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Chapter 10

Stiff block next to excavation
(3D): Validation case

The final study is to show at a real case some features of the ground and system behaviour when
a tunnel drive approaches and passes a stiff block embedded in a weak material. By comparison
with the conclusions from the theoretical studies (cf. Chapter 6 on p. 81 and Chapter 7 on p. 159),
the validity of the latter shall be proven. Further, the study shall demonstrate possibilities to
discover the stiff block prior to excavating it by analysing the system behaviour.

This validation case refers to a tunnel section of the access tunnel Göstritz. The tunnel is
part of the construction lot SBT 1.1 of the Semmering Base Tunnel project. It is the same
construction lot the calibration case is from (cf. Chapter 9 on p. 201). The tunnel section
analysed here was excavated in summer 2016.

The study analyses the site observations, performs a three-dimensional simulation of the
tunnel drive through the selected tunnel section, and evaluates the simulation results. The
simulation uses the settings for the shotcrete material from the calibration case (cf. Chapter 9).

Captions of some figures and tables in this chapter cite the abbreviation Validation case
referring to the simulation of the heading; it is SBT1.1 | Göstritz if the figure or table refers to
site conditions and observations.

Section 10.1 lists the main limitations of the numerical simulation. The geological and
hydrogeological conditions of the analysed section are briefly described in Section 10.2. Relevant
rock mass types are cited in Section 10.3 (p. 246). A summary of the primary stress state
(Section 10.4 on p. 247) and of the tunnelling method applied (Section 10.5 on p. 248) follows.
Section 10.6 (p. 248) describes the equipment of monitoring cross sections along the analysed tunnel
section. The site system behaviour observed is discussed in Section 10.7 (p. 248). Section 10.8
(p. 256) and Section 10.9 (p. 260) outline the model setup and the input parameters, respectively,
required to simulate the tunnel construction in this section. The approach to evaluate the
numerical results is given in Section 10.10 (p. 268); the results are summarised in the section
following (Section 10.11 on p. 269). Section 10.12 (p. 271) interprets the results and discusses
the conclusions from this study.

243



CHAPTER 10. BNTE3D: VALIDATION CASE 244 of 498

10.1 Limitations

Two of the limitations in the calibration case (cf. Section 9.1 on p. 202) apply also here: it is any
time-dependency of the rock mass deformation and swelling. According [61, p. 77ff], in the rock
masses analysed here, sulphate rocks are predominantly massive but limited in size. They are
present as shear bodies only. Further, they assume that most anhydrites already have altered to
gypsum reducing the potential for swelling significantly. Since the maximum swelling pressure of
0.7 MPa is not to be considered before one to two years after excavation which is far beyond the
scope of the simulation here, swelling is neglected.

The tunnel drive is simulated without performing coupled fluid-flow calculations. This is no
simplification since the rock mass in the analysed tunnel section can be considered dry (cf. next
section).

10.2 Geological and hydrogeological conditions

The tunnel section from chainage 235 m to chainage 335 m this study deals with is in the fault
system Grassberg-Schlagl. It’s a left-lateral strike-slip fault system accompanying the major
Mur-Mürztal-Semmering-Wiener Becken fault system ([407, p. 150]). Related fault zones relevant
for this study feature a W-E to WSW-ENE strike ([343, p. 138]). Faults predominantly strike
from W to E and dip steeply to S ([407, p. 249]). The overburden increases from approx. 59 m
to approx. 86 m. Along this section, tectonic events have stressed most parts of the rock mass
considerably leading to a heterogeneous rock mass. Fig. 10.1 shows the rock mass structure of a
60 m long part of the section. The rocks are heavily fractured or even cataclastic. Its sericite
phyllites and sericite schists that alternate with varying quality (incl. cataclasites) and proportion,
often separated into finite zones by shear bands. Sometimes, one rock type transitions into the
other. The sericite schists are present only approx. up to chainage 298 m. From approx. chainage
264 m, strongly fractured zones of thin layers of calcareous slates and of limestones pass through
the analysed tunnel section up to its end. Shear bands border these zones. Around chainage
275 m, a 5 m thick shear body of dolomite and gypsum breccia crosses the excavation area from
the right. It is massive and strong. Fine-grained cataclasites of sericite phyllites intercalated by
quartzitic and dolomite beds or lenses (< 10 cm) accompany the shear body and the zones of
slates and limestones. Within 30 m on both sides of the carbonate shear body, the total share of
cataclasites ranges approx. from 40% to 70%. Fig. 3.7 (p. 29) shows the sketch of the tunnel face
at chainage 282.3 m comprising the block and the weak material surrounding it. From chainage
302 m, the rock mass also comprises alternating layers of tectonically strongly compacted and
folded cataclasites of sericite phyllites cemented with gypsum, strongly fractured slates (along
shear bands), and more competent shear bodies of dolomite and gypsum breccia. [151, 152]

The zoning of the analysed tunnel section into Zone A to Zone E was done considering apparent
boundaries of geological features visible in Fig. 10.1 and distinct changes in the evaluated rock mass
characteristics mapped by the geologists (e.g., rock strength, dominant spacing of discontinuities).

All rocks are fresh and unweathered. The sericite phyllites are soft or loosened and folded,
and bear quartzitic gravels or sheared beds. Foliation planes feature a spacing of < 0.6 to 6
cm. The rocks are moderately anisotropic. Less stressed parts feature a mapped rock strength
category of 5–25 MPa, and 1–5 MPa for related cataclasites. For most parts, the sericite schists
are more competent than the sericite phyllites and comprise quartzitic layers and joint fillings.
The foliation spacing ranges from 0.6 to 6 cm. The rocks are moderately to highly anisotropic.
Their strength has been assigned to the same categories as the phyllites. The slates are soft and
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Figure 10.1: SBT1.1 | Göstritz: Longitudinal section (top) and horizontal section (bottom) from
chainage 255 m to chainage 315 m (rock mass structure from [151]). For the subdivision of the
tunnel into sections regarding the mean orientation of the foliation planes (TS-FP), refer to
Tab. 10.8 (p. 261).

the limestones are strong (50–100 MPa; 25–50 MPa after chainage 275 m; related cataclasites:
5–25 MPa), both predominantly featuring a foliation spacing of 2 to 6 cm. The fine-grained
cataclasites are weak (predominantly < 5 MPa) and do not show a dominant structure. The
main carbonate shear body is isotropic to slightly anisotropic, and its strength was estimated
with 50–100 MPa. The shear bodies encountered farther behind are smaller, have been stressed
more, and are less competent (25–50 MPa) and partly foliated. The cemented cataclasite is
cohesive and relatively strong (5–25 MPa), features a foliation spacing of < 0.6 to 6 cm, and is
moderately anisotropic. [151, 152]

All mapped discontinuities (i.e., foliation planes, joints, faults, slickensides) are planar or
undulated, and predominantly smooth. The walls of the foliation planes are sericitic. Many of
the faults feature clayey to silty fillings. Some of them are shear bands. Fault planes are mostly
at least 60 cm apart from each other. [152]

Approx. up to chainage 273 m, the azimuth of the foliation planes varies from NW to NE.
They dip at a moderate to high angle (from 35° to 74°) and are mechanically effective (often
tectonically overprinted to slickensides). In the next 30 m of rock mass, the azimuth varies from
NW to N and the planes dip steeply (from 61° to 86°). After approx. chainage 302 m, because
of the cementation with gypsum and the compaction, most discontinuities are mechanically
insignificant. The remaining significant ones steeply dip to NW or SE. The dip angle of all faults
mapped in the analysed section varies between 60° and 90°. The structural conditions along the
analysed tunnel section partly deviate from the ones on a larger scale because of offsetting and
folding during tectonic events ([343, p. 138]). [151, 152]

Considering the direction of the tunnel drive of 100° from north, all foliation planes mapped
between chainage 255 m and chainage 298 m dip to the left, some in the direction of the drive
(DOD) and some against it (cf. Fig. 10.2a) with a strike parallel to sub-parallel to the tunnel
axis (i.e., ≤ 30◦). Note that from chainage 298 m to chainage 316.1 m, no foliation planes have
been mapped; probably because of their mechanical insignificance (cf. text above).
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Figure 10.2: SBT1.1 | Göstritz: Schmidt net (equal area) plot of orientations of discontinuities
mapped from chainage 255 m to chainage 316.1 m (data from [152]), and of the fault system the
analysed tunnel section passes through. (a) Foliation planes; (b) fault planes. The light red great
circles highlight the variation in the dip angle of the fault system. 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]).

Fig. 10.2b plots the great circles of some mapped fault planes. From chainage 255 m to
chainage 298 m, the strike of the faults deviates from the tunnel axis by 0° to 65° (mean value:
32°). Most faults dip against the DOD and to the left (NW). In the rock mass following, up to
chainage 316.1 m, it is 0° to 80° (mean value: 49°). Here, most faults either dip in the DOD and
to the right (SE) or against the DOD and to the left (NW).

Because of unfavourable intersections of discontinuities, shear bands, and the tunnel surface,
along the entire tunnel section, small- to medium-sized rock bodies were prone to fall or slide
into the opening during tunnelling. [151, 152]

In the excavation area, the rock mass is dry or features an inherent moisture. The maximum
amount of water ingress was 0.002 l/s. Water trickling down from drillings and rock bolts could
be observed. More water ingress was observed after the heading passed chainage 420 m where
the rock mass comprises rauhwacke. Thus, for the simulation it is assumed that the rock mass
close to the stiff block is dry locally featuring some joint water. [152]

Now the block this analyses is interested in, is this main carbonate shear body (hereinafter
termed the stiff block) crossing the tunnel approx. from chainage 275 m to chainage 310 m. It is
massive, strong, and lacks of many weakness planes, and weak to very weak material surrounds it.
The mapped strength of the slates and limestones encountered before reaching this massive block
is as high as of the block. The rock mass zone comprising the slates and limestones is strongly
fractured resulting in a far lower strength compared to the block.

10.3 Rock mass types

The rock masses encountered in the tunnel section have been assigned to the rock mass type
(RMT) 5f-1, 5f-2, 8c, or 8f.

RMT 5f comprises sulphate rocks like gypsum or anhydrite. RMT 5f-1 is the less competent
one with layers of sericite phyllite or schist overall featuring a low to moderate strength. RMT
5f-2 refers to massive sulphate to sulphate-rich carbonate rocks with a high to very high strength.
[380, p. 24f]
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For RMT 8c and RMT 8f, refer to Section 8.3 (p. 172). Tab. 10.1 lists the shares of the RMT
for each top/bench-heading tunnel face mapped.

Table 10.1: SBT1.1 | Göstritz: Areal share of the top/bench-heading tunnel face by the rock
mass types (RMT) in the tunnel section from chainage 255 m to chainage 316.1 m (information
from [152]). Note that the distribution is similar at the mapped tunnel faces of the invert heading
(not listed).

Areal share of the top/bench-heading tunnel face in percent
Chainage [m] 255 257.6 260.2 264.1 266.7 269.3 271.9 274.5

RMT 5f-1 - - - - - - - -
RMT 5f-2 - - - - - - - -

RMT 8c 100 100 100 100 100 100 74 52
RMT 8f - - - - - - 26 48

Chainage [m] 277.1 279.7 282.3 284.9 287.5 292.7 297.9 299.2
RMT 5f-1 - - - - - - - -
RMT 5f-2 15 22 33 29 39 33 33 31

RMT 8c 48 35 23 19 - - - -
RMT 8f 37 43 45 52 60 67 67 69

Chainage [m] 303.1 305.7 308.3 314.8 316.1
RMT 5f-1 - 39 32 68 87
RMT 5f-2 30 - - - -

RMT 8c - - - - -
RMT 8f 69 60 67 32 14

10.4 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 tunnel
section analysed here.

10.4.1 General

For the primary stress state conditions across the project area of the construction lot SBT 1.1,
refer to Section 8.4.1 (p. 174).

