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Abstract

This thesis, financed by ASTRA, focuses on the study of the performance of Tunnel Boring
Machines in highly jointed rock masses and fault zones.

The great development of TBMs in the tunnelling industry is due to their advantages with
respect to conventional excavation, such as generally greater production rates in favourable
ground conditions. However, the advancement could be significantly slowed down in limiting
geological situations such as highly fractured and fault zones. After an introduction about the
major issues resulting from tunnelling in difficult ground conditions, a brief review of the most
used TBM-performance prediction models is reported. The objective is to identify the most
common parameters adopted for evaluating the TBM performance.

The geotechnical characterisation of fault zones is very difficult due to their heterogeneous
nature characterised by a combination of weak and strong rock components. This particular
aspect is highlighted through a literature review regarding the geological and geomechanical
description of fault rocks.

In order to investigate possible relationships between difficult rock mass conditions and TBM
performance, data of several tunnel projects have been collected in a specific database by
including information from the field, laboratory tests and literature.

Preliminary analyses have been carried out in order to identify correlations between TBM
performance (namely, penetration and advance rate) and rock mass parameters (e.g. rock
strength, fracturing degree, etc.). Although some trends are identified, the scattered results
confirm the difficulties in predicting the machine performance in complex geological
environments.

In order to obtain a more complete geotechnical description of disturbed zones, a classification
system for highly fractured rock masses and fault zones has been developed. Four “fault zone”
classes have been identified by considering the fracturing and the weathering degree of the rock
mass. Furthermore, in order to analyse the response to mechanical excavation of the identified
classes, a set of numerical simulations have been run with the aim to investigate the TBM
performance at the cutter-scale.



Abstract

The data recorded in the TBM-performance database have been then analysed according to the
new classification system. For each “fault zone” class, a reduction rate for selected TBM-
performance parameters has been defined with respect to the tunnelling performance observed
in good ground conditions. The results of these analyses are of great relevance as they allow to
successfully quantifying the effect of degrading rock mass conditions on the TBM
performances.

The results obtained in the previous steps have been used to carry out probabilistic analyses of
the tunnel construction time and costs by means of the “Decision Aids for Tunnelling” (DAT).
The DAT are a methodology and a software package that can be used to evaluate the influence
of the uncertainties related to both the geological/geotechnical conditions and the construction
process on final tunnel construction time and costs. In this framework, the DAT have been used
for assessing the effects that demanding ground conditions may have on tunnelling operations in
terms of costs and delays. The advance rate reductions, previously defined for each “fault zone”
class, have been input in the simulations. A reliable estimation of the effect of degrading
geological conditions (from highly fractured rocks, to faulted rocks, to crushed material) on the
tunnel construction process has been obtained.

The results of this research may provide useful insights regarding the reduction of the machine
performance in bad grounds, with respect to an estimated good performance in “ordinary”
tunnelling conditions. Moreover, the study highlights the need to better characterise, from a
geomechanical point of view, the highly fractured and faulted rocks. This could be done by
considering the parameters representative of the altered/degraded state of the rock mass, instead
of those commonly used for estimating the TBM performance in good rocks.

Keywords

Weak rocks, fault zone classification, TBM-performance prediction, performance database,
Decision Aids for Tunnelling (DAT), numerical modelling.



Résumeé

Le but de cette these, financée par I’OFROU, est 1’étude des performances des tunneliers dans
les terrains trés fracturés et dans les failles.

Le développement des tunneliers est principalement dii a leurs avantages par rapport aux
méthodes d’excavation traditionnelles, comme de meilleures performances dans des conditions
géologiques favorables. Mais dés que ces conditions se détériorent, comme c’est le cas dans des
zones tres fracturées et perturbées, ’avancement peut étre fortement freiné. Cette theése décrit
d’abord les principaux défis occasionnés par ces conditions géologiques difficiles, puis elle
présente succinctement les modeles les plus courants de prédiction des performances des
tunneliers dans des conditions ordinaires, ceci afin d’identifier les principaux paramétres
utilisés.

La caractérisation géotechnique des zones de faille est compliquée a cause de leur nature
hétérogene due a une succession de parties faibles et de parties plus résistantes. Pour analyser
cet aspect, une étude bibliographique concernant la description géologique et géomécanique des
roches faillées a été menée.

Afin de pouvoir analyser la relation entre les conditions géologiques difficiles et les
performances des tunneliers, des données sur plusieurs tunnels ont été récoltées dans une base
de données qui comprend des informations provenant du terrain, d’essais de laboratoires et de la
littérature.

Des études préliminaires ont étés conduites pour analyser les corrélations entre des paramétres
de performance (en particulier la pénétration et 1’avancement) et certains géo-parameétres
(comme la résistance de la roche et le degré de fracturation). Méme si quelques tendances ont
pu étre observées, la grande dispersion des résultats a confirmé qu’il était difficile de prédire les
performances de tunneliers dans des géologies complexes.

Afin d’obtenir une description géotechnique compléte de zones perturbées, un nouveau systéme
de classification des masses rocheuses trés fracturées et des failles a été développé. Quatre
classes de «zones perturbées» ont été identifiées en se basant sur les degrés de fracturation et
d’altération. De plus, pour analyser la réponse de ces classes a 1’excavation mécanique, des
simulations numériques ont ét¢é menées pour mieux étudier la performance du tunnelier a
I’échelle des molettes.
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Puis la base de données a été analysée a I’aide du nouveau systéme de classification. Pour
chacune des classes, un facteur de réduction des performances par rapport aux valeurs obtenues
dans de bonnes conditions géologiques a été défini. Les résultats de ces analyses sont tres
intéressants, car ils permettent de quantifier I’effet de la dégradation des conditions géologiques
sur les performances des tunneliers.

Les résultats obtenus ont ensuite été utilisés pour des analyses probabilistes des temps et colits
de construction de tunnels avec le logiciel «kDAT» (Decision Aids for Tunnelling). Ce logiciel
permet de quantifier I’influence des incertitudes liées a la géologie et de celles liées a la
méthode de construction sur les temps et colts de construction. Dans le cas présent, il a été
utilisé pour estimer I’effet de conditions géologiques particuliérement difficiles sur les cotts et
les durées des opérations d’un tunnelier. Le facteur de réduction de la vitesse obtenu pour
chacune des quatre classes a été utilis€ comme input dans les simulations. L’analyse a conduit a
une estimation fiable de I’influence de conditions géologiques dégradées (de roche fortement
fracturée, en passant par des masses perturbées, jusqu’a un matériau broy¢) sur I’excavation au
tunnelier.

Les résultats de cette recherche permettent de mieux comprendre comment de mauvaises
conditions géologiques réduisent les performances de tunneliers par rapport aux conditions
«ordinaires». Ils montrent aussi le besoin d’une meilleure caractérisation géomécanique des
masses rocheuses fortement fracturées et perturbées. Pour ceci, il faudrait considérer des
parametres spécifiques, en lieu et place de ceux utilisés actuellement pour estimer les
performances dans de bonnes roches.

Mots-clés

Roches de mauvaise qualité, classification des zones perturbées, prévision de la performance de
tunneliers, base des données des performances, Decision Aids for Tunnelling (DAT),
modélisation numérique.
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Chapter 1  Introduction

Switzerland is one of the countries where the underground constructions are necessary since
more than 60% of the area is covered by mountains. In the past years huge TBM tunnel projects
have been carried out and some are still on going. The most famous example is the Gotthard
Base Tunnel (GBT), at the moment the world’s longest railway tunnel.

Nowadays mechanised tunnelling is more and more considered as a valid alternative to the
conventional technology (e.g. Drill-and-Blast). The great development of Tunnel Boring
Machines (TBMs) in tunnelling industry is mainly due to its advantages, with respect to
conventional excavation method, such as continuous operation, safer working conditions,
reduced damage at ground surface and grater rate of advance. However, the TBM performances
could be significantly reduced in changing ground conditions and in particular geological
situations like very strong or very poor rock masses, where lower advance rates are generally
recorded, mainly due to the lack of versatility of the machine. In particular, one of the main
issues, especially for what concerns gripper TBMs, is the crossing of weakness (e.g. fault)
zones. Although the presence of important fault zones is generally identified along the tunnel
alignment already in the project phase, in some cases it may still represent an unexpected
incident due to either a lack of warning during excavation or an underestimation of the problem
seriousness (Barla and Pelizza, 2000). Tunnelling in such difficult ground conditions might
cause project costs increase (mainly due to additional ground improvements and consequent
substantial delays) and plays a central role for the safe completion of the works. Although, as
reported by Palmstrom and Berthelsen (1988), this kind of problems generally occur along only
1-15% of a tunnel, a better understanding of the geological development and occurrence of
weakness zones is important in the planning and construction phases of a tunnel.

1.1 Rock TBM tunnelling

Rock tunnelling machines can be grouped into three main categories:

*  Open (Gripper) TBM: for rock characterised by medium to high strength. During the
boring operation two laterally mounted gripper plates anchor the rear part of the
machine to the tunnel walls, while the rotating cutterhead (equipped with disc cutters) is
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pressed against the tunnel face. Due to the rolling movement of the cutters, single
pieces (chips) of rock are cut out from the face and removed.

* Shield TBM: for rock characterised by low to high strength or when the tunnel walls
cannot support/contrast the action of the grippers. The body of the TBM is enclosed in a

shield and precast concrete segments are assembled by an erector to form closed rings
(the final support) directly behind the TBM. The TBM advancement is guaranteed by
the concrete ring erected behind the shield. Hydraulic thrust cylinders allow the
machine to push against the ring, thus the installation of segments and excavation
cannot be done simultaneously.

*  Double Shield TBM: for good to fractured/weak rocks. The TBM consists of two main
components: a front shield with cutterhead, main bearing and drive, and a gripper shield
with gripping unit, auxiliary thrust cylinders and tail steel jacket (the overlap of front
shield and gripper shield forms the extendible telescopic shield). The TBM
simultaneously excavates and erects the tunnel lining (continuous cycle of excavation).
The machine unifies the functional principles of gripper and single shield TBMs being
equipped by two possible “thrust systems” (adopted on the basis of the ground
conditions): the jacks that push against the segment ring to create the thrust for the
TBM as well as the grippers (located on the second shield) that push against the
excavated tunnel. In this sense the double shield machine can be considered as one of
the most flexible types of machine.

Table 1.1 shows the main advantages and disadvantages characterising the different TBM types.

Table 1.1 Schematic comparison among various types of TBMs, after Barla and Pelizza (2000)

Open TBM Single Shield TBM Double Shield TBM
Advantages
Easy to operate Application range more widespread Larger application range
Applicable only in hard rocks than for open TBMs Safety
Flexibility of supports Safety Support and lining flexibility

Construction cost

Limited investment

Precast lining installation

High performances

High performances

Drive in difficult ground condition

Disadvantages

Gripping in soft or unstable rock

Support installation in unstable rock

Two work phases
Not applicable in weak ground
Need of precast lining
Higher initial investment
Complex to operate

Squeezing ground(l risk of TBM
jamming

High investment
Complex to operate
Higher maintenance costs (need of
cleaning the telescopic joint)
Squeezing groundl risk of TBM
jamming

Although the technological improvements of recent years allow reaching acceptable/good
performances also in difficult grounds, the selection of the most appropriate TBM type still
remain a very uncertain task. This is principally due to the significant fix costs (i.e. initial



Introduction

investments required for this technique), and to the potential serious consequences (e.g. TBM
loss due to jamming) that can occur if weakness zones are encountered (e.g. highly deformable
and squeezing grounds, water bearing rocks, etc.).

1.2 Major issues of tunnelling in fault zones

Weakness ground conditions, besides referring to weak (sandstone, siltstone, shale, mudstone,
marl and chalk, tuff, agglomerate) and weathered (hydrothermal and chemical) rocks of all
types, could be caused by jointing and shear zones or faults present in the rock mass (Klein,
2001). As reported by several authors (Schubert and Riedmiiller, 1997; Schubert and
Riedmiiller, 2000; Habimana et al., 2002; Loew et al., 2010; Ramoni and Anagnostou, 2010),
the most common geotechnical problems resulting from tunnelling in faulted/highly fractured
zones are:

* instability of the excavation face;

* excessive overbreak of the tunnel contour;

» excessive deformation when squeezing ground is encountered;

* frequent changes (i.e. both magnitudes and direction) of stresses and displacements;

« large water inflows.

The possible instability phenomena (such as collapses, ravelling, slabbing, softening and
slaking, swelling, squeezing and flowing ground) are generally due to the low strength and to
the high deformability of the involved weak and weathered rocks, furthermore, they can be
influenced by groundwater conditions and by discontinuities (bedding planes, joints, foliation
and faults) in the rock mass (Klein, 2001).

The tunnel collapse is a sudden cave-in inwards which could interest the face, the side-walls and
the lining (e.g. when it occurs after excavation). Moreover, a gradual overbreak at tunnel roof
and/or walls can be associated to ravelling ground that implies a time-dependent loss of strength
of the weathered rocks (Sturk et al., 2011). Significant ravelling could develop because of the
combined effect of stress slabbing in a thinly-bedded rock formation and loosening along
steeply dipping joints orientated nearly parallel to the tunnel (Klein, 2001). The ravelling
behaviour considerably reduces the rock mass stand up time, mainly depending on the degree of
weathering (Sturk et al., 2011).

One of the worst geological hazards of tunnelling in weak rocks is represented by flowing
ground in which unconsolidated and saturated material can enter the tunnel flowing for great
distances and for a significant time. It is generally associated to fault zones and crushed zones,
where a great amount of available water at high pressure must be present and the rock must be
characterised by no or low cohesion (Sturk et al., 2011).

Softening and slaking are typical of rocks with high clay content that are prone to moisture
changes. Softening represents a significant loss of strength and slaking results in disintegration
of the rock (Klein, 2001). For tunnels, slaking means problems in stand-up time, overbreak,
need of construction and support procedures to minimise deterioration, and it contributes to
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time-dependent instability of large blocks progressing along surfaces of fractures behind rock
slabs (Hartman, 1992).

One of the most common problems observed in weak rocks is the squeezing behaviour of the
rock mass, caused by overstress conditions around the tunnel. Squeezing can occur both in weak
rock formations (such as schists, claystones, shales, etc.) and in highly jointed rock masses and
it is characterised by yielding under the redistribution state of stress during and after excavation
(Palmstrom, 1995) that results in the reduction of the tunnel cross-section. The magnitude of the
ground movements (tunnel convergence) depends on the type of rock, rock mass strength and
deformation properties, and in situ stress conditions (Klein, 2001). Squeezing is enhanced by
unfavourable orientation (parallel to the tunnel axis) of discontinuities (bedding planes,
schistosity), and it is found to occur frequently in contact and tectonised zones and faults (Loew
et al., 2010). As reported by Barla (2002) several empirical (e.g. Singh et al., 1992; Goel et al.,
1995) and semi-empirical (e.g. Jethwa et al., 1984; Aydan et al., 1993; Hoek and Marinos,
2000) approaches are available in literature to predict squeezing. All these methods use as
starting point the ratio of uniaxial compressive strength c6./6., of intact rock/rock mass to
overburden stress po=yH, where y is the rock mass unit weight and H is the overburden depth
(Loew et al., 2010). According to Loew et al. (2010), the most used approach is the one
proposed by Hoek (2001). By means of axisymmetric finite element analyses, he provided an
approximate relationship to calculate the tunnel strain &, (defined as ratio of radial tunnel
displacement to tunnel radius) as a function of the ratio 6.,/po and the internal pressure p;:

3p;
i -SPi
£:(%) = 0.15 (1 - &) Oem (22Pir054)
Po/ Do

1.1

The curve defined by Equation 1.1 (without support pressure p;) may give a first estimate of
tunnel squeezing problems associated with different tunnel strain levels (Figure 1.1).

Strain greater than 10%
12 Extreme squeezing problems

Strain between 5% and 10%
Very severe squeezing problems

Strain between 2.5% and 5%
4 Severe squeezing problems

tunnel wall displacement & / tunnel radius r, * 100
=]

Strain between 1% and 2.5%
2k Minar squeezing problems

Strain less than 1%
Few support problems

0.1 02 03 04 0.5 06

Strain €

Gem!Po = rock mass strength / in situ stress

Figure 1.1 Squeezing associated with different levels of strain (Hoek, 2001).
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It is important to observe that, squeezing ground is one of the most common hazards connected
to a fault zone in deep Alpine tunnelling, together with high water inflows and structurally
controlled failures (Figure 1.2).

Figure 1.2 Examples of structurally controlled instabilities in fault zones: a) highly anisotropic failure at
the tunnel sidewalls due to the presence of well-developed foliation or sub-parallel fractures with small
spacing; b) progressive block destabilisation at the tunnel walls/crown; ¢) complete collapse resulting
from total loss of confinement; after (Loew et al., 2010).

All described instability phenomena might affect the performance of the TBMs. As a matter of
facts, one of the main drawbacks of TBM tunnelling in faulted/highly fractured zones is a
significant reduction of the advancement rate due to large/very large construction delays which
are generally associated to the following problems:

* heavier supports should be installed in very fractured/bulking rocks;

* ground treatments are often required, causing major delays (i.e. need to stop the
excavation process) and cost increase;

* additional drainage systems and waterproofing becomes necessary to deal with
significant water inflows;

+ the need to free the machine cutterhead (or shield) if it jams, especially in case of very
high tunnel displacements (this also tremendously affects the tunnel crew safety).

Furthermore, it is also important to observe that encountering faulted/heavily jointed tunnel
faces may strongly affect the interaction between rock mass and TBM cutters, since the
excavation may not proceed anymore via the usual chipping process.

Figure 1.3 illustrates schematically the tunnelling and stability problems that could be
encountered when a TBM crosses fault rocks (Habimana et al., 2002).
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Figure 1.3 Progress difficulties of a TBM in tectonically crushed rock zone: a) excavation face instability;
b) decompression and blocking of the TBM; ¢) creep phenomenon (Habimana et al., 2002).

In order to avoid/reduce the consequences of the problems listed here before, a constant
observation of rock mass behaviour during tunnel construction becomes necessary, as well as a
constant update of the ground model by taking into consideration all the information collected
during excavation. Besides an adequate ground investigation activity (i.e. before and during
excavation), the prediction of the TBM performance in difficult ground conditions becomes
extremely important, since it will allow a more appropriate selection of the excavation method
as well as a better planning of the tunnel construction.

For evaluating the immediate response of weak rocks to tunnelling, Klein (2001) developed the
flow chart reported in Figure 1.4. As it is possible to see, he defined the mass behaviour as “a
function of the stresses imposed on the rock surrounding the tunnel and the strength of the
rock”. In order to assess the potential for overstressed conditions, the modified overload factor
(OFM), expressed by Equation 1.2 (Deere et al. 1969), has been used:

09

OFM = — 1.2

cl

where oy is the tangential stress and the 6; is the uniaxial compressive strength of the rock. By
this equation it is possible to deduce that overstressed rock conditions develop around the tunnel
when OFM is greater than one; otherwise stable conditions are expected. According to Klein
(2001), mainly depending on the stress-strain characteristics of the rocks, the behaviour under
overstressed conditions changes: for example, rocks characterised by brittle failure (e.g.
typically coarse-grained rocks such as sandstone and conglomerate) will break; while ductile
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rocks (e.g. typically fine-grained rocks such as shale, marl and weathered/altered rocks) will
yield causing convergences of the tunnel walls.

Tunnel Conditions
and Rock Properties
Tunnel Diameter & Depth
UCS, Ko, Pz,
Discontinuity Spacing

Stress-Strain
Behavior

Ductile Brittle
OFM OFM OFM OFM OFM
<1 1to3 =3 <1 =1
Potentially Mildly Moderately to Potentially Overstressed-
Firm Squeezing Highly Firm Stress Slabbing,
Ground Squeezing Ground & Spalling

l I l l |
I

Influence of Existing
Discontinuities

Figure 1.4 Immediate response of weak rocks to tunnelling (Klein, 2001).

1.3 Fault zone and TBM

Several cases of TBM tunnelling in fault zones have been recorded in these last decades in
different parts of the world. Some of them, collected by Barton (2006) on the basis of his “fault
zone experiences” in Italy, Greece, Kashmir and Taiwan, are reported in the following sections
as well as two famous cases in Switzerland. The aim is to better understand the possible
consequences on TBM tunnelling of such bad conditions.

1.3.1 Pont Ventoux (Italy)

The Italian Pont Ventoux HEP headrace tunnel, excavated by a gripper TBM, was characterised
by several fault zones that had disastrous results on the machine progress (Figure 1.5). The
biggest problem was the combination of adverse water pressures, erosion of faulted material and
major void formation due to generally sub-parallel fault orientation. The cutterhead was stuck
for 6 months, because of the need to probe ahead of the tunnel face, mapping the extent of
fracture zones (by means of tomographic images) and then deciding the stabilisation measures
to be adopted (Barla and Pelizza, 2000). This resulted in an advancement of only 20 m in 7
months. Moreover, the TBM grippers represented a further complication due to the pressure
exerted on the continuous steel liner (flange-to-flange), which was installed in the most adverse
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rock conditions. This loading caused the crushing of the steel sets with consequent tunnel walls
instability.

Face position when
TBM jammed

Block movement Water inflow

& N Watef
Crushed rock
%’ Crushed rod inflove

Tunnel to be excavated Tunnel excavated

Figure 1.5 The TBM jamming as a consequence of overstressing and a 25 cm block movement of the
right sidewall in the Pont Ventoux tunnel, Italy, after Barla and Pelizza (2000).

1.3.2 Evinos-Mornos (Greece)

Another TBM project characterised by adverse geological conditions is the Evinos-Mornos
tunnel (Greece), one of the longest hydraulic tunnels in the world. A big collapse occurred in
front of the TBM cutterhead (Figure 1.6) when the double shield TBM entered a very disturbed
zone characterised by a disintegrated rock mass structure. The result was the creation of a large
cavity, i.e. more than 10 m height, above the machine area. Hand-mining operations were
required to restart the TBM excavation which caused about a 50 days standstill (Grandori et al.,
1995).

4 inchespipefor
grout/concreting

\

Steelset  Shotcrete

Rock holts
Shotcrete and \ \

double mesh

| |
ch. 2250 ch. 2241
Rearshield Frontshield Cutterhead

Figure 1.6 The big collapse in front of the cutterhead that creates a cavern of more than 10 m high in the
Evinos-Mornos tunnel, Greece, after Grandori et al. (1995).

1.3.3 Dul Hasti (Kashmir)

The excavation of Dul Hasti Hydroelectric Project (Kashmir, India) was partly performed by an
open TBM and it was characterised by serious difficulties. Due to several geological accidents,
such as extreme pebble/sand blow-out and stand-up time problems, accompanied by water
discharge up to more than 1000 lit/sec (Figure 1.7), the machine stick many times. As a
consequence, the average advance rate reduced to 22 meters per month (Vibert et al., 2005).
Although additional supports, grouting of the cavities in the machine area, drilling of drainage
holes and a final modification of tunnel alignment were performed, the heavily damaged TBM
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was abandoned after a further blockage, and the excavation was resumed with the Drill-and-
Blast method.

Possible cavity due to washout
of faultinfiling

Figure 1.7 Cavity formation in the right part of the invert as a consequence of a very important water
inflow carrying silt, sand and debris, in the Dul Hasti tunnel, India, after Vibert et al. (2005).

1.3.4 Pinglin (Taiwan)

The Pinglin Highway tunnel in Taiwan is an example of particularly complex geological
conditions such as sudden inrush of great quantities of groundwater through zones of faulted
and fractured rocks. As illustrated in Figure 1.8, several face collapses, causing TBM jamming,
were observed during its excavation (Barla and Pelizza, 2000). In particular, the delays were so
important that also in this case it was decided to abandon the TBM and continue the excavation
using the Drill-and-Blast method. The 15 km long tunnel could be completed after about 12
years.

Fractured rock
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Figure 1.8 Example of instability problem at the tunnel face of the Pinglin Highway tunnel, Taiwan, after
Barla and Pelizza (2000).
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1.3.5 Gotthard Base Tunnel (Switzerland)

The Gotthard Base Tunnel (GBT) is a Swiss railway tunnel expected to open in 2016. It is part
of the AlpTransit project, also known as the New Railway Link through the Alps (NRLA).
Despite most of problematic zones along the tunnel alignment could be identified in advance,
some relevant unexpected events occurred during the tunnel excavation. In the south part of the
GBT, after about 200 meters, the TBM bumped into a sub-horizontal fault zone characterised by
kakirite, cataclasite and highly fractured rocks. It was a few meters thick zone and it affected the
west tube for about 100 meters and the east tube for 400 meters, especially at the crown. The
detachment of loose material, above and just behind the cutterhead, caused the formation of
cavities till 6 m high, which were filled with shotcrete and, in some cases, with in-situ casted
concrete. The support was immediately installed, adopting steel sets, welded wire mesh and
shotcrete. Because of the difficult ground conditions, the TBM advancement could not exceed
2.5 meters per day. Toward the end of the same excavation section, two nearly parallel sub-
vertical fault zones were encountered (Figure 1.9). Moreover, some cataclastic rocks and
kakirite layers, about 3-5 m thick, with highly fractured rocks in between were encountered.
When TBM crossed these zones, the great pressure exercised on the cutterhead shield led to the
machine jamming, with a downtime of ten days. The convergence of the tunnel caused also
important deformations and damages to the supports, and reprofiling works became necessary.
Without considering the stoppage of the TBM, the advancement was between 7 and 15 meters
per day.

Tm 14347
Tm 12460

o e Easttube
= -"' b |:'_ [ p— T— —
. == | - —— i
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L) TBM jam =] Westtube
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Tm 14472[
\

Tm 13788,

Figure 1.9 Location and orientation of the two sub-vertical fault zones encountered during excavation of
the GBT, Switzerland, after Ferrari (2006).

1.3.6 Moutier Tunnel (Switzerland)

The Moutier Tunnel is situated on the Motorway A16 (Transjurane) in the Canton of Bern
(Switzerland). During the excavation of this tunnel several disturbed zones, generally
constituted of strongly tectonised and partially weathered molasses layers, in some cases water
bearing, were crossed (Koenig et al., 2006). In particular, one of these zones was encountered
after less than 200 m of TBM excavation causing a cave-in at face and subsidence at surface.
The shielded TBM was blocked for several months after that the immediate measures adopted
for consolidating the ground proved to be useless for the restarting of the machine. The
excavation of the top heading of the tunnel was then conducted with conventional method from
the opposite site until reaching the TBM that was finally used only for excavating the tunnel
bench and invert (Figure 1.10) up to the northern portal, where the machine could be finally
dismantled (Koenig et al., 2006).

10
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Figure 1.10 Moutier tunnel, Switzerland, the TBM cutterhead was exposed after a stop of more than two
years (http://www.al6.ch).

14 Objectives and structure of the thesis

In the present chapter the major issues resulting from tunnelling in difficult ground conditions
and the description of the main geotechnical problems encountered in famous case-histories
have been introduced.

TBM performance prediction in adverse environments, has often roused researchers’ interest,
especially because of its great importance in the engineering practice (e.g. see what has been
described in the previous section) from an economic point of view and for a purely scientific
aspect regarding the interaction between machine and rock mass. However, in the past, a great
amount of research has principally focused on the prediction of TBM performance in very hard
rocks, where the main issues are the rock boreability and the abnormal cutters and buckets wear.
This thesis analyses the reduction of the machine performance that can take place in highly
fractured rocks and fault zones, with respect to an estimated good performance in favourable
tunnelling conditions. The research was part of a project financed by ASTRA (Bundesamt fiir
Strassen), the Swiss Federal Roads Authority, where the aim was mainly to provide some
recommendations for TBM design and performance prediction in difficult ground conditions.

In particular, the main objectives of the thesis can be summarised as follows:

* Establishment of a TBM-performance database in both bad and good ground
conditions, compiling data from several tunnel projects; evaluation of the effects of
highly fractured and faulted rocks on the TBM penetration and advancement by means
of statistical analyses.

e Choice of main parameters influencing TBM tunnelling in disturbed zones and
development of a geomechanical classification system for highly fractured rocks and
fault zones; numerical simulations characterising their different behaviour under the
action of the cutting tool.

*  Definition, for each “fault zone” class, of a reduction rate with respect to the best and
the most frequent performances for selected TBM-performance/operational parameters.

11
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*  Probabilistic simulations of tunnel excavation (by the DAT) for evaluating the effects of
degrading rock mass conditions on the final tunnel construction time and cost.

According to the objectives listed above and apart from this introduction, the thesis is structured
in seven chapters. Chapter 2 and Chapter 3 compile two literatures reviews necessary to develop
the main topics of the thesis, in particular:

— In Chapter 2 the most common TBM-performance prediction models is presented.
These models are not representative of bad tunnelling conditions where it is generally
suggested to use them with caution. The most common parameters used for evaluating
the TBM performance in “ordinary” advancing conditions are finally pointed out.

— In Chapter 3 a brief description of the fault zone genesis and structure is introduced as
well as a non-exhaustive review of the existing geological and geomechanical
classifications systems for fault rocks.

In Chapter 4 a TBM-performance database is developed with data of several tunnel projects.
The main goal is to investigate possible relationships between difficult rock mass conditions and
TBM performance. The database is subdivided into two sections: the first one contains the
tunnel characteristics, TBM specifications and TBM performance parameters; while the second
one considers the geological-geotechnical parameters of the intact rock and rock mass. The
compiled data are obtained directly from the field, laboratory tests and literature. Although the
data quality varies from one project to another and nevertheless difficulties in gaining complete
TBM and detailed geological information, enough data are collected in order to have an idea of
the distribution of important parameters related to the boring process and the TBM
advancement.

In Chapter 5 preliminary analyses are carried out with the aim to identify correlations between
TBM-performance parameters and rock mass parameters generally used in common TBM
performance prediction models, such as rock strength and fracturing degree. In order to take
into account the tectonisation and the weathering degree of the rock materials, a new rock mass
strength parameter (called UCSy) is considered. Finally, with the aim to introduce a more
global approach for characterising rock mass behaviour, possible correlations between rock
mass classification systems (RMR) and machine performances are also investigated.

In Chapter 6 a new classification system of highly fractured rocks and fault zones is developed
and described. In order to identify the specific classes, several geological/geotechnical
parameters are taken into account (in particular the fracturing degree of the rock mass and the
weathering degree of the rock and of the joint surfaces). The choice of specific parameters is
done mainly referring to the literature review presented in Chapter 2. In order to improve the
geomechanical characterisation of the classes, numerical discontinuum and continuum models
are developed trying to establish the main failure mechanisms and the chipping process, for
each fault zone class, induced by a TBM cutