower displacement ratio in some sections before and ahead of the DFOS
section.

Anyway, also weakness planes like foliation planes strongly determine the in-plane displace-
ments. [92, Fig. 59, p. 66] (introduced in Section 8.7.2 on p. 183) shows that the right side wall
displaces radially slightly more than the left side wall in case the foliation planes steeply dip
against the DOD and to the left. At the DFOS section, most foliation planes dip to the right
and the left side wall displaces horizontally more than the right one.

[200] got similar results when simulating a top-heading drive in FLAC3D ([177]). The cross
section is identical to the one in the UDEC simulations (cf. text above) and of the DFOS section.
The overburden stress is -3.6 MPa, the rock mass strength is 1.7 MPa, the elastic tangential
stress above the crown is -8.3 MPa, and the absolute value of the strength-stress ratio results in
0.2. Considering the foliation planes, which strike sub-parallel to the tunnel axis and dip against
the DOD and to the right at a moderate angle, with k0 = 1 and using the Ubiquitous Joint
model, the left side wall displaces radially more than the right side wall (cf. Fig. 2 in [200, p. 5]).
Anyway, when considering a rotated, anisotropic stress state (k0,h = 0.8, k0,H = 1.2; σH deviates
to the left by 24° from north with north = DOD), the trend reverses: the right side wall displaces
more than the left one. Note that the orientation of the principal horizontal stresses here and
at the DFOS section is similar (cf. Fig. 8.2 on p. 171). However, this example and evaluations
above highlight that lots of factors determine the final displacement characteristics.

8.8 Observed system behaviour: DFOS

When studying results and graphs cited in this section, recall the location of the DFOS cables
in the shotcrete lining plotted in Fig. 8.6 (p. 181).4 Further note that variations in the local
conditions along the DFOS cables can cause an inhomogeneous strain pattern. Such variations
can, for example, relate to ([266, p. 7])

• the shotcrete mix and structure,

• the bond between the DFOS cable and the surrounding shotcrete material, or

• the interaction between the different protection layers of the sensing cable.

Recorded maxima and minima may relate, e.g., to the fixation of the DFOS cables to the wire
mesh, to inhomogeneities mentioned above, or to cracking of the shotcrete.

The strain within the shotcrete lining results because of mechanical loading as the rock mass
deforms and because of temperature changes, but also because of shotcrete-specific effects like
shrinkage or creep. Without a proper material model for the shotcrete, it is not possible to tell
the share of each effect. Interpretations in the following sections focus on the mechanical loading.

4Because of the revision of the positioning of the DFOS cables, plots in this section may slightly differ from
plots in previous publications (i.e., in [266, 267, 415, 416]). Chapter C.3.14 (p. 497) in the appendix evaluates the
revised positioning.
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8.8.1 Strain in the circumferential and longitudinal direction

Fig. 8.10 plots the strain in the circumferential direction (i.e., perpendicular to the tunnel axis)
along the cable ’circ’ within the rock-side layer of the shotcrete lining (cf. left developed top view
in Fig. 8.6 on p. 181) for six distinct moments after the reference measurement. Most parts of
the rock-side layer are compressed at all moments. The central part (i.e., between the shoulders)
is compressed most. At early stages, some points at the side walls experience tension. The strain
pattern is approximately symmetric around the y-axis. Note that eight hours pass between the
end of the excavation of round i (cf. Fig. 8.7 on p. 182) and the reference measurement (cf.
Tab. 8.2 on p. 177). The strain developing during this time is missing in the plot.
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Figure 8.10: DFOS section | top heading | rock-side layer (rsl): Strain in the circumferential
direction of the DFOS cable ’circ’ (cf. left developed top view in Fig. 8.6 on p. 181) at
{0.25; 0.5; 1; 2; 7; 28} days after the reference measurement at the rock-side layer. Negative strain:
compression; positive strain: elongation.

Fig. 8.11 is a similar plot for the cable ’circ’ within the cavity-side layer (cf. right developed
top view in Fig. 8.6). The moments plotted relate to the reference measurement of the DFOS
cables at the rock side.5 This allows for a direct comparison of Fig. 8.10 and Fig. 8.11. Note
that approx. 19 hours pass between the end of the excavation of round i and the reference
measurement of the DFOS cables at the cavity side (cf. Tab. 8.2). In the meantime, top-heading
round i+1 is excavated. This results in additional deformation the rock-side layer must fully cope
with (cf. strain at 6h in Fig. 8.10) but the cavity-side layer only partly (this applies also to the
longitudinal direction; cf. text below). Thus, overall, the cavity-side layer is less stressed than
the rock-side layer (cf. also the figures in Section 8.8.2 on p. 190). Still, strain at the cavity side
is small at the beginning (cf. strain at 12h in Fig. 8.11) but increases fast in the following days.
Consider that the installation of the cavity-side layer results in a shift of the neutral axis of the
lining (cf. text below). At the cavity side, the strain pattern is non-symmetrical. The largest
compression occurs to the left of the monitoring target MT1. However, overall, the right tunnel
side is compressed more than the left tunnel side. Like for the rock-side layer, at the beginning,
some points at the side walls experience tension. As soon as the ring is closed (cf. legend text in

5Subtract 11 hours from the moments given in Fig. 8.11 to get the moments relating to the reference
measurement at the cavity side (e.g., 12 − 11 = 1 hour).
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the graph), also the side walls get significantly compressed; at the rock side and at the cavity
side. Exception here is the left side wall at the cavity side.
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Figure 8.11: DFOS section | top heading | cavity-side layer (csl): Strain in the circumferential
direction of the DFOS cable ’circ’ (cf. right developed top view in Fig. 8.6 on p. 181) at
{0.5; 1; 2; 7; 28} days after the reference measurement at the rock-side layer (rsl). For the time
difference between the reference measurement at the rock-side layer and at the cavity-side layer,
refer to Tab. 8.2 (p. 177). Negative strain: compression; positive strain: elongation.

That the top-heading lining feet experience compression even before ring closure shows that
both ends of the lining have a good contact with the rock mass and that they contribute to the
overall resistance of the system ([267, p. 5]).

Fig. 8.12 plots the strain in the longitudinal direction (i.e., parallel to the tunnel axis) along
the cable ’long’ within the rock-side layer and along the cable ’long2’ within the cavity-side
layer. Here, too, the moments plotted relate to the reference measurement of the DFOS cables
at the rock side. Overall, at the rock and cavity side, the left tunnel side experiences more
compression than the right side. Below the right shoulder, even at later stages, some DFOS
points experience tension. To the left of the right shoulder, at the cavity-side layer, the largest
increase in compression occurs between the first and the second plotted epoch. During this time,
round i+2 of the top heading and the round after are excavated (cf. Tab. 8.2 on p. 177). To the
right of the right shoulder, the top-heading advance (and shrinkage, creep, etc.) results in an
increase in tensile strain. Otherwise, compression increases most when the bench/invert heading
approaches and passes the DFOS section during which also the ring is closed. Note that the right
side wall displaces longitudinally much less against the DOD than the left side wall (cf. bottom
graph in Fig. 8.8 on p. 182). This may be the reason for less compression (or even tension) in
the longitudinal direction at the right side wall. Here, at some points and at some moments,
elongating effects outweigh compressing effects.

Looking at all three graphs in this section, it gets clear that the magnitude (or range) of
compressional strain is similar in the circumferential and longitudinal direction, both at the
rock-side and cavity-side shotcrete layer.
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Figure 8.12: DFOS section | top heading: Strain in the longitudinal direction of the DFOS cables
’long’ at the rock-side layer (rsl) and of the DFOS cables ’long2’ at the cavity-side layer (csl) at
{0.5; 1; 2; 7; 28} days after the reference measurement at the rock-side layer. Evaluation points at
the rock-side layer: L1, L3, L5, L7, L9, L11, L13, L15. Evaluation points at the cavity-side layer:
L1b, L3b, L5b, L7b, L9b. For the location of the cables and of the evaluation points, refer to
Fig. 8.6 (p. 181). Negative strain: compression; positive strain: elongation.

The cause of having more compression in the longitudinal direction and less compression in the
circumferential direction at the left tunnel side may be its large displacement in the longitudinal
direction against the DOD (cf. Fig. 8.8c). The longitudinal displacement of the left side wall
differs significantly from the displacement of the other monitoring targets beginning approx. with
day 1 after the reference measurement. At the same moment, the compression of the left side
wall in the longitudinal direction increases disproportionately (cf. Fig. 8.12). Whereas overall
the compression of the lining in the circumferential direction increases as the heading of the
top and bench/invert continues, the increase is less pronounced at the left tunnel side. There,
the large displacement in the longitudinal direction results in an increase in the compression in
the longitudinal direction but in a relative decrease in the compression in the circumferential
direction.

Note that the left tunnel side displaces most also in the vertical direction (cf. Fig. 8.8b).
Both the increased displacements in the longitudinal and in the vertical direction are due to the
orientation of the foliation planes in rock masses near the DFOS section (cf. Section 8.7.2 on
p. 183 and Section 8.7.3 on p. 185), at least for some part.

The resulting lining behaviour, in particular of the side walls, depends on the deformation of
the top-heading lining feet prior ring closure, and on the characteristics of the connection of the
feet with the bench/invert-heading lining (e.g., eccentricity of the neutral axes). [366, 367, 381]
discuss on the problem and give suggestions for constructional improvements.

Consider also that the shotcrete of the rock-side layer is already 11 hours old when the
cavity-side layer is installed. A stiffness contrast exists between the two layers from the beginning
on. The contrast decreases with ongoing ageing. It is largest at early ages and determines the
depth of the stiffness neutral axis and the bending stiffness. The cavity-side layer is in direct
contact with the tunnel environment and probably more subjected to variations in temperature
and humidity. It probably also dries up faster. Inhomogeneous conditions arise locally because of
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the heat of engines and exhaust gases of any machinery, and also because of the air supply. In
contrast, the rock-side layer may dry up much slower because the surrounding rock mass provides
for water. Differences in thermal strain, creep, shrinkage, and swelling must arise. Many effects
interact, some may compensate for each other. Considering that the initial curvature of the
built lining deviates from the design, and that also some rock bolts installed perform better than
others—depending on the geological conditions and the quality of installation—, local variations
in the bending and, thus, in the change of the curvature (cf. Fig. 5 in [267, p. 7]) and in the
shortening or elongation of the individual shotcrete layer result.

Anyway, it is assumed that, in general, the lining is compressed in the circumferential direction
because the cavity size decreases with ongoing rock mass deformation. The top-heading lining
feet can displace more freely than the central part of the lining as long as the ring is not closed.
The tunnel side walls relax in compression to some extent as the rock mass shears along them,
dragging them downwards (cf. description of the system behaviour in Section 8.7 on p. 181).

When evaluating strain in two directions perpendicular to each other (e.g., in the circumferen-
tial and longitudinal direction of a tunnel lining), it must be considered that compression in one
direction causes an elongation in the other direction, and vice versa. If the deformation is fully
or partly restrained by, for example, the bonding with the surrounding rock mass, or by adjacent
lining segments, stresses increase. Changes in stress, however, alter the creep characteristics and,
thus, the deformational behaviour of the shotcrete.

In the DFOS section, the foliation planes dip to the right and against the DOD (cf. Section 8.2
on p. 170). At the right tunnel side, considering the orientation of the foliation planes, shearing
along those planes towards the cavity can only direct upwards and against the DOD ([267,
p. 6]). At the left tunnel side, shear direction is downwards and in the DOD. Thus, at the
right side, any shearing favours compression of the lining in the circumferential direction but
elongation in the longitudinal direction. At the left side, it rather favours elongation in the
circumferential direction and compression in the longitudinal direction. Fig. 8.10–8.12 support
this hypothesis. Compression in the circumferential direction is larger at the right side. It is
larger in the longitudinal direction at the left side.

Bending of the side walls about an axis at the cavity side parallel to the tunnel axis probably
reduces compression or even increases tension of the rock-side shotcrete layer, and increases com-
pression of the cavity-side layer. This either intensifies effects mentioned in previous paragraphs,
or it compensates some of them.

As soon as the ring is closed, the system can bear higher loads with little deformation. The
reduction in the degrees of freedom results in a stiffer response and, overall, in an increase in
compression, both in the circumferential and longitudinal direction. With the closure of the
supporting ring, the pattern of strain increments is more homogeneous ([267, p. 9]). Note that
the latter can occur only if the lining remains more or less intact.

Finally, the bending in the circumferential direction is quite large close to the left shoulder
and above the right side wall (cf. Fig. 5 in [266, p. 7]). At the crown, the bending is almost zero.
Here, the strain at the rock side and at the cavity side accumulate proportionately ([416, p. 5]).
At 0 m of the top-heading circumference in Fig. 8.10 and in Fig. 8.11, between the moment 12h
and 28d, both at the rock and cavity side compression increases by approx. 1.1 mm/m.

8.8.2 Evolution of strain with time

Fig. 8.13 and Fig. 8.14 plot the evolution of the strain of selected evaluation points along the cables
in the rock-side layer and in the cavity-side layer, respectively, with time. For the positioning of
the evaluation points, refer to Fig. 8.6 (p. 181).
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First, much of the strain (tension, or compression) already occurs within the first days after
shotcrete application. At some evaluation points, the strain value exceeds 50% of its maximum
value within the first 24 hours (cf. Fig. 8.13b and Fig. 8.14b). At the end of the initial continuous
monitoring campaign, all evaluation points experience compression (i.e., negative strain values;
cf. Fig. 8.13a and Fig. 8.14a). Of the selected evaluations points, at the rock side, the points
C10f (in the circ. dir., to the right of the crown), C6f (in the circ. dir., to the left of the crown),
and L9 (in the long. dir., to the right of the crown) are compressed most. In the cavity-side layer,
it’s C4f, C4C, and C4b, all in the circ. dir. and all between the crown and the left shoulder.
Anyway, the difference in strain of those three points compared to other points in the cavity-side
layer is not that large. The point L13 at the rock side and the point L9b at the cavity side,
both being above the right side wall, are compressed least (in the long. dir.). From all DFOS
points, not only those highlighted in Fig. 8.6 (p. 181), a point at the rock side next to L9 after
the loop towards C10f (to the right of the crown) is compressed most featuring a strain value of
-2.72 mm/m at approx. 35.5 days after the reference measurement.

At the rock and cavity side, the accumulating tensile strains are similar in magnitude. Of the
evaluation points at the rock side, maximum tensile strain occurs within the first 20 hours. At the
cavity side, it’s within the first 38 hours; each after the reference measurement of the individual
layer. From all DFOS points, a point at the rock side next to L11 after the loop towards C10f (to
the right of the crown) elongates most. It features a strain value of 0.47 mm/m at approx. 1.1
days after the reference measurement. Of the selected evaluation points, they show tensile strain
(if any) mostly up to 1.8 days after the reference measurement at the rock side and up to 0.9
days at the cavity side. Exceptions are the point L13 at the rock side with tension up to 8 days
after the reference measurement, and the points C2f and L9b at the cavity side up to 2.2 days.

[416, p. 5] analysed the accumulation of strain within three months after the reference
measurement with a follow-up measurement (single reading approx. two months after the initial
continuous monitoring campaign). The increase in strain was up to 0.1 mm/m. This shows that
local failure and related stress redistribution within the rock mass were still ongoing. Measurement
data from the strain gauges suggest that the lining reaches its final deformation state approx.
200 days after the excavation of the DFOS section by the top heading.

The following subsections give some more interpretations of the system behaviour.

More compression in the circumferential direction than in the longitudinal direction?

Comparing the strain values of {Li; Cib} pairs at the rock side (DFOS points of the ’circ’ cable
and of the ’long’ cable are very close to each other; cf. left developed top view in Fig. 8.6 on
p. 181) shows that compression in the circumferential direction is not necessarily larger than
in the longitudinal direction. At the left side wall, close to the left shoulder, and to the right
of the crown, compression at the end of the initial monitoring campaign (i.e., approx. 35 days
after the reference measurement) is larger in the longitudinal direction. Otherwise, it is larger
in the circumferential direction. A similar comparison of strain values of {Lib; Cif} pairs at the
cavity side (cf. right developed top view in Fig. 8.6) reveals that only at the left side wall the
compression is larger in the longitudinal direction. At all other pairs, it is, again, larger in the
circumferential direction. Longitudinally, the left tunnel side displaces more against the DOD
than the right side (cf. Section 8.7.2 on p. 183). Analysing the displacement of the monitoring
targets at the DFOS section relative to the displacement of the targets at the monitoring cross
section approx. 10 m behind shows that the targets approach each other in the longitudinal
direction (not shown). Thus, the lining section between is compressed. The shortening is largest
at the left side wall (|∆Lmax| = 9 mm).
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Ref. time: 14.03.2017 16:57:24 (CET)
* ∆Tend of excav. ≈ −8 hours
* ∆Tbegin of shotc. appl. rsl ≈ −30 minutes
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Figure 8.13: DFOS section | top heading | rock-side layer (rsl): Evolution of the strain at selected
evaluation points (cf. left developed top view in Fig. 8.6 on p. 181) with time. (a) absolute strain;
(b) ratio of the positive (negative) strain (cf. graph (a)) to the maximum positive (negative)
strain that has developed within 35 days after the reference measurement.

Bending in the longitudinal direction

Three pairs of evaluation points allow for an assessment of the bending in the longitudinal
direction (i.e., about the horizontal in-plane axis) because points are close to each other. It’s
{L1; L1b} (left side wall), {L5; L3b} (above the left shoulder), and {L7; L5b} (to the left of the
crown). The first point of each pair is at the rock side, the second point at the cavity side.
The cable segments along which the points are align parallel to the tunnel axis (cf. Fig. 8.6
on p. 181). Of points at the rock side, only strain is considered which accumulated since the
reference measurement at the cavity side. At the left side wall, the cavity-side layer compresses
longitudinally more than twice as much as the rock-side layer. Thus, the lining bends about
an in-plane axis at the cavity side tangential to the side wall. This complies well with the fact
that the targets at the DFOS section displace horizontally less than the targets approx. 10 m
behind (|∆Hmax| = 25 mm at the side walls; not shown). Anyway, between the left side wall and
the crown the situation is completely different. Here, the compression of the rock-side layer is
approx. three times larger than of the cavity-side layer (but only two-thirds of the compression
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Ref. time: 15.03.2017 04:00:07 (CET)
* ∆Tend of excav. ≈ −19 hours
* ∆Tbegin of shotc. appl. csl ≈ −30 minutes
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Figure 8.14: DFOS section | top heading | cavity-side layer (csl): Evolution of the strain at
selected evaluation points (cf. right developed top view in Fig. 8.6 on p. 181) with time. (a)
absolute strain; (b) ratio of the positive (negative) strain (cf. graph (a)) to the maximum positive
(negative) strain that has developed within 35 days after the reference measurement.

of the cavity-side layer at the side wall). The lining bends about an in-plane axis at the rock
mass side tangential to the tunnel roof. And this does not comply with the relative displacement
of the monitoring cross sections. The targets at the DFOS section displace vertically more
than the targets approx. 10 m behind (left tunnel side: |∆Vmax| = 23 mm; right tunnel side:
|∆Vmax| = 11 mm). This discloses the disadvantage of a large distance between monitoring cross
sections. Much of what happens between them is not monitored. A possible scenario is that the
lining in the DFOS section displaces as a whole vertically more than the lining in sections farther
behind, but locally it forms a trough (e.g., in the longitudinal direction between two lattice
girders). That the cavity-side layer is compressed more in the longitudinal direction along cable
segments which are farther ahead in the DOD (cf. next subsection) supports this hypothesis.

More compression at the front than at the back?

Four pairs of evaluation points on each side allow to address the question whether the rear part
of the lining is compressed more in the circumferential direction. The points of a pair feature
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approx. the same angular coordinate along the top-heading circumference and approx. the same
radial coordinate, but one point is considerably farther ahead in the DOD.

At the rock side, it’s {C2f; C2b} (above the left side wall), {C6f; C6b} (above the left shoulder),
{C10f; C10b} (above the right shoulder), and {C14f; C14b} (above the right side wall). The
distance between the points at the front (Cif) and the points at the back (Cib) ranges between
0.54 m and 0.65 m. At all pairs, the points farther ahead experience more compression. Above
the shoulders, the absolute difference is {0.47; 0.94} (in millimetre per metre). Between the
shoulders and the side walls, it is {0.09; 0.11} (in millimetre per metre).

At the cavity side, it’s {C2f; C2b} (between the left side wall and the left shoulder), {C6f; C6b}
(to the right of the crown), {C8f; C8b} (above the right shoulder), and {C10f; C10b} (between the
right side wall and the right shoulder). The distance of the points in the longitudinal direction is
approx. 1.44 m, except for {C8f; C8b} where it is 0.34 m. Here, only the pair at the left tunnel
side experiences more compression at the back (the absolute difference is 0.23 mm/m). The pairs
at the right tunnel side show more compression at the front (cf. also Fig. 9 in [266, p. 11]). The
absolute difference ranges between 0.04 mm/m (close to the side wall) and 0.58 mm/m (close to
the crown).

Overall, the front part of the lining compresses in the circumferential direction more than its
rear part. Consider here that the rear part is connected with older lining segments behind, which
feature already a higher stiffness. In contrast, the front part is closest to the tunnel face and to
new excavations and must cope with redistributed stresses more or less alone. At the beginning,
before the lining segments of rounds ahead are installed, because the ring is not closed, the lining
segment closest to the tunnel face acts like a cantilever with the old lining segments behind being
the fixation.

In the longitudinal direction, five point pairs at the cavity side are evaluated. It’s {L1b; L1f}
(left side wall), {L3b; L3f} (above the left shoulder), {L5b; L5f} (to the left of the crown),
{L7b; L7f} (to the right of the crown), and {L9b; L9f} (below the right shoulder). The points of
each pair are 0.63 m apart from each other. At the left side wall, the rear part compresses more
in the longitudinal direction (the absolute difference is 0.31 mm/m). At the left shoulder, the
compression at the back and at the front is similar. At all other pairs, the front part compresses
more. The absolute difference ranges from 0.12 mm/m to 0.62 mm/m.

Remember from the previous subsection that at the DFOS section, the side walls displace
horizontally less than at the section 10 m behind. Assuming that the lining at the left side
wall features a deformed shape in the longitudinal direction that follows a concave path starting
tangentially at the DFOS section, the rear part of the cavity-side layer compresses more. This
complies with the evaluated strain pair (cf. previous paragraph). In contrast, at the right side
wall, the deformation path must be convex to have the front part compress more longitudinally.
For the tunnel roof, it must be also convex, which supports the hypothesis of the trough (cf.
previous subsection).

The evaluations here highlight that strain values can differ strongly depending on the location
of the DFOS point in the circumferential and longitudinal direction.

8.8.3 Strain rate

Fig. 8.15 plots the evolution of the strain rate of all DFOS points at the rock side with time. A
few distinct peaks exist. Interestingly, not all peaks of the cable ’circ’ (cf. Fig. 8.15a) are visible
in the graph for the cable ’long’ (cf. Fig. 8.15b). The first peaks exist at the moment of the
reference measurement and within three hours after. The increased strain rate at the beginning
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must be because of the ongoing deformation of the rock mass as a result of the excavation
of round i (i.e., the first round of the DFOS section). Compressive strain and tensile strain
accumulate at different locations along both cables. Consider that a positive strain rate value in
the graphs relates to a positive strain increment. This can be either an increase in tensile strain,
or a decrease in compressive strain. A negative strain rate value relates to a negative strain
increment (i.e., a decrease in tensile strain, or an increase in compressive strain). 1.8 hours after
the reference measurement, miners start to excavate round i+1 (i.e., from chainage 1439.2 m to
chainage 1440.2 m; cf. Tab. 8.2 on p. 177). At both cables, this results in a significant increase
in the compressive strain rate. Note here that the peak is only on the negative side of the
y-axis in both graphs. Anyway, this does not imply that no DFOS point experiences tension (or
relaxation in compression). No significant increase in the strain rate occurs approx. 13 hours
after the reference measurement when the excavation of the top-heading round i+2 starts. The
next significant peaks occur after four days. They exist only at the cable ’circ’. 4.7 days after the
reference measurement, the bench/invert heading continues at chainage 1435.2 m. The heading
has excavated round i of the DFOS section approx. 4.3 hours later. After the installation of the
DFOS devices and after the ring closure, then bench/invert heading continued.

Taking the average values of the strain rate, that is {−7.4; −10.4} (in micrometre per metre
and hour) on the compression side (cf. legend text for compression in Fig. 8.15), and multiply
them with 192 hours (= 8 days; period used to calculate the statistical values), then compressive
strain of {−1.42; −2.00} (in millimetre per metre) result. Those values match with the evolution
of strain of some DFOS points plotted in Fig. 8.13a (p. 192). Thus, maxima in Fig. 8.15 must be
short-living. Anyway, strain rates are higher at the cable ’long’, both on the compression and on
the tension side. Most segments of the cable ’long’ are located farther ahead in the DOD. Note
that such maxima are probably very local features. Some may be due to the fixation or other
unfavourable factors.
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Figure 8.15: DFOS section | top heading | rock-side layer (rsl): Evolution of the strain rate within
eight days after the reference measurement of all DFOS points of the cable ’circ’ (a) and cable
’long’ (b). For the location of the cables, refer to the left developed top view in Fig. 8.6 (p. 181).

At the cavity side (cf. Fig. 8.16), the reasons for peaks are similar. Approx. two hours after
the reference measurement at the cavity side, top-heading round i+1 is excavated. The latter
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Figure 8.16: DFOS section | top heading | cavity-side layer (csl): Evolution of the strain rate
within eight days after the reference measurement of all DFOS points of the cable ’circ’ (a), cable
’long’ (b), and cable ’long2’ (c). For the location of the cables, refer to the right developed top
view in Fig. 8.6 (p. 181).

causes peaks at the cavity side but not at the rock side (cf. previous paragraphs). Peaks are
largest at the cable ’long2’ which is located farthest ahead in the DOD (cf. Fig. 8.6 on p. 181).
No event relates to the small peaks before and at day 2. The peaks after day 4 relate to the
bench/invert heading. Again, no event relates to any of the peaks after day 5. Like at the
rock side, cable ’long2’ being farther ahead in the DOD shows higher average strain rate values.
Average strain rates at the rock side and at the cavity side are similar in magnitude.

For some more detailed plots showing strain rate changes, refer to [416, Fig. 5 and 6, p. 6].

8.9 Observed system behaviour: Temperature

The strain gauges installed are of the type GEOKON 4200-7 (vibrating wire strain gauge). They
are equipped with a thermistor for reading temperature ([126]). Fig. 8.17 plots the temporal
evolution of the temperature within the top-heading shotcrete lining and the temperature in the
tunnel at some moments. Some data from the strain gauges are missing at the beginning because
of erroneous readings. Anyway, the curves of all strain gauges match well. The temperature of
the first available readings ranges from 34 °C to 44 °C. Note that in the laboratory, the fresh
shotcrete temperature is approx. 25 °C ([409]). Within approx. 10 days after the application of
the individual shotcrete layer, the temperature decreases to the level of the ambient temperature
of approx. 20 °C present in the tunnel.
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Figure 8.17: DFOS section | top heading: Evolution of temperature within the shotcrete lining
with time. Shotcrete temperature data from strain gauges (SGix: o . . . outer = rock-side layer,
i . . . inner = cavity-side layer). For the positioning of the strain gauges, refer to Fig. 8.6 (p. 181)
and Fig. 8.5 (p. 180). Tunnel temperature data from hand-held meter.

This suggests that the development of hydration heat abates significantly within this period.
From that moment on, the shotcrete temperature is determined mostly by the temperature of
the surrounding media (cf. relation between tunnel temperature and shotcrete temperature in
Fig. 8.17). Note that the cavity-side layer responds more and probably also faster to changes in
the tunnel temperature. The cavity-side layer is kind of a thermal barrier for the rock-side layer.

Most times, also in the long term (not shown), the temperature in the cavity-side layer is
higher than in the rock-side layer. Accordingly, the temperature of the rock mass (including
pore water and circulating water) must be lower than the tunnel temperature. Note that at the
beginning, the cavity-side layer helps the rock-side layer to keep the hydration heat and, thus, the
overall temperature in the latter is higher. Because the rock-side layer is almost fully enclosed by
either the rock mass or the cavity-side layer, it takes longer to balance the temperature. The
decrease in the shotcrete temperature to less than 20 °C after 30 days is because of a construction
stop for four days during Easter holidays (April 14th to April 18th).

The temperature evolution recorded with the thermistors in the strain gauges fits well with
the temperature evolution from a DFOS system installed in a test slab made of shotcrete (cf.
Fig. 8.18). This shotcrete slab with a thickness of 25 cm was made to test the applicability of the
DFOS system, the same which was to be installed in the DFOS section in track 1 of the tunnel
Gloggnitz. For details, refer to [415, Chapter 4, p. 12ff]. During the hardening of the shotcrete, the
slab has not been loaded except for the temperature changes because of the hardening processes
and changes in the tunnel temperature. The graphs in Fig. 8.18 suggest that the temperature
in the shotcrete reaches its maximum in the top layer within one to four hours after shotcrete
application, and in the bottom layer after approx. 10 hours. This complies with the statement
by [368, p. 842f] that the maximum increase in hydration temperature occurs between nine
and 12 hours after shotcrete application. They analysed data from [173] who investigated on
single shotcrete samples. [85] (cited in [205, p. 42]) named a similar range of 10 to 15 hours for
wet-mix shotcrete. The discontinuity in the bottom layer after approx. 2.8 hours is because of
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the application of the top layer. The latter applies heat to the former.
Like at the DFOS section within the first 10 days, at the test slab, the temperature in the

rock-side (i.e., bottom) layer is higher than in the cavity-side (i.e., top) layer. P1 (Fig. 8.18a)
is closer to another free slab surface than P2 (Fig. 8.18b). Thus, the temperatures at P1 are
lower than at P2. The slab was manufactured on November 17th, 2016. On that day, the average
temperature outside ranged from 3 °C to 5 °C ([425]). Consider that the slab was stored in the
tunnel but close to its portal. So, one can assume that the tunnel temperature equals the outside
temperature. The tunnel temperature in the DFOS section is approx. 15 °C higher than where
the test slab was stored. Thus, relative to the temperature in the test slab, the maximum relative
temperature in the shotcrete at the DFOS section must be also approx. 15 °C higher: maximum
relative temperature of approx. 25 °C at P2 plus 15 °C yields 40 °C. This matches well with the
first readings by the thermistors in the strain gauges plotted in Fig. 8.17. Hence, the recordings
from the strain gauges and from the DFOS system seem to accord. The resulting values also
match well with [388, p. 39] who states that during initial hydration, the temperature is typically
between 30 and 45 °C. A maximum increase in the temperature of 25 °C is also reported by [205]
(cited in [388, Tab. 2.7, p. 42]) for a 30 cm thick lining.

Existing differences in the relative temperature change between the test slab and the DFOS
section are probably because of differences in the shotcrete mixture (test slab: SpC 25/30/J2/-
XC4/RV0.7)6 and because the test slab features more free surfaces than lining segments in the
tunnel.

Temperature data from a DFOS system installed in another shotcrete lining at the same
construction lot the DFOS section is part of confirm the validity of the temperature data of the
thermistors at the DFOS section. For details, refer to [159, 224].

6Minimum characteristic compressive strength fck,min = 25 MPa for cores with h/d = 1, early strength class
J2, XC4 . . . water penetration depth of < 35 mm, RV . . . reduced leaching behaviour. [289, p. 26ff]
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(a) Boundary point P1 (for the location, see the inset).
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Figure 8.18: Evolution of temperature with time during the hardening of a slab made of shotcrete
(from [415, Fig. 4.6 and 4.8, p. 19f]). Moment A⃝: system check after the installation of the
DFOS cables of the bottom (i.e., rock-side) shotcrete layer; moment B⃝: system check after the
application of the bottom shotcrete layer; moment C⃝: system check after the installation of the
DFOS cables of the top (i.e., cavity-side) shotcrete layer; moment D⃝: system check after the
application of the top shotcrete layer, then start of continuous monitoring period.
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[348] Schädlich, B. and Schweiger, H. F. A new constitutive model for shotcrete. In Hicks,
M. A., Brinkgreve, R. B. J., and Rohe, A., editors, Numerical Methods in Geotechnical
Engineering – Proceedings of the 8th European Conference on Numerical Methods in
Geotechnical Engineering, NUMGE 2014, volume 1, pages 103–108, Delft, Netherlands,
June 2014. Taylor & Francis Group, London, UK.
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Appendix D: Fibre optic
monitoring section: Data
evaluation

The following paragraph and figures verify the positioning of the DFOS cables (cf. Fig 8.6 on
p. 181 in the main part of this thesis).

Fig. D.1 and Fig. D.2 show the strain in the circumferential direction (i.e., perpendicular to
the tunnel axis) of cable segments that are very close to each other. The graphs plot the strain for
four distinct moments after the reference measurement. Because the cable segments are next to
each other within the shotcrete lining, the strain values must be similar. They are for most parts
of the cable segments. Thus, it is assumed that the alignment of the cables shown in Fig. 8.6
(p. 181) is close to being correct. The largest differences exist at ends of cable segments aligned
in the circumferential direction. There, cables are often fixed to the wire mesh and the cables
’long’ and ’long2’ are bent to align in the longitudinal direction (i.e., parallel to the tunnel axis).
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Figure D.1: DFOS section | top heading | rock-side layer (rsl): Comparison of the strain in
the circumferential direction of DFOS cable segments which align next to each other (cf. left
developed top view in Fig. 8.6 on p. 181).
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Figure D.2: DFOS section | top heading | cavity-side layer (csl): Comparison of the strain in
the circumferential direction of DFOS cable segments which align next to each other (cf. right
developed top view in Fig. 8.6 on p. 181).