10.4.2 Primary stress at the analysed section

The section of interest is part of a strike-slip fault system. The system’s orientation relative to
the estimated orientation of the horizontal principal stresses is like the one at the DFOS section
(cf. Fig. 10.2 and Fig. 8.2 on p. 171). Thus, the same conclusions can be drawn (cf. Section 8.4.2
on p. 174): σv ≥ σH > σh.

In contrast, for the fault system considered here, [61, p. 86] report extensional movements
(i.e., dip-slip faulting), in particular around chainage 260 m. This extension may cause reduced
horizontal stresses in zones nearby ([61, p. 85ff]). Because the rock mass here comprises also
competent zones, which may be capable of preserving stress differences (cf. [61, p. 85ff]), this
study sets k0,H = 0.75 and k0,h = 0.5.
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Considering that the overburden varies from 59 m to 86 m, the resulting primary principal
stresses at the tunnel level are (for the purpose of illustration here, γ = 0.025 MN/m3):

• σv = −1.48 . . .− 2.15 MPa

• σh = k0,h · σv = 0.5 · (−1.48 . . .− 2.15) = −0.74 . . .− 1.08 MPa

• σH = k0,H · σv = 0.75 · (−1.48 . . .− 2.15) = −1.11 . . .− 1.61 MPa

The azimuth of the DOD is 100° from N and the direction of σH deviates from it by 55°
(cf. Fig. 10.2).

10.5 Tunnelling method

The tunnel section has been excavated with an excavator. From chainage 273.2 m, because of
the competent sulphate and carbonate rock blocks, cuttings or loosening blastings were required.
The tunnel drive was separated into two headings: (1) the top/bench heading (tbh), and (2) the
invert heading (ih). The round length of the top/bench heading is 1.3 m, of the invert heading it
is 4.4 m. The distance between the top/bench heading and the invert heading ranged between
4 m and 10 m.

Up to chainage 275.8 m, the top/bench-heading round was excavated in two steps (i.e., partial
face excavation). After that, it was a full-face excavation. The invert heading was done full-face
entirely.

Tab. 10.2 and Tab. 10.3 list the installed support at the top/bench heading and invert heading
from chainage 235 m to chainage 335 m. Refer to Fig. 8.7 (p. 182) for a schematic cross section
of the shotcrete lining.

The tunnelling sequence for a standard top/bench-heading round is similar to the one close
to the DFOS section (cf. left column in Tab. 8.5 on p. 179). At the tunnel section analysed here,
up to chainage 321.3 m, spiles and radial rock bolts were installed before the second layer of
shotcrete. Rock bolts ahead of the tunnel face were installed every 6th round. The tunnelling
sequence for a standard invert-heading round is the same as close to the DFOS section (cf. left
column in Tab. 8.6 on p. 179).

10.6 Position of monitoring devices

The monitoring cross sections of the top/bench heading are 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. The positioning of
the MT is like at the DFOS section (cf. Fig. 8.5 on p. 180). The only difference here is that MT1
is to the right of the crown. At its top, Tab. 10.4 lists the chainages of relevant monitoring cross
sections.

10.7 Observed system behaviour: Geodetic measurements

Zone A highlighted in Fig. 10.1 (p. 245) extends from chainage 225 m up to chainage 273 m.
There, the foliation planes strike sub-parallel to the tunnel axis and dip to the left side wall at a
moderate to high angle. According to [92], when the planes strike parallel to the tunnel axis or
if they deviate from it by 45° dipping against the DOD, and if the dip angle is 45° (moderate
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Table 10.2: SBT1.1 | Göstritz: Specifications of the support of the top/bench heading from
chainage 235 m to chainage 335 m. Information from [345].

Primary support of the side walls and the crown
Shotcrete SpC 30/37/J2/XAT-C3A-free ([289, p. 26ff, 63]: minimum characteristic

compressive strength fck,min = 40 MPa for cores with h/d = 1, early
strength class J2, XAT-C3A-free . . . resistant to sulphate), thickness t =
25 cm

Wire mesh AQ 50 (in both directions: cross-sectional area A = 1.96 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 14—15x grouted rock bolts (C3A-free) installed radially, length L = 4 m,
maximum tensile force Ft,max = 250 kN

Temporary face support
Shotcrete same as for side walls (see above), 0–50% of face area with thickness t =

10 cm and wire mesh, 100–50% 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 up to chainage 329.1 m 4–6x grouted IBO self-drilling rock bolts with hollow

bars installed ahead of the tunnel face and up to chainage 321.3 m interlocked
with the tunnel face by load distribution plates, length L = 12 m, maximum
tensile force Ft,max = 350 kN

Primary support ahead of the tunnel face
Spiles 14–33 spiles, up to chainage 300.5 m driven spiles and from chainage 301.8 m

up to chainage 321.3 m non-grouted tube spiles, outer diameterOD = 30 mm,
length L = 4 m, circumferential spacing e < 30 cm

angle), the left side wall displaces radially more than the right side wall (cf. Fig. 53 on p. 61 and
Fig. 59 on p. 66 in the reference; in the latter, imagine the situation graphed there mirrored). It
is similar here (cf. the categorisation of the horizontal and vertical displacements at the top of
Tab. 10.4). However, when observing the graphs given in [92], it becomes clear that the resulting
displacements and behaviour patterns (e.g., ratio between the horizontal displacement of the side
walls) can change significantly depending on the dip angle (cf. also the comments at the end of
Section 8.7.2 on p. 183).

Similarly, the longitudinal displacements also depend on the orientation of mechanically
significant discontinuities. At the beginning of Zone A, all MT displace against the DOD. At
some monitoring cross sections, the left side wall displaces a little more than the right side wall;

Table 10.3: SBT1.1 | Göstritz: Specifications of the support of the invert heading from chainage
235 m to chainage 335 m. Information from [345].

Support of the invert
Shotcrete SpC 30/37/J2/XAT-C3A-free ([289, p. 26ff, 63]: minimum characteristic

compressive strength fck,min = 40 MPa for cores with h/d = 1, early
strength class J2, resistant to sulphate), thickness t = 25 cm

Wire mesh rock side: AQ 50 (in both directions: cross-sectional area A = 1.96 cm2/m),
one layer; cavity side: AQ 60 (in both directions: cross-sectional area
A = 2.83 cm2/m), two layers
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Table 10.4: SBT1.1 | Göstritz: Evaluation and categorisation (CAT) of monitored displacements
between chainage 255 m and chainage 340 m.

Displacements at monitoring cross sections

Chainage [m] 225 235 246 254 266 274 286 297 310 319 329 340

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

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

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

max. rad. disp. [mm] 56 47 40 45 45 34 38 19 10 14 16 23

mean rad. disp. [mm] 40 32 31 34 28 21 21 14 8 10 11 17

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; colouring cut-off at x = 2)

0.4 0.5 0.7 0.8 0.7 0.5 0.3 0.8 1.0 1.4 0.9 1.5

0.7 1.1 1.1 1.0 1.0 0.7 0.5 1.5 1.2 2.8 0.8 1.4

1.3 1.3 1.4 2.1 3.9 5.2 3.3 2.2 1.6 0.8 0.6 1.0

V ... vertical displacements MT1: monitoring target at the crown

H ... horizontal displacements MT4: monitoring target at the left side wall

MT5: monitoring target at the right side wall

CAT of long. disp.*, **

L  R

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

VMT1/max(VMT4; VMT5)

|HMT4/HMT5|

at others it is the opposite. The former matches with the behaviour reported in [92, Fig. 53,
p. 61] for the case with foliation planes striking parallel to the tunnel axis and dipping at a
moderate to high angle. The latter refers to the case with the strike deviating from the tunnel
axis and a high-angle dip (cf. [92, Fig. 59, p. 66]).

As the heading approaches the zones ahead of chainage 273 m that comprise more competent
layers and blocks, the displacement level decreases (cf. maximum and mean radial displacement
values in Tab. 10.4), and the MT at the crown and at the right tunnel half displace less against
the DOD or even displace in the DOD (not shown). The latter complies with [382] showing
that the longitudinal displacements deviate towards the DOD in case a stiffer zone is ahead (cf.,
e.g., Fig. 35 on p. 58 in the reference). Accordingly, here, the longitudinal displacements are
categorised with 2 (cf. third row in Tab. 10.4). Because the stiff zones pass through the cross
section from the right to the left (cf. bottom graph in Fig. 10.1 on p. 245), the right tunnel
half displaces in-plane less horizontally resulting in an increase in the ratio of the horizontal
displacement of the left side wall to the one of the right side wall (cf. last row in Tab. 10.4).
Fig. 10.3 plots the recorded displacements at the monitoring cross section at chainage 266.2 m.
Note here the strong anisotropy in all displacement components between the left and right tunnel
half.

From chainage 286 m, the MT displace more or less in-plane only; mostly, the longitudinal
displacements are below 5 mm. Note that the in-plane and out-of-plane displacement pattern
not only depends on the orientation of discontinuities and zones but also on the primary stresses,
the excavation geometry, and the heterogeneity of the rock mass (i.e., alternation of weak and
strong zones). It is assumed that the latter is responsible for the variation in the displacement
ratios involving the vertical displacement in Tab. 10.4.

Regarding the categorisation of the in-plane displacements, consider that the stiff block exits
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(c)

MT1: crown
MT2: left shoulder
MT3: right shoulder

MT4: left side wall
MT5: right side wall

Ref. time: 22.07.2016 14:00:00 (CET)
* ∆Tend of excav. ≈ −2.25 hours
* ∆Tbegin of shotc. appl. rsl ≈ −1 hour
* ∆Tbegin of shotc. appl. csl ≈ +18.5 hours

Figure 10.3: SBT1.1 | Göstritz | top/bench heading: Development of the tunnel displacements
monitored with five geodetic targets (cf. Section 10.6 on p. 248). (a) horizontal displace-
ments (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. csl . . . cavity-side layer,
rsl . . . rock-side layer, MT . . . monitoring target.

the excavation section beginning approx. with chainage 293 m (cf. Fig. 10.1). It then accompanies
the left tunnel side for a considerable part and may do so also outside the excavation area behind
chainage 310 m. Anyway, now that the stiff block has changed the sides, the displacement pattern
switched accordingly: from category 2 to 3, and then to 1 (cf. first two rows in Tab. 10.4). Note
also the change in the horizontal displacement ratio (cf. last row in Tab. 10.4). That a weaker
rock mass zone crosses into the excavation from the right from chainage 322 m (not shown)
contributes to the change in the displacement pattern. Note here the increase in the radial
displacements in Tab. 10.4.

Has the stiff block been discoverable?

The construction site provides the vertical displacement, V , horizontal displacement, H, and
longitudinal displacement, L, of monitoring targets. Lots of ways exist to analyse the data, e.g.:
individual displacement component separately (e.g., V of the target at the crown), displacement
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differences (e.g., H of the target at the left side wall minus H of the target at the right side
wall), displacement ratios (e.g., L/V of the target at the crown). For the analysis, either actual
or absolute values can be used. Ratios can be of linear dimension, or of angular dimension by
calculating the arc tangent. The evaluation quantity can be compared with the time passed since
the reference measurement to get the temporal development. Or it is compared with the distance
of the current tunnel face to the monitoring cross section. Many of the standard approaches
are described in [291] and in the references it cites. [108] introduces thoughts on some new
approaches.

In the case analysed here, a steeply dipping stiff zone crosses the tunnel from the right to
the left at an acute angle. According to [218], for this scenario where the drive approaches a
stiffer zone, the changes in the displacements listed in Tab. 10.5 are expected. The changes occur
from monitoring cross sections farther away from the transition to monitoring cross sections close
to the transition. The magnitude of changes depend on the stiffness and the strength contrast
of the adjacent rock mass zones (cf., e.g., Fig. 14 in [139, p. 14]). The lower the contrast, the
smaller are the changes. But also the size of the zones in the DOD (i.e., thickness) determines
the characteristics of the changes. If, for example, the drive needs to go through a stiff-soft-stiff
rock mass setup, then changes in the displacements showing the soft zone ahead are rather small
and short-lived if the soft zone is thin (cf., e.g., Fig. 16 in [139, p. 17]). They get altered quickly
because of the effect of the stiff zone following. Note that the trends given, for example, in [218]
and [139] refer to setups where the individual rock mass zones are homogeneous, isotropic, and
extend to infinity to all sides perpendicular to the tunnel axis. None of those conditions apply to
the validation case.

Table 10.5: Trends of displacement evaluation quantities according to [218, Structure type 3.7 in
Tab. 6, p. 49] for a tunnel approaching a stiff zone with a vertical dip striking the tunnel axis at
an angle of 45° from the right to the left.

Evaluation
quantity

Crown (MT1) Left side wall (MT4) Right side wall (MT5)

V abs. amount decreases no change abs. amount decreases
H more to the right no change more to the right
L/V more towards the DOD no change more towards the DOD
H/V more to the right - -
L/H - no change more towards the DOD
VMT4/VMT5 increases (i.e., |VMT5| decreases)
HMT4/HMT5 decreases (i.e., |HMT5| decreases)
VMT4/VMT1 no change
VMT5/VMT1 decreases (i.e., |VMT5| decreases)
Assumptions for the statements made here (cf. Fig. 8.8 on p. 182): all targets displace
downwards and displacement values are negative; the left side wall displaces to the right
and the displacement value is positive; the right side wall displaces to the left and the
displacement value is negative.

Fig. 10.4 plots the displacement vectors of the three monitoring cross sections before the stiff
block (MS 246, MS 254, MS 266), and of the one at chainage 274 m where the block is already
part of the tunnel face. The rock mass conditions at the first three monitoring cross sections is
similar (cf. Fig. 10.1 on p. 245 for the rock mass structure from chainage 255 m). Note that the
vertical displacements at MS 254 are larger because of the sub-vertical weak shear band. The
situation is not that bad at MS 266. Thus, the displacement level is lower. Anyway, the difference
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in the displacements between MS 254 and MS 266 is largest at the right tunnel half being close
to the stiff block. In-plane, only MT3 at MS 266 rotates a little to the right. Out-of-plane, it is
MT1 and MT3 that displace more towards the direction of the drive (DOD). Surprisingly, MT5
does not change its in-plane displacement direction and even displaces out-of-plane more against
the DOD. At MS 274, the displacement level at the right tunnel half is lowest.

Figure 10.4: SBT1.1 | Göstritz: Displacement vector plots in the cross and longitudinal section
view for the monitoring cross sections (MS) at chainage 246 m, 254 m, 266 m, and 274 m.
Displacement vectors are scaled up by a factor of 100. At MS 266, the last follow-up measurement
before the top heading encounters the stiff block was 46 hours after the reference measurement.
Thus, for the purpose of identifying differences, all graphs only plot the displacements that have
developed within 46 hours. To ease interpretation, graph (b) and (c) show the vectors of the
monitoring cross section behind the one plotted in the graph with dashed green lines. Graph
(d) is just for comparison as it shows displacements that have developed when the tunnel drive
already hit the block.

Fig. 10.5 shows trend lines for selected displacement quantities. They ”are created by
connecting values from the” state lines ”at a constant distance behind the face” ([291, p. 55]).
Here it is 5 m and 10 m. For the concept of state lines, refer to Section 7.3 (p. 161).

For the evaluation Fig. 10.5, consider that around chainage 35 m quartzite zones with a rock
strength over 100 MPa were encountered. Weak material also surrounds those stiff zones and
similar displacement patterns are expected to have developed. There it is an alternating sequence
of stiff and soft zones (not shown) in contrast to the one block of the validation case here. Note
also that approx. from chainage 110 m up to chainage 268 m the rock mass conditions are similar.
The overburden continuously increases from the portal of the tunnel to the analysed section (cf.
Section 10.2 on p. 244).

Graph (a) in Fig. 10.5 plots the horizontal displacement of the right side wall. At the end,
the trends point upwards but the levels of the trends differ little from those around chainage 110
m. In addition, the variation of the trend lines is large reflecting the rock mass heterogeneity and
one could assume that they point downwards soon again. Thus, the evidence for a stiff block
ahead is not clear. It is similar for the graphs (b) and (c) that plot the vertical and longitudinal
displacement of the right side wall, respectively. The level of longitudinal displacement is low.
Thus, some of the variation in the trends must be ascribed to measurement inaccuracy. The
trends in graph (c), and in other graphs too, would be probably more distinct if the block is
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Figure 10.5: SBT1.1 | Göstritz: Trend lines of selected displacement evaluation quantities. The
graphs end on 24:00 of July 24th, 2016, when the tunnel drive is at chainage 273.2 m right before
arriving at the stiff block. The red and blue lines are the envelopes of the state lines on the positive
or negative side of the ordinate axis, respectively. Note the different scaling of the ordinate axes.
Evaluated displacement quantities: (a) HMT5, (b) VMT5, (c) LMT5, (d) arctan (HMT5/VMT5), (e)
arctan (LMT5/HMT5), (f) HMT4 −HMT5, (g) LMT4 − LMT5, (h) VMT4 − VMT5. H . . . horizontal
displacements, V . . . vertical displacements, L . . . longitudinal displacements, MT4 . . . left side
wall, MT5 . . . right side wall. The vertical grey lines highlight the location of the monitoring
cross sections.
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larger in the DOD. Knowing of the block and considering the displacement development, one
could conclude the small size of the block. As was already observed at the vector plots (cf.
Fig. 10.4c), in-plane, the displacement vector does not change its orientation (cf. Fig. 10.5d).
Thus, concentrated shearing along the surface of the foremost block part assumed to be almost
vertical is not pronounced or is still too far away to affect the tunnel displacements significantly.

The displacements of MT1 at the crown (not shown) do not feature any signs for the block. In
contrast to what is listed in Tab. 10.5 (p. 252), the vertical displacements even show an increasing
trend.

According to Tab. 10.5, the out-of-plane vector L/H should change its orientation pointing
more towards the DOD. It does in the case here (cf. graph (e)) but only to a minor extent
considering the variability of the trend lines (it is similar at the arctan (LMT5/VMT5) plot; not
shown). The trends may be still explained to be within the normal range because of the
heterogeneity of the project’s rock masses. The evaluation of graph (f) is problematic. If the value
gets higher, either the displacements of MT4 are larger or those of MT4, or both increase, or the
increase in one component outweighs the decrease in the other. So, which one is the case here?
It is impossible to tell without considering other graphs.1 Note that the horizontal displacements
of the left side wall are positive, whereas those of the right side wall are negative. Anyway, the
graph shows that the level of displacement increases from the tunnel portal up to the analysed
section. This complies with the overburden increasing steadily. There is a decreasing trend at
the end. However, it is still within the usual range of variation.

Graph (g) does not feature that problem because usually both the longitudinal displacements
of the left side wall and right side wall are negative pointing against the DOD (cf. graph (c) and
Fig. 10.4). Thus, if MT5 displaces less, then the value in the graph gets lower (i.e., less positive,
or more negative). Close to the block, the trend shows this decrease but is too less pronounced
compared to the large variation from approx. chainage 170 m. Now in graph (h), clear signs
for the block exist. Both the vertical displacements of the left side wall and right side wall are
negative pointing downwards. If MT5 displaces less, then the value gets lower (i.e., less positive,
or more negative). The latter is the case here, and the change is much larger as it has been
observed between chainage 20 m and chainage 40 m comprising the strong quartzite zones. The
trend is significant and extends for over 30 m. From all graphs, in graph (h), close to the block,
the envelope of the state lines exceeds the envelope of the maxima or minima at tunnel sections
before for the first time.

In the case here, the last monitoring cross section is too close to the stiff block. Otherwise, data
from more follow-up measurements would be available before the heading hits the block. Anyway,
if the monitoring cross section is farther away, changes because of the block will be less significant.
Considering the global orientation of the rock mass structure, larger zones not encountered yet
may (!) cross into the tunnel from the right. Thus, it is likely that plots comparing the left and
right tunnel half will show the largest changes. The heterogeneity of the rock mass makes a
prognosis difficult. Some zones may fail under the loading, others may not. Some metres ahead,
because the overburden increases, more zones may fail. Without investigation drillings ahead
of the face, or sound investigation campaigns in the design phase and a continuous update of
the geological model during construction, in the case here, only Fig. 10.5h clearly indicates the
block being ahead. The engineers and geologists at the site following the construction from the
beginning on may see more clear signs that something is coming.

1One could overcome this problem by evaluating the displacement ratio (e.g., HMT4/HMT5) rather than the
displacement difference.
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10.8 Numerical model setup

This study simulates the tunnel drive from chainage 235 m to chainage 335 m using the program
FLAC3D ([178]). Regarding the rock mass conditions only the tunnel section visible in Fig. 10.1
(p. 245) is evaluated. It is assumed that the influence of the rock mass conditions farther away
on the system behaviour close to the stiff block in the centre of the numerical model is negligibly
small. The rock mass of interest is modelled with five homogeneous zones (cf. Section 10.2 on
p. 244 and Fig. 10.1): Zone A, B, C, D, and E. The dip angles cited in the top graph in Fig. 10.1
are the apparent ones. The actual dip angles are 86°, 86°, 89°, and 86°, respectively.

The numerical model is set up in the same way as it is done for the calibration case (cf.
Section 9.4 on p. 210). Thus, this section only cites relevant differences and specifics of this study.

Fig. 10.6 and Fig. 10.7 show the numerical model from different points of view. The bottom
graph in Fig. 10.7 shows the moment before step 1 (cf. Tab. 9.1 on p. 217) of the top/bench-
heading round from y = 33.8 m to y = 35.1 m. The initial state is illustrated in the two other
graphs. The following subsections introduce the features visible in the graphs and some model
and calculation settings. System related parameters (i.e., rock mass, tunnel, support) and the
selected primary stress state are cited in the next section, Section 10.9 (p. 260). For a more
general overview of the site conditions, refer to the sections above.

Figure 10.6: Validation case: Perspective view of the numerical model (initial state). The graph
only shows the left model half.
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Figure 10.7: Validation case: Detailed front view (top graph; view in the direction of the tunnel
drive) and detailed side view (bottom graph; view onto the left model half). The top and bottom
graph do not share colours. The colour bars refer to the bottom graph only.

10.8.1 Modelling of system features

Like for the calibration case, the model was subdivided into rock mass zones by assigning different
properties to the mesh elements that fall within the zone boundaries. The mesh was obtained
using the extrusion option in FLAC3D and, thus, is in-plane all the same in the longitudinal
direction. The zone boundaries are then not planar but characterised by the faces of the mesh
elements oriented differently resulting in a zigzag shape (cf. Fig. 10.8). Consequently, the same
applies also to the walls of the stiff block and to the interface separating the block from the
surrounding weaker material.

In the vertical direction, the interfaces only range from 10 m below the tunnel to 10 m above
the tunnel. And no interfaces are installed at the outermost block walls parallel to the tunnel
axis. This made the simulation a little more stable. Since the block is large compared to the
tunnel, and because the strong block limits the volume of influence of the tunnel excavation, the
simplifications are valid.



CHAPTER 10. BNTE3D: VALIDATION CASE 258 of 498

Figure 10.8: Validation case: Side view of the block-matrix interface (dark grey). The mesh grid
outlines the stiff block (Zone C and Zone C*). The rock mass-lining interface is highlighted in
light grey.

10.8.2 Modelling of material behaviour

The study uses the Ubiquitous Joint model and the Mohr-Coulomb (MC) model to simulate the
behaviour of the rock mass zones. Zone B, D, and E share RMT 8f (cf. Fig. 10.1 on p. 245 and
Tab. 10.1 on p. 247) for which the design documents report stress-dependent stiffnesses suitable
for, e.g., the Plastic Hardening model. However, other RMT accompany RMT 8f. Because the
RMT 8f layers are not modelled explicitly but are part of the homogenised zones, MC parameters
are used for averaging considering the RMT shares (cf. Section 10.9.3 on p. 261). The design
documents report MC parameters for all RMT.

10.8.3 Mesh

Most volumes are eight-node brick elements, some are six-node wedge elements. In the direction
of the tunnel drive (DOD), because of the round length of 1.3 m of the top/bench heading, the
minimum element size is also 1.3 m. In contrast to the region close to the DFOS section in the
calibration case, here, no densification is performed in the DOD close to the block.

The model features 150,420 zones.

10.8.4 Model size

The tunnel displacements in the case here (cf. Tab. 10.4 on p. 250) are of the same magnitude as
in the calibration case (cf. Tab. 8.7 on p. 183). Thus, the model size selected for the calibration
case (cf. Section 9.4.4 on p. 215) is assumed to be suitable here too.

Because the extrusion option in FLAC3D is used to create the model, the top/bench-heading
round length is 1.3 m, and FLAC3D [178]2 suggests using numbers for the segmentation (or
densification) ”that are directly multiples of each other” (e.g., 1, 2, 4), in the DOD, a model size
of 130 m is selected (cf. Fig. 10.6). Anyway, the tunnel drive in the simulation proceeds only
until model chainage 100 m. For convenience, Zone B and Zone E are simply extended up to
model chainage 130 m.

2.../doc/flac3d/zone/doc/manual/zone_manual/zone_commands/cmd_zone.densify.html
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The model starts at tunnel chainage 235 m and ends at chainage 365 m. Thus, in the model,
the stiff block crosses the excavation the first time approx. at chainage 39.5 m (= tunnel chainage
274.5 m).

10.8.5 Boundary conditions and initial state

With an overburden of ≥ 59 m, the tunnel section is considered deep. Thus, the ground surface
is not modelled explicitly.

In this study, the large-strain mode (cf. Footnote 7 on p. 87) remains turned off for the
simulation of the excavation. Turning it on resulted in a few numerical incompatibilities where
the rock mass-lining interface crosses the block-matrix interface. Note that according to [410,
p. 52], the small-strain mode suffices for a shear band analysis.

10.8.6 Construction sequence

The following subsections list information on the site and simulation tunnelling sequences for
the top/bench heading and the invert heading. The simulation comprises 78 top/bench-heading
rounds and 24 invert-heading rounds. Those 102 rounds are processed by 760 simulation steps.
The creep calculations cover 3,708,900 seconds. That are 42.9 days. The information on the site
actions is from [341].

At the site, the top/bench-heading round length is 1.3 m and the invert-heading round
length is 4.4 m. Because of the approach selected to create the mesh (cf. Section 10.8.4), in the
simulation, the invert-heading round lengths must be a multiple of the top/bench-heading round
length. The invert-heading round lengths were selected in a way that the error is smallest. It is
3.9 m or 5.2 m.

The standard site sequences for a top/bench-heading round and for a invert-heading round at
the access tunnel Göstritz (analysed here) are similar to the ones for a top-heading round and for a
bench/invert-heading round, respectively, at the tunnel Gloggnitz (calibration case; cf. Chapter 9
on p. 201). For the latter, Tab. 9.1 (p. 217) and Tab. 9.3 (p. 219) give simplified descriptions
about the site actions and on how the sequences are implemented in the numerical simulation.
The following subsections list the differences in the site actions and the implementations.

Top/bench heading

The sequence listed in Tab. 9.1 (p. 217) applies here from chainage 321.3 m. From chainage 235
m up to chainage 321.3 m, the rock bolts got installed before the installation of the 2nd shotcrete
layer.

Tab. 10.6 lists all versions of simulation tunnelling sequences for the top/bench heading in
this study.

Invert heading

The sequence listed in Tab. 9.3 (p. 219) does not apply here but is the basis for the tunnelling
sequence that applies to all invert-heading rounds simulated in this study (cf. Tab. 10.7).



CHAPTER 10. BNTE3D: VALIDATION CASE 260 of 498

Table 10.6: Validation case: Variations of the simulated tunnelling sequence of top/bench-heading
(tbh) rounds. For the simulation actions, refer to Tab. 9.1 (p. 217).

# 1 2 3 4 5 6 7 8
v0.1 tbh excav tbh pass 1 tbh shot 1 tbh pass 2 tbh bolt tbh pass 3 tbh shot 2 tbh pass 4

= Standard simulation sequence for the top/bench heading up to chainage 321.3 m
v0.2 tbh excav tbh pass 1 tbh shot 1 tbh pass 2 tbh shot 2 tbh pass 3 tbh bolt tbh pass 4

= Standard simulation sequence for the top/bench heading from chainage 321.3 m
v1 tbh excav tbh pass 1 tbh shot 1 tbh pass 2 tbh bolt tbh pass 3 face tbh shot 2 tbh pass 4

= Simulation sequence for a top/bench-heading round at which face bolts are installed (every 6th round); tbh pass 3 face: in
addition to tbh pass 3 but before creep calculation, set flag in particular zones ahead of tunnel face for increase of cohesion
simulating installation of face bolts when top/bench-heading drive is two rounds farther ahead; at other scenarios, the face
bolts are installed with the action tbh pass 2 face or tbh bolt face

v2 tbh excav tbh pass 1 tbh shot 1 tbh pass 2 tbh bolt double tbh pass 3 tbh shot 2 ext tbh pass 4
= 1st simulation sequence scenario for a top/bench-heading round before switch to invert heading (executed only two times;
otherwise, one of the other sequences); tbh bolt double: in addition to tbh bolt but before creep calculation, increase of
cohesion in rock mass zones around excavation at round i simulating installation of radial bolts at round i; tbh shot 2 ext: in
addition to tbh shot 2 but before creep calculation, installation of 2nd shotcrete layer at round i

v3 tbh excav tbh pass 1 tbh shot 1 tbh pass 2 tbh shot 2 ext tbh pass 3 tbh bolt double face tbh pass 4
= 2nd simulation sequence scenario for a top/bench-heading round before switch to invert heading (executed only once;
otherwise, one of the other sequences); tbh shot 2 ext: cf. v2; tbh bolt double face: in addition to tbh bolt double (cf. v2)
but before creep calculation, set flag in particular zones ahead of tunnel face for increase of cohesion simulating installation of
face bolts when top/bench-heading drive is two rounds farther ahead

v4 tbh excav tbh pass 1 tbh shot 1 tbh pass 2
= Simulation sequence for a top/bench-heading round after switch from invert heading to top/bench heading (executed only
two times; otherwise, one of the other sequences)

Table 10.7: Validation case: Simulated tunnelling sequence of invert-heading (ih) rounds. For the
simulation actions, refer to Tab. 9.3 (p. 219).

# 1 2 3 4 5 6
v0 ih excav ih pass 1 ih shot 1 ih pass 2 ih shot 2 ih pass 3 ext

= Standard simulation sequence for the invert heading; ih pass 3 ext: in
addition to bih pass 3 from the calibration case (cf. Tab. 9.3 on p. 219)
but before creep calculation, backfill of excavated invert section, and
model run to equilibrium because of dead weight of backfill

10.9 Numerical input parameters

The following subsections list site-specific conditions, geometries, and material parameters. Some
input parameters are selected in the same way as in the calibration case (cf. Section 9.5 on p. 220)
and, thus, are not cited here (e.g., stiffness cone, backfill, shotcrete strength and stiffness).

10.9.1 Tunnel shape and size

The tunnel cross section is mouth-shaped and circumscribes an area of approx. 66 m2. The
cross-sectional area of the top/bench heading is approx. 56 m2 (max. width = 10.2 m, max.
height = 6.5 m), and it is approx. 10 m2 (max. width = 8.6 m, max. height = 1.6 m) of the
invert heading.

10.9.2 Primary stress state

The stress values cited in Section 10.4.2 (p. 247) match with the stresses at the model origin in
the numerical simulation. For the calculation of the overburden stress using the specific weight,
Zone C is not considered since it features a limited size (cf. Section 10.9.3).
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10.9.3 Rock mass

Refer to Section 10.2 (p. 244) for a description of the geological and hydrogeological conditions
and to Section 10.3 (p. 246) for the relevant design rock mass types (RMT).

Upon the rock mass description by the site geologists and the section views given in Fig. 10.1
(p. 245), the numerical model is split into the zones A–E. Along the tunnel axis, from model
chainage 0 m up to model chainage 38 m, it is Zone A. Everything after model chainage 69 m is
Zone E. It is assumed that what is before tunnel chainage 235 m or what comes after tunnel
chainage 315 m has negligible effect on the system behaviour close to the foremost part of the
block, which is of interest in this study. Except for Zone C, all other zones extend up to the
model boundaries. This is an assumption as the rock mass structure outside the excavation area
is unknown. The latter applies also for Zone C. Anyway, it seems unlikely that the stiff block
extends that far considering its shape. The site head geologist confirmed that the extension
outside the excavation area is probably limited ([170]). Often the extent is unknown, but drillings
occasionally showed an extension of such blocks of maximum 1.5 times the equivalent tunnel
diameter. For convenience, this value is used in the numerical simulation to limit the extension
of the block to all sides. Horizontally, the boundaries of Zone C intersect within the defined
thresholds at an acute angle (cf. lower graph in Fig. 10.1). It is assumed that such sharp edges
break and, thus, in the simulation, the block is cut off at x = −11.5 m and at x = 6.5 m. The
resulting height of the block in the model is approx. 28 m. Its in-plane width is 18 m. The
vertical distance between the block top and the crown is approx. 9.5 m.

Tab. 10.8 lists the orientation of the foliation planes mapped at the tunnel faces from chainage
255 m to chainage 297.9 m. Three characteristic sections can be recognised, TS-FP 1–3. They
relate to the model rock mass zones A and D (cf. Fig. 10.1). Since no planes have been mapped in
the zones B, C, and E, it is assumed that in those zones the foliation is mechanically insignificant
or non-present.

Table 10.8: Validation case: Orientation of foliation planes mapped at the top/bench-heading
tunnel faces in the tunnel section from chainage 255 m to chainage 297.9 m (information from
[152]).

Zone Chainage [m] DD/dip [°] Mean DD/dip [°] TS-FP

A

255 340/60 009/62 010/67

008/62 1257.6 010/60 025/70 020/55
260.2 020/61 355/61
264.1 016/46 (310/71) 351/74 (030/35)
266.7 355/35 025/40

011/46 2269.3 031/42 031/46
271.9 010/50 354/52
274.5 345/50 013/52
No foliation planes mapped at chainage 277.1 m, 279.7 m, and 282.3 m

D

284.9 005/84

348/76 3287.5 345/70 036/78
292.7 335/80 340/86 322/75
297.9 356/61

No foliation planes mapped at chainage 299.2 m, 303.1 m, 305.7 m,
308.3 m, 314.8 m, and 316.1 m

DD . . . dip direction, dip . . . dip angle
TS-FP . . . Tunnel section regarding the orientation of the foliation planes
( ) . . . Values in parentheses are not used for the arithmetic averaging
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At the site, the rock masses encountered have been assigned to RMT 5f-1, 5f-2, 8c, or 8f.
Part I of Tab. 10.9 gives the design values for each RMT. The following subsections3 outline the
decisions on the rock mass parameters for the model zones A–E. For estimates of the tunnel
displacements, the site utilisations of the lining are used (cf. Tab. 10.10). Tab. 10.11 lists the
rock strengths mapped at the tunnel faces. In combination with the discontinuity spacings (not
shown), they allow to assess the rock mass quality to some extent.

Table 10.9: Validation case: Rock mass parameters of the rock mass types (RMT) 5f-1, 5f-2, 8c,
and 8f (from [61, 103]), and of the model zones A–E.

γ ν En Ep φn φp cn cp

[kN/m3] [-] [GPa] [GPa] [°] [°] [MPa] [MPa]
I Design values ([61, Appendix 1, p. 1, 3], [103, p. 21])
I.a Representative calculation values
RMT 5f-1 26 0.2 25 33 2
RMT 5f-2 28 0.15 65 40 10
RMT 8c 25 0.27 0.2 (2) 24 0.5 0.12

0.45 (5) 2 (5)
0.85 (11)
1.25 (20) 2.5 (20)

RMT 8f 24 0.3 50 · |σ1| + 0.015 24 0.12
I.b Value ranges
RMT 5f-1 26 0.15. . .0.25 10. . .45 29. . .38 0.7. . .4
RMT 5f-2 28 0.1. . .0.2 45. . .85 36. . .44 5. . .15
RMT 8c 25 0.25. . .0.3 0.4. . .0.9 (5) 2. . .10 23. . .30 23. . .27 0.4. . .0.8 0.06. . .0.15

1.2. . .2 (20)
RMT 8f 24 0.25. . .0.35 {30 . . . 70} · |σ1| + 0.015 23. . .25 0.1. . .0.15

n . . . normal to weakness planes p . . . parallel to weakness planes
( ) . . . Values in parentheses are the absolute values of the major principal stress, σ1, (in mega-pascal), for
which the stiffnesses are valid
II Selected for the numerical model
Zone A 25 0.27 0.165 24 0.12
Zone B 24.4a 0.29 0.132 24 0.12
Zone C 28 0.15 65 40 10
Zone C* 26 0.2 25 33 2
Zone D 24a 0.25 0.140 25 0.15
Zone E 25 0.25 1 25 0.2
* From model chainage 70 m.
a For convenience, all rock mass zones in the model except for Zone C feature a specific weight of 25 kN/m3.

Zone A (from y = 0 m to y = 38 m)

Zone A entirely is of RMT 8c.4 The average overburden is approx. 63 m. With γ = 25 kN/m3, the
average overburden stress results to -1.58 MPa. According to the site documentation, the foliation
planes are mechanically effective. Like it was done for the calibration case (cf. Section 9.5.3
on p. 220), the use of the Ubiquitous Joint model is intended and finding a valid rock mass
parameter set for the simulation starts with the favourable values of the representative design
rock mass parameters given in Tab. 10.9 (part I.a): ν = 0.27, E = Ep = 1886 MPa, φ = 24◦,
c = cn = 0.5 MPa. With R = 4.57 m, k0 = 0.75, and a mean internal pressure of pi = 0.4 MPa
(cf. Tab. 10.10), the analytical solution by [117] yields a mean radial displacement of 2.9 mm.
The average of the mean radial displacements recorded at the monitoring cross sections from
chainage 225 m to chainage 266 m (cf. Tab. 10.4 on p. 250) plus one-third to consider for the

3The chainages cited in the subsection headings refer to the tunnel axis (cf. Fig. 10.1 on p. 245).
4The share of RMT 8f in Tab. 10.1 (p. 247) from chainage 271.9 m relates to Zone B.
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Table 10.10: Validation case: Shotcrete lining utilisations and values for the equivalent internal
pressure, pi, at monitoring cross sections between chainage 235 m and chainage 329 m (information
on the utilisations from the software suite TUNNEL:Monitor). Estimates of pi with Eq. 9.7
(p. 222) assume an equivalent tunnel radius of 4.57 m. For the shotcrete strength, refer to
Section 10.9.4 (p. 267).

Chainage [m] 235 246 254 266 274 286 297 310 319 329
MT Utilisation after 1 day in percent

1 30 23 29 12 19 14 37 13 20 6
2 27 19 44 36 40 27 26 14 29 8
3 24 30 37 33 16 11 26 11 8 22
4 86 48 98 95 62 62 19 23 28 35
5 88 61 97 82 38 48 37 18 22 40

mean 51 36 61 51 35 32 29 15 21 22
pi [MPa] 0.3 0.2 0.4 0.3 0.2 0.2 0.2 0.1 0.1 0.1

MT Utilisation after 5 days in percent
1 16 15 11 12 10 11 10 10 19 10
2 22 14 32 27 24 11 22 11 15 12
3 44 31 73 30 37 15 24 17 11 48
4 74 28 86 65 45 54 26 15 19 28
5 88 25 88 67 43 42 34 12 17 43

mean 49 22 58 40 32 27 23 13 16 28
pi [MPa] 0.6 0.3 0.7 0.5 0.4 0.3 0.3 0.2 0.2 0.3

MT . . . Monitoring target

pre-displacements is 44 mm. Thus, the selected modelling parameters are too good. As noted in
Section 8.3 (p. 172), RMT 8c is a rock mass with a moderate share of cataclasites (according
to [61, p. 61]: 30. . .70%). The share of cataclasites from chainage 255 m to chainage 279.7 m
ranges from 44% to 74% (not shown) and is higher at the end of Zone A. Note the low rock
strengths mapped at the site (cf. Tab. 10.11). The material encountered is at the least favourable
end of the definition of RMT 8c. Thus, for the numerical model, the least favourable values of
the representative calculation parameters in Tab. 10.9 are used: ν = 0.27, E = En = 165 MPa,
φ = 24◦, c = cp = 0.12 MPa; cf. also part II in Tab. 10.9. The resulting mean radial displacement
is 41 mm. Note that the analytical solution yields larger displacements at the crown than at the
side walls. This is in contrast to the site observations (cf. Tab. 10.4) and shows the inability of
the simple analytical approach to reproduce displacements of a non-circular tunnel in anisotropic
heterogeneous rock masses excavated with two consecutive headings. Zone A of the calibration
case also comprises RMT 8c and conditions are similar (cf. Section 9.5.3 from p. 222). There,
the internal angle of friction derived for the numerical model is also 24°. Thus, the model here
uses the same parameters for the weakness planes of the Ubiquitous Joint model: φ = 20.7◦,
c = 0.06 MPa, ψ = 0◦, σt = 0.01 MPa. Because the strength parameters of the weakness planes
are close to those of the rock mass, the influence of the former on the overall displacement pattern
will be probably minor. By arithmetic averaging, two sections with a reasonable mean orientation
of the weakness planes can be identified, namely TS-FP 1 and TS-FP 2 (cf. Tab. 10.8). Note
that in the model, the displacement level will decrease with the heading approaching the stiff
block, like it was observed at the site (cf. Tab. 10.4).
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Table 10.11: Validation case: Share of the rock strength mapped at the top/bench-heading tunnel
faces in the tunnel section from chainage 255 m to chainage 314.8 m (information from [152]).

Share of the rock strength mapped
at the top/bench-heading tunnel face in percent

Chainage [m] 255 257.6 260.2 264.1 266.7 269.3 271.9 274.5 277.1 279.7
1 . . . 5 MPa 50 48 44 54 56 61 64 68 58 46

5 . . . 25 MPa 50 52 56 45 41 29 27 21 19 19
25 . . . 50 MPa - - - - - - - - 8 13

50 . . . 100 MPa - - - 2 3 10 10 11 15 22
Chainage [m] 282.3 284.9 287.5 292.7 297.9 299.2 303.1 305.7 308.3 314.8

1 . . . 5 MPa 46 38 41 36 28 43 37 36 43 23
5 . . . 25 MPa 14 30 17 25 31 22 20 30 14 45

25 . . . 50 MPa 6 4 3 6 8 4 12 2 13 1
50 . . . 100 MPa 33 29 39 33 33 31 30 30 29 32

Zone B (from y = 38 m to y = 49 m)

Zone B comprises RMT 8c and RMT 8f each with variable shares from 0% to 100%5. Overall,
RMT 8f predominates in the zone. At the monitoring cross section at chainage 274 m, the mean
radial displacement is 21 mm (cf. Tab. 10.4 on p. 250). Plus one-third for the pre-displacements,
it is then 28 mm. The displacement level is only two-thirds of the one in Zone A. However, Zone
B borders the stiff block which takes most of the loading. Without the block, the tunnel in Zone
B would probably displace as much as in Zone A. The mapped rock strength of the slate is as high
as of the gypsum block, but the slate is strongly fractured resulting in a low rock mass strength.
The share of cataclasites in Zone B is a little larger than in Zone A, but the more competent slate
makes up for some of the difference in the overall rock mass quality. Thus, the quality of the zones
differs little. With 40% of RMT 8c (least favourable calculation parameters) and 60% of RMT
8f, an average overburden of approx. 69 m, and an average overburden stress of -1.73 MPa, the
modelling parameters are (cf. Tab. 10.9): ν = 0.29, E = 132 MPa, φ = 24◦, c = 0.12 MPa. The
analytical solution yields 62 mm for the mean radial displacement considering pi = 0.4 MPa. At
MS 274, the mean internal support pressure is 0.3 MPa (cf. Tab. 10.10). But for the calculation,
it is assumed as high as in Zone A where there is no block. The calculated displacements are quite
large. Considering that in the DFOS calibration case modelling parameters resulting in matching
displacement levels (i.e., analytical solution ≈ site observation) eventually still yielded a too low
displacement level in the numerical simulation, here, the determined modelling parameters are
used even if they overestimate the displacement level. The foliation planes mapped from chainage
255 m up to chainage 274.5 m all relate to Zone A (cf. Tab. 10.8 on p. 261). From chainage
284.9 m up to chainage 292.7 m, they all relate to Zone D. Thus, no information of foliation
planes in Zone B exist. According to the site documentation ([152]), the rock mass zones don’t
show an initial structure. Thus, the simulation assumes Zone B being isotropic and applies the
Mohr-Coulomb model. The anisotropy of the tunnel displacements results because of the stiff
block crossing into the tunnel drive.

5The percentages in Tab. 10.1 (p. 247) refer to the entire tunnel face without differentiating between the
individual zones created for this study. The shares in the text, however, refer to the Zone B parts of the mapped
tunnel faces.
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Zone C (from y = 49 m to y = 56 m)

The moment the heading hit the stiff block at chainage 274.5 m, here marked as Zone C, the
small portion of the tunnel face was assigned to RMT 8f (weak). However, the geologist noted
its massive characteristics and high strength. In the report of the next mapped face at chainage
277.1 m, it is already RMT 5f-2 (very strong). From chainage 305.7 m, it is RMT 5f-1 (less
strong than RMT 5f-2). It looks like that shearing between the block and the not-that-weak
zone E affected the block quality at its rear part. Up to the model chainage 70 m (= tunnel
chainage 305 m), the modelling parameters for Zone C are (cf. Tab. 10.9 on p. 262): ν = 0.15,
E = 65, 000 MPa, φ = 40◦, c = 10 MPa; from model chainage 70 m, i.e., for Zone C*, they are:
ν = 0.2, E = 25, 000 MPa, φ = 33◦, c = 2 MPa. Both RMT 5f-1 and RMT 5f-2 are considered
isotropic since no foliation has been mapped (cf. Tab. 10.8 on p. 261).

Zone D (from y = 56 m to y = 69 m)

At the beginning, Zone D comprises RMT 8c and RMT 8f (cf. Tab. 10.1 on p. 247). Farther
behind, it is only RMT 8f. The material is like the one before the block. However, overall, Zone D
is a little more competent (cf. the shares of the first three strength categories in Tab. 10.11, e.g.,
at chainage 297.7 m vs at chainage 297.9 m). According to the site documentation, shear bodies of
quartzite, dolomite, or limestone are slightly larger in Zone D (from < 10 cm to dm range) ([152]).
In Zone D, also foliation planes have been mapped (cf. Tab. 10.8 on p. 261). More competent
rock masses border the rather small Zone D on both sides. Thus, the displacements recorded at
the site (cf. Tab. 10.4 on p. 250) are not representative for the zone material. Except for the first
few metres, Zone D comprises only RMT 8f. Neglecting RMT 8c is assumed to have negligible
effect on the displacements in Zone D since the affected rock mass parts are next to the block. As
Zone D is more competent than Zone B, considering an average overburden of approx. 74 m and
an average overburden stress of -1.78 MPa, the upper bound values (i.e., more favourable) for
RMT 8f are (cf. part I.b in Tab. 10.9): ν = 0.25, E = 140 MPa, φ = 25◦, c = 0.15 MPa. With
the data in Tab. 9.9 (p. 224) for φ ≤ 24◦ and with two additional test results6 from [199] where
24◦ < φ ≤ 25◦, the mean values of the joint strength parameters relevant for the Ubiquitous
Joint model applied to Zone D are: ψ = 6.1◦, φ = 21.7◦, c = 0.05 MPa. In contrast to Zone A
where all mapped foliation planes are smooth, in Zone D some are also rough and, thus, the
dilation angle is not set 0 but the value from the averaging is used. The tensile strength is set to
0.01 MPa. Tab. 10.8 lists the mean orientation of the foliation planes used in the model.

Zone E (from y = 69 m to y = 130 m)

Zone E comprises RMT 8f and RMT 5f-1 (not the stiff block but other shear bodies). The
phyllites are cemented with gypsum and more competent than in preceding sections. Considering
the size of the shear body behind chainage 304 m sketched in Fig. 10.1 (p. 245), the rock mass
may be considered as block-in-matrix rock. However, this shear body is the only one reported
explicitly in the site documentation. The parameter finding starts with the upper bound values
for RMT 8f (cf. part I.b in Tab. 10.9). It then continuously increases stiffness and strength
(approaching those of RMT 5f-1) to consider for the cementation and the shear bodies until
a combination is found with which the analytical solution yields a mean radial displacement
that matches with the site recordings. Considering MS 310, MS 319, and MS 329 in Tab. 10.4,

6(1) CNS test on phyllite: sampling depth = 709 m, shear area = 106 cm2, ψ = 6.4◦, φ = 24.6◦, c = 0.05 MPa,
φr = 24.1◦, cr = 0, τmax = 0.49 MPa, smax = 4.14 mm. (2) CNS test on schist: sampling depth = 611 m, shear
area = 102 cm2, ψ = 5.5◦, φ = 25◦, c = 0.05 MPa, φr = 25.7◦, cr = 0, τmax = 0.38 MPa, smax = 7.99 mm.
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the mean radial displacement plus one-third for the pre-displacement is 13 mm. The average
internal pressure is considered with 0.2 MPa (cf. Tab. 10.10 on p. 263). The average overburden
from chainage 304 m to chainage 315 m is approx. 78 m. With γ = 25 kN/m3, this results
in an average overburden stress of -1.95 MPa. A suitable parameter combination is: ν = 0.25,
E = 1, 000 MPa, φ = 25◦, c = 0.2 MPa. The analytical solution yields 14 mm. The lower
displacement level at chainage 310 m compared to at chainage 319 m (cf. Tab. 10.4 on p. 250) will
result because of the stiff block taking some of the loading. No foliation planes have been mapped
in Zone E (cf. Tab. 10.8). The simulation considers it isotropic and applies the Mohr-Coulomb
model. The meshing approach required the enlargement of the model in the DOD from 100 m to
130 m (cf. Section 10.8.4 on p. 258). Thus, Zone E extends up to y = 130 m.

For convenience, the dilation angle of all rock masses in the model is considered being 0°
complying with a suggestion by [61, p. 95].7 And following the conclusions for the parametric
study (cf. Section 6.2.12 on p. 98), the tensile strength of the rock mass is considered being
one-tenth of the uniaxial compressive strength. This also applies to all model zones. The
flag-brittle option (cf. p. 86) is set to false for all zones. Instead of setting the option to true
for Zone C and Zone C*, which would imply an instantaneous softening to zero tensile strength
upon tensile failure, a routine is coded that reduces the tensile strength to 25% of the initial
value. This was done for numerical stability.

Block-matrix interface

The site documentation (cf. [152]) reports that from chainage 305.7 m, soft layers of cataclasites
from sericite phyllites and slates cross the block. The material surrounding the block is of phyllite
cataclasites being partly cohesive because of fine grains, or of strongly fractured limestones and
slates where the walls of foliation planes are frequently graphitic. All mapped discontinuities that
border the block are faults. From chainage 303.1 m, those faults are declared as shear bands.
The surfaces of the faults are usually undulated, either rough or smooth, and coated with clayey
to silty fillings.

This study assumes that fillings mainly comprise crushed fractions of the weaker matrix
material (i.e., the material surrounding the stiff block). It further assumes that, by average, the
internal angle of friction of the filling material differs little from the one of the parent material.
Thus, it is reasonable to use the same value for the interface friction angle (cf. part II in Tab. 10.9
on p. 262): 24 . . . 25◦. The parametric study followed the same approach (cf. Section 6.2.17 on
p. 101).

Similar as for the foliation planes in Zone D (cf. p. 265), taking results from shear tests
on discontinuities in relevant material with φ ≤ 25◦, the average parameters are: ψ = 6.1◦,
φ = 23.4◦, c = 0.05 MPa, φr = 19.6◦, cr = 0.01 MPa. To account for the favourable hard
rock characteristics of the stiff block to some extent, the parameters of the weak material are
averaged with results from a shear test on a joint in gypsum8: ψ = 7.8◦, φ = 29.4◦, c = 0.19 MPa,
φr = 27.2◦, cr = 0.01 MPa. The simulation uses a dilation angle of 10° considering that the
block surfaces are probably more undulated than those tested. The value is then identical to the
one in the parametric study. For numerical stability, the tensile strength is set to: σt = 0.05 MPa
and σt,r = 0.01 MPa.

7Data analysed in [199] show that the dilation angles obtained with shear tests on intact samples (not on
discontinuities) varies from 0° up to 11°. The range was observed at soft material (like phyllite cataclasites), but
also at stiffer material (like carbonate breccias). Thus, setting the angle to 0° is valid.

8CNS test: sampling depth = 200 m, shear area = 208 cm2, ψ = 9.5◦, φ = 37.0◦, c = 0.32 MPa, φr = 35.0◦,
cr = 0, τmax = 4.28 MPa, smax = 3.72 mm.
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Eq. 6.7 (p. 102) is applied to determine suitable interface stiffnesses. K and G required
are of the softer material from those the interface separates. Here, it is Zone B, Zone D, and
Zone E. With ∆zmin ≈ 0.2 m, the equation yields the apparent normal zone stiffness, kn,rm (in
mega-pascal per metre): 865 (Zone B), 840 (Zone D), 6000 (Zone E). Thus, the simulation uses
kn,if = ks,if = 1E+03 MPa/m for Zone B and Zone D, and kn,if = ks,if = 5E+03 MPa/m for
Zone E. The bonded-slip option is turned on.

10.9.4 Shotcrete lining

In the tunnel section analysed for the calibration (cf. Chapter 9), a C20/25/J2 shotcrete was
installed (cf. Section 8.5.2 on p. 176). The tunnel section analysed here is supported by a
C30/37/J2 shotcrete.

Within the first hours after the shotcrete application, at some chainages, the lining is almost
fully utilised (cf. Tab. 10.10 on p. 263). As the deformation rate of the rock mass decreases and
the lining hardens, the utilisation usually decreases too. In some sections, the utilisation remains
constant (at a relatively low level) or even increases (starting from a relatively low level) because
of late stress redistributions and related deformations. Anyway, because of lack of information,
it is assumed that both shotcrete types feature approximately the same strength at early ages.
Later, when the strength of the shotcrete of higher quality exceeds the strength of the shotcrete
of lower quality, the difference is irrelevant because of the utilisation being far from 100%. It is
also assumed that the stiffness development is similar; at least in the first days when the increase
in deformation is largest. Then, the settings for the shotcrete material selected for the calibration
case (cf. Section 9.5.5 on p. 225) can be applied also here.

The following subsections only address the tensile strength of the shotcrete lining and the
rock mass-lining interface parameters since all other settings for the shotcrete lining are the same
as in the calibration case.

Tensile strength

In the calibration case, all lining layers comprise the same wire mesh (i.e., one layer of type AQ
60; cf. Tab. 8.3 on p. 178 and Tab. 8.4 on p. 178). Here, the wire mesh in the top/bench-heading
lining layers and in the rock-side lining layer of the invert heading is of the same type (i.e., one
layer of type AQ 50; cf. Tab. 10.2 and Tab. 10.3, both on p. 249). The equivalent increase in the
tensile strength is 0.86 MPa. However, the cavity-side lining layer of the invert heading comprises
two layers of type AQ 60 and the equivalent increase in the tensile strength then is 2.49 MPa.

Interface

The rock mass parameters of the weaker zones (i.e., Zone A, B, D, and E) are close to those
of the rock masses in the calibration case. Regarding the rock mass-lining interface strength,
the same approach (cf. Section 9.5.5 from p. 232) is used here. The value ranges then are:
φif = 24 . . . 25◦, cif = 0.12 . . . 0.2 MPa, ψif = 25◦, φif,r = 21 . . . 22◦, cif,r = 0.006 . . . 0.01 MPa,
σt,if = 0.074 . . . 0.126 MPa, σt,if,r = 0.004 . . . 0.006 MPa.

In Zone C, not the rock mass is the weaker part but the shotcrete lining, at least at the early
stages of the hardening process. For shotcrete applied to limestone, [205] (cited in [388, Fig. 2.8,
p. 27]) reports a bond strength of {c ≈ 3.7 MPa;φ ≈ 21◦}. Considering the internal angle of
friction of the rock mass of Zone C of 40° (cf. part II in Tab. 10.9 on p. 262), the reported
interface friction angle seems too low to be applied here. Thus, the simulation applies the average,
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i.e., φif = (40 + 21) /2 = 31◦, to both Zone C and Zone C*. The value is in the range for the
internal angle of friction of shotcrete cited in Section 9.5.5 (p. 228). It complies also with the
lowest value of the range for the joint friction angle of RMT 5f-1 and RMT 5f-2 given in [380,
p. 24f]. The reported cohesion of 3.7 MPa (cf. text above) is close to the value of 3.19 MPa for
the cohesion of the shotcrete after one day of hardening (cf. Section 9.5.5 on p. 229). Because of
lack in information, for Zone C, the cohesion is set to cif = 3 MPa. This is approx. one-third of
the cohesion of the rock mass (cf. Tab. 10.9). And for Zone C*, cif = 2/3 ≈ 0.7 MPa. Using the
approach from the calibration case, the residual values and tensile strengths then are: φif,r = 28◦,
cif,r = {0.15; 0.035} (in mega-pascal), σt,if = {2.06; 0.5} (in mega-pascal), σt,if,r = {0.1; 0.023}
(in mega-pascal). The dilation angle is set to ψif = 25◦.

To determine suitable rock mass-lining interface stiffnesses, also the approach from the
calibration case is used. With ∆zmin ≈ 0.2 m, the resulting values for ten times the apparent
zone normal stiffness, kn,rm, are approx. (in mega-pascal per metre): 1E+04 (Zone A), 9E+03
(Zone B), 3E+06 (Zone C), 1E+06 (Zone C from model chainage 70 m), 8E+03 (Zone D), 6E+04
(Zone E). For Zone A, Zone B, and Zone D, the model applies kn,if = ks,if = 1E+04 MPa/m; for
Zone E, it is kn,if = ks,if = 5E+04 MPa/m. The approach described in Section 9.5.5 requires
the stiffness of the softer material of those the interface delimits. Where the shotcrete is sprayed
onto the rock mass of Zone C, the softer material is not the rock mass but the shotcrete. There,
with ∆zmin ≈ 0.125 m, the values are approx. (in mega-pascal per metre): 2E+05 (shotcrete at
t = 1 hour), 3E+06 (shotcrete at t = 28 days).

10.9.5 Rock bolts

The mean effective area of one radial rock bolt is 2.42 m2. The equivalent increase in the cohesive
strength, ∆cp, at t = 28 d then is (in mega-pascal): 0.08 (Zone A, B, D, and E), 0.11 (Zone C),
0.10 (Zone C*). In the case here, the radial rock bolts are only 4 m long. Thus, the volume
affected by the installation of 14 rock bolts at the top/bench heading is smaller than in the
calibration case (cf. Fig. 10.7 on p. 257).

Of the 6 rock bolts installed ahead of the tunnel face of the top/bench heading, the mean
effective area of one rock bolt is approx. 9.61 m2. Then, at t = 28 d, ∆cp is (in mega-pascal):
0.03 (Zone A, B, C*, D, and E), 0.04 (Zone C). The face rock bolts are installed at every 6th
top/bench-heading round (e.g., at chainage 238.1 m = model chainage 3.1 m). They are overcored
for two round lengths (i.e., 2.6 m). The bottom graph in Fig. 10.7 highlights the volume ahead
of the tunnel face affected by the increase in cohesion due to the face rock bolts.

10.10 Evaluation approach

Like for the numerical studies detailed in previous chapters, the evaluations here focus on the
secondary principal stresses, failure thresholds, and shear strain increments. The evaluation
approaches are the same (e.g., parameter developments as the headings proceed, contour plots,
zone-by-zone plots).

Tunnel displacements developing in the simulation are compared with site recordings to
evaluate the validity of the numerical simulation settings. Since here the simulation for the first
time considers a stiff block and a tunnel lining, it monitors the loading of selected lining sections.

The simulation is run twice, once with the stiff block (= with-block case) and once without it
where it is substituted by a matrix block (= matrix-only case). Of both cases the displacement
of the rock mass zones is analysed to observe the effect the block has on the ground behaviour.
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10.11 Results

Fig. 10.9 plots the tunnel displacements at model chainage 31.2 m (= tunnel chainage 266.2
m). Qualitatively, they fit well with the site recordings (cf. Fig. 10.3 on p. 251). Both in the
model and at the site, the left tunnel side displaces horizontally and vertically more than the
right tunnel side (cf. graphs (a) and graphs (b)). In the model in the longitudinal direction, the
displacement of the left side wall is ok whereas of the other monitoring points it is too large
(cf. graphs (c)). Note that in the matrix-only case, those other monitoring points displace less
against the DOD (not shown) and match better with the site observations. Thus, the block may
be less competent than simulated. Overall, like it was for the calibration case (cf. Chapter 9 on
p. 201), the displacement magnitude in the model is too small and the pre-displacements are
relatively large.
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(c) Ref. simulation step: 232
* ∆Tend of grad. excav. = 0
* ∆Tbegin of shotc. appl. rsl = −1 hour
* ∆Tbegin of shotc. appl. csl = +18.5 hours

Figure 10.9: Validation case: Development of the tunnel displacements monitored at five grid
points at the inner surface of the cavity-side shotcrete layer at model chainage 31.2 m. (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.
csl . . . cavity-side layer, rsl . . . rock-side layer, MT . . . monitoring target.
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The graphs in Fig. 10.10 show the development of some stress related evaluation parameters
within the block (Zone C only; excluding Zone C*) as the tunnel drive approaches, crosses, and
heads beyond the block. Note that the block enters the excavation section approx. at chainage
39.5 m (= tunnel chainage 274.5 m) and exits it approx. at chainage 73.5 m (= tunnel chainage
308.5 m; cf. Fig. 10.1 on p. 245). The tunnel drive affects the block approx. 10 m before it
reaches the block. The secondary major principal stress, σ1, and the share of failed block zones
increases steadily (cf. Fig. 10.10a–c). The influence continues until the drive is approx. 10 m
behind the block. The largest increase in σ1 occurs in the block regions closest to the tunnel (cf.
Fig. 10.13ba on p. 274 and Fig. 10.15ba on p. 275). In graph (c), the share of approx. 14% refers
to zones of which almost all have failed in tension. Theoretically, damage initiates before the
drive reaches the block (cf. graph (b)). Up to when the heading is approx. at model chainage
56 m, the mean value of the strength-stress ratio, SSR, of all considered block zones increases.
Note the simultaneous increase in the mean value of the secondary minor principal stress, σ3,
(cf. graph (a)). In the case analysed here, the horizontal primary stresses are lower than the
vertical primary stress (cf. Section 10.4.2 on p. 247). It is similar for the k0=0.5 cases of the
parametric study (cf. Chapter 6 on p. 81). There it was identified that because of the directed
stresses zones next to the side walls but farther away and outside the yield zone9 are pushed
away from the tunnel (cf. Section C.3.6 on p. 396). The same can be observed here: consider
the light blue zone ahead of the tunnel face in Fig. 10.11ab/bb (p. 273). In the with-block case,
with its stiffness the block acts like a shield preventing displacements at some locations (e.g., less
positive x-displacement of zones farther ahead of the tunnel face in Fig. 10.11ba) and forcing
some displacements to accumulate at other locations (e.g., more positive x-displacement of zones
to the left of the block at the chainage of the tunnel face in Fig. 10.11ba). Anyway, this pushing
results in an increase in the lateral support of the block or of its preservation (cf. Fig. 10.13bb
and Fig. 10.15bb). Because of the same reason, almost no slip along the block-matrix interface
takes place. At the final state when both the top/bench heading and the invert heading are at
model chainage 100 m, the mean value of the total interface shear displacement at the block front
of interface elements within 2 m around the tunnel is approx. 1.5 mm. Note here also the fact
that the zones farther ahead of the tunnel face displace little in the vertical direction and that
they displace upwards rather than downwards (cf. Fig. 10.11bc). The uplift of the upper model
half ahead of the tunnel face is less pronounced if the block is not present (cf. Fig. 10.11ac).10

Further, because of all that no distinct shear bands crossing from the block towards the tunnel
could be observed (cf. Fig. 10.13bc and Fig. 10.15bc).

When the top/bench heading has passed the block for most of its part, more load is redis-
tributed to the block (cf. increase of σ1 in Fig. 10.10a). Simultaneously, σ3 decreases (i.e., less
compression or more tension), SSR decreases, and lots of zones fail (cf. Fig. 10.10a/c/d).

Not shown here is the development of the stress ratio σ1/σ3 being a measure for spalling.
Because of the primary stresses, the setup of the numerical model, and the stiffness contrast
between the block and matrix material, already at the initial state many of the block zones
experience little compression or even tension in the minor principal stress direction.11 Accordingly,
first zones fail in tension. During the simulation of the heading, the mean value of σ1/σ3 of zones
with σ3 < 0 is always above the spalling threshold of 10.

9For the moment plotted in Fig. 10.13ba/bb/bc (p. 274), the yield zone extends approx. four rounds ahead of
the top/bench-heading face (not shown).

10Some of the uplift may relate to the overestimation of the zone deformation at unloading by the Mohr-Coulomb
model.

11This may or may be not true in reality.
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Fig. 10.12 graphs the development of two measures for the loading of four top/bench-heading
lining sections. The sections in front of the block are loaded more: higher mean stress, p, in graph
(a) and lower strength-stress ratio, SSR, in graph (b) (except for the peaks12). Comparing the
with-block case with the matrix-only case shows that the sections in front of the block experience
almost the same loading, at least for the most part. When the top/bench-heading drive is at
model chainage 56 m, in the with-block case the loading is higher and still increases even though
the lining segment is > 25 m behind. Further, the lining sections at the block back experience
less loading than in the matrix-only case.

The decrease in p and the increase in SSR as soon as the heading is outside the volume of
influence relates to relaxation of the shotcrete. Regarding SSR consider that the ratio depends
on the strength which increases with time. Further, note that in the matrix-only case p features
an increasing trend at the lining sections farther behind even when the top/bench heading is
at the model chainage 100 m. This shows that there the displacements related to the heading
(top/bench, or invert) are not finished yet.

Anyway, the increasing trend of SSR at a low rate in Fig. 10.12b matches well with the
decrease of the utilisation of the lining at the site plotted in Fig. 10.14 (p. 274). Neglecting the
up and downs, there, the utilisation also decreases at a low rate.

10.12 Interpretation and discussion

Although the stiffness contrast between the block and the matrix material of over 460 is enormous,
the negative effects of the block on the ground and system behaviour are little. In contrast to
the fictitious with-block scenarios in this thesis, the block here is simply too big. The scenario
here lacks of the possibility that redistributed stresses accumulate at the block top and bottom
and later when significant interface slip occurs to introduce pronounced shear bands in front
of the block. Even though first signs of shear band formation can be observed here as some
interface slip occurs (not shown), the favourable stress situation13 prevents the shear bands to
further develop. In addition, the yield zone surrounding the excavated tunnel is rather small.14

As already mentioned for the fictitious studies, shear bands are well pronounced only when they
can develop predominantly within the yield zone. If the stress situation is less favourable (e.g.,
k0=1) or if the yield zone ahead of the tunnel face is larger reaching the block much earlier than
the heading, then in the case here the shear bands would be more pronounced.

The rock mass and stress settings in this case also promote early block failure. Already
at the beginning, the lateral support of many of the block zones is low. Soon the first zones
fail in tension. At any time, stresses in most block zones exceed the spalling limit. And with
the block entering the excavation volume, considerable block failure occurs. At that moment
the site engineers already know about the block (cf. also Subsection ’Has the stiff block been
discoverable?’ on p. 251) and can set appropriate measures.15 Here the block fails gradually rather
than abruptly. And its existence is known to the engineers prior to reaching it by interpreting the
monitoring displacement data. However, the simulation results show an increase in the loading

12The peaks Fig. 10.12b relate to when the cavity-side lining layer is installed which experiences almost no
loading at the beginning resulting in a very high SSR.

13It is always the combination of the orientation of the stresses and the orientation of the block surfaces that
matters.

14Before the block at model chainage 30 m, the vertical distance between the yield front and the tunnel crown
is approx. 3 m (not shown).

15The site engineers were aware of the tunnelling problems that heterogeneous rock masses with high stiffness
contrasts can bring along and checked the lining for cracks in more detail the moment they encountered the stiff
block (cf. [344, p. 41])
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of the lining section in front of the block even if the heading is far ahead (cf. Fig. 10.12a). In the
matrix-only case, the increase stagnates when the top/bench heading is approx. 18 m ahead. In
the with-block case the increase continues up to when the heading is approx. 30 m ahead. The
repetitive increases in the lining utilisation at the site also show that rock mass deformations and
stress redistributions continue for a long time (cf. MS266 in Fig. 10.14). Anyway, such variation
can be observed also in rock mass sections without such a stiff block (or at least its existence is
unknown; e.g., in the case detailed in Chapter 8 on p. 169; note that there the variation is not
described or graphed).
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Figure 10.10: Validation case: Development of some block evaluation parameters. Analysed is
only Zone C but not Zone C*. (a) mean values of the secondary principal stresses, σ1 and σ3;
(b) minimum value of σ1; (c) ratio of the number of failed block zones to the total number of
non-excavated block zones (the latter changes as the heading proceeds); (d) mean and minimum
value of the strength-stress ratio, SSR. Note for graph (b) that the marker for the moment of first
violation of limit refers to yet intact zones; some zones have failed already before. For the grey
vertical solid lines consider the annotations in graph (c) and compare with Fig. 10.1 (p. 245).
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Figure 10.11: Validation case: Contour plot of the in-plane horizontal displacement (i.e., in the
x-direction) (aa/ba), the out-of-plane horizontal displacement (i.e., in the y-direction; longitudinal
displacement) (ab/bb), and the vertical displacement (i.e., in the z-direction) (ac/bc) in the
matrix-only case (top graphs) and with-block case (bottom graphs). The graphs show the moment
when the top/bench heading is at model chainage 41.6 m (= tunnel chainage 276.6 m) and
the invert heading is at model chainage 36.4 m (= tunnel chainage 271.4 m). (aa/ab/ba/bb)
perspective top view: lower model half; (ac/bc) perspective side view: left model half. The black
solid lines in the bottom graphs outline the block zones. The graphs only show non-excavated
rock mass material (i.e., no lining or backfill zones).
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Figure 10.12: Validation case: Development of the mean value of the mean stress, p, (cf. Eq. A.1
on p. 317 in the appendix) (a) and of the strength-stress ratio, SSR, (b) in the zones of the
top/bench-heading (tbh) lining segments of four different rounds. The rounds match with
chainages at the site where monitoring cross sections have been installed (cf. Fig. 10.1 on p. 245
and Fig. 10.14): 266 m, 274 m, 286 m, and 297 m. For the grey vertical solid lines, refer to the
caption of Fig. 10.10.
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Figure 10.13: Validation case: Contour plot of the secondary major principal stress, σ1, (aa/ba),
the secondary minor principal stress, σ3, (ab/bb), and the maximum shear strain increment,
γmax = ε3 −ε1, (ac/bc) in the matrix-only case (top graphs) and with-block case (bottom graphs).
The graphs show the moment when the top/bench heading is at model chainage 41.6 m (= tunnel
chainage 276.6 m) and the invert heading is at model chainage 36.4 m (= tunnel chainage 271.4
m). Perspective side view: left model half. The black or blue solid lines in the bottom graphs
outline the block zones. The graphs only show non-excavated rock mass material (i.e., no lining
or backfill zones).
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Figure 10.14: SBT1.1 | Göstritz: Development of the mean value of the utilisation of the
top/bench-heading lining at monitoring cross sections (MS) at following site chainages (cf.
Fig. 10.1 on p. 245): 266 m, 274 m, 286 m, and 297 m. For the grey vertical solid lines, refer
to the caption of Fig. 10.10. Utilisation data from the software suite TUNNEL:Monitor ([142])
installed at the site.
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Figure 10.15: Validation case: Contour plot of the secondary major principal stress, σ1, (aa/ba),
the secondary minor principal stress, σ3, (ab/bb), and the maximum shear strain increment,
γmax = ε3 −ε1, (ac/bc) in the matrix-only case (top graphs) and with-block case (bottom graphs).
The graphs show the moment when the top/bench heading is at model chainage 41.6 m (= tunnel
chainage 276.6 m) and the invert heading is at model chainage 36.4 m (= tunnel chainage 271.4
m). Perspective top view: lower model half. The black or blue solid lines in the bottom graphs
outline the block zones. The graphs only show non-excavated rock mass material (i.e., no lining
or backfill zones).



Bibliography
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Bažant, Z. P., and Wittmann, F. H., editors, Creep, Shrinkage and Durability Mechanics of
Concrete and other Quasi-brittle Materials. Proceedings of the 6th International Conference
CONCREEP@MIT, pages 15–26, Cambridge, USA, August 2001. Elsevier: Amsterdam.

[8] Adhikary, D. P. Shortcomings in the standard continuum based implicit joint model of
layered rocks. Journal of Geology and Mining Research, 2(2):23–28, May 2010.

[9] Alber, M. and Kahraman, S. Predicting the uniaxial compressive strength and elastic
modulus of a fault breccia from texture coefficient. Rock Mechanics and Rock Engineering,
42(1):117–127, January 2009.

[10] Aldrian, W. Beitrag zum Materialverhalten von früh belastetem Spritzbeton. PhD thesis,
Montanuniversität Leoben, Leoben, Austria, May 1991.

[11] Allaby, M., editor. A Dictionary of Geology and Earth Sciences. Oxford University Press,
4th edition, January 2013.

[12] Allmendinger, R. W. Stereonet, September 2020. URL https://www.rickallmendinger

.net/stereonet. Last access: 26.09.2020.

[13] Allmendinger, R. W., Cardozo, N., and Fisher, D. M. Structural Geology Algorithms:
Vectors and Tensors. Cambridge University Press, December 2011.

287

https://www.rickallmendinger.net/stereonet
https://www.rickallmendinger.net/stereonet


BIBLIOGRAPHY 288 of 498

[14] ASTM. D5607-02. Standard Test Method for Performing Laboratory Direct Shear Strength
Tests of Rock Specimens Under Constant Normal Force. Standard, 2002.

[15] ASTM. D7012-10. Test Methods for Compressive Strength and Elastic Moduli of Intact
Rock Core Specimens under Varying States of Stress and Temperatures. Standard, 2010.

[16] Atkins, P., Jones, L., and Laverman, L. Chemical principles. W. H. Freeman and Company,
6th edition, 2013.

[17] Atzl, G., Brandtner, M., Selan, V., and Moritz, B. Numerical analyses of deep tunnels
driven through massive faults. In Schubert, W. and Kluckner, A., editors, Proceedings of
the ISRM Regional Symposium EUROCK 2015 & 64th Geomechanics Colloquium–Future
Development of Rock Mechanics, pages 877–882, Salzburg, Austria, October 2015. Austrian
Society for Geomechanics.

[18] Austin, S. A. and Robins, P. J., editors. Sprayed Concrete: Properties, Design and
Application. Whittles Publishing, 1995.
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[20] Austrian Standards Institute. ÖNORM EN 1992-1-1:2015. Eurocode 2: Bemessung und
Konstruktion von Stahlbeton- und Spannbetontragwerken Teil 1-1: Allgemeine Bemes-
sungsregeln und Regeln für den Hochbau (konsolidierte Fassung). Standard, February
2015.

[21] Aydan, O., Sezaki, M., and Kawamoto, T. Mechanical and numerical modelling of shotcrete.
In Pande, G. N. and Pietruszczak, S., editors, Proceedings of the Fourth International
Symposium on Numerical Models in Geomechanics (NUMOG IV), pages 757–764, Swansea,
Wales, August 1992. Taylor & Francis, London.

[22] Bandis, S. C., Lumsden, A. C., and Barton, N. R. Fundamentals of rock joint deformation.
International Journal of Rock Mechanics and Mining Sciences & Geomechanics Abstracts,
20(6):249–268, December 1983.

[23] Barbero, M., Bonini, M., and Borri-Brunetto, M. Numerical modelling of the mechanical
behaviour of bimrock. In Ribeiro e Sousa, L., Olalla, C., and Grossmann, N., editors,
Proceedings of the 11th Congress of the International Society for Rock Mechanics–The
Second Half Century of Rock Mechanics, volume 1 & 2, pages 377–380, Lisbon, Portugal,
July 2007. Taylor & Francis Group, London.

[24] Barbero, M., Bonini, M., and Borri-Brunetto, M. Three-Dimensional Finite Element
Simulations of Compression Tests on Bimrock. In Proceedings of the 12th International
Conference of International Association for Computer Methods and Advances in Geomech-
anics (IACMAG), pages 631–637, Goa, India, October 2008.
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International Inc., Minneapolis.

[78] Codegone, G., Festa, A., and Dilek, Y. Formation of Taconic mélanges and broken forma-
tions in the Hamburg Klippe, Central Appalachian Orogenic Belt, Eastern Pennsylvania.
Tectonophysics, 568-569:215–229, September 2012.

[79] Coli, N., Berry, P., and Boldini, D. Analysis of the block-size distribution in the Shale-
Limestone Chaotic Complex (Tuscany, Italy). In Wilson, S., Ewy, R., and Tutuncu, A.,
editors, Proceedings of the 42nd US Rock Mechanics Symposium and 2nd U.S.-Canada
Rock Mechanics Symposium, pages 1–7, San Francisco, California, 29 June–2 July, 2008.
American Rock Mechanics Association (ARMA): Alexandria. ARMA 08-233.

[80] Coli, N., Boldini, D., and Bandini, A. Modeling of complex geological rock mixtures
under triaxial testing conditions. In Proceedings of the 2012 Regional Symposium of
the International Society for Rock Mechanics (EUROCK 2012)—Rock Engineering and
Technology for Sustainable Underground Construction, pages 1–12, Stockholm, Sweden,
May 2012.

[81] Cook, N. G. W. The application of seismic techniques to problems in rock mechanics.
International Journal of Rock Mechanics and Mining Sciences & Geomechanics Abstracts,
1(2):169–179, March 1964.

[82] Cook, N. G. W. An experiment proving that dilatancy is a pervasive volumetric property
of brittle rock loaded to failure. Rock Mechanics, 2(4):181–188, December 1970.

[83] Cook, N. G. W., Hoek, E., Pretorius, J. P. G., Ortlepp, W. D., and Salamon, M. D. G.
Rock mechanics applied to the study of rockbursts. Journal of the South African Institute
of Mining and Metallurgy, 66:436–528, 1966.

[84] Cordes, T., Weifner, T., Unteregger, D., and Bergmeister, K. Interaction between deep
tunnel drives and an existing tunnel in fault zones–Modelling against reality. Geomechanics
and Tunnelling, 12(6):641–650, December 2019.

[85] Cornejo-Malm, G. Schwinden von Spritzbeton. Research report, ETH Zurich, 1995.

[86] Coussy, O. Mechanics of Porous Continua. Wiley: Chichester, United Kingdom, 1995.

[87] Coussy, O. Mechanics and physics of porous solids. John Wiley & Sons, Ltd: Chichester,
United Kingdom, 1st edition, 2010.



BIBLIOGRAPHY 293 of 498

[88] Cowan, D. S. Structural styles in Mesozoic and Cenozoic mélanges in the western Cordillera
of North America. GSA Bulletin, 96(4):451–462, April 1985.

[89] Cudny, M. and Truty, A. Refinement of the Hardening Soil model within the small strain
range. Acta Geotechnica, 15(8):2031–2051, March 2020.
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fonction de sa maturité aux tout premiers âges. Materials and Structures, 27(10):596–605,
December 1994.

[216] Leber, C. Einfluss der Primärspannungsorientierung auf die Verschiebungscharakteristik.
Master’s thesis, Graz University of Technology, Graz, Austria, March 2009.

[217] Lebschy, D. Investigation of the influence of the tunnel lining on the displacement de-
velopment. Master’s thesis, Graz University of Technology, Graz, Austria, September
2014.

[218] Lenz, G. Displacement monitoring data in tunnelling—Development of a semiautomatic
evaluation system. Diploma thesis, Graz University of Technology, Graz, Austria, April
2007.

[219] Lenz, G. Characterization of ground and system behaviour in water-bearing fault zones.
PhD thesis, Graz University of Technology, Graz, Austria, July 2020.

[220] Lenz, G. Personal communication, May 2022.

[221] Lenz, G. Personal communication, July 2022.

[222] Lenz, G. Personal communication, November 2022.

[223] Lepique, M. Empfehlung Nr. 10 des Arbeitskreises 3.3 “Versuchstechnik Fels” der Deutschen
Gesellschaft für Geotechnik e. V.: Indirekter Zugversuch an Gesteinsproben - Spaltzugver-
such. Bautechnik, 85(9):623–627, September 2008.

[224] Lienhart, W., Schubert, W., Henzinger, M. R., Buchmayer, F., Weilinger, W., and Stefaner,
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[367] Schubert, W., Blümel, M., Staudacher, R., and Brunnegger, S. Support aspects of tunnels
in fault zones. Geomechanics and Tunnelling, 10(4):342–352, August 2017.
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[369] Schütz, R. Numerical Modelling of Shotcrete for Tunnelling. PhD thesis, Imperial College
London, London, UK, February 2010.

[370] Sercombe, J., Hellmich, C., Ulm, F.-J., and Mang, H. A. Modeling of early-age creep
of shotcrete. I: Model and model parameters. Journal of Engineering Mechanics, 126(3):
284–291, 2000.

[371] Sezaki, M., Kibe, T., Ichikawa, Y., and Kawamoto, T. An experimental study on the
mechanical properties of shotcrete. Journal of the Society of Materials Science, 38(434):
1336–1340, 1989.



BIBLIOGRAPHY 312 of 498

[372] Sibson, R. H. Fault rocks and fault mechanisms. Journal of the Geological Society, 133(3):
191–213, March 1977.

[373] Sibson, R. H. Structural permeability of fluid-driven fault-fracture meshes. Journal of
Structural Geology, 18(8):1031–1042, August 1996.

[374] Simo, J. C., Kennedy, J. G., and Govindjee, S. Non-smooth multisurface plasticity and
viscoplasticity. Loading/unloading conditions and numerical algorithms. International
Journal for Numerical Methods in Engineering, 26(10):2161–2185, October 1988.

[375] Skempton, A. W. Residual strength of clays in landslides, folded strata and the laboratory.
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Géotechnique, 50(1):43–53, February 2000.

[392] Thuro, K., Plinninger, R. J., Zäh, S., and Schütz, S. Scale effects in rock strength properties.
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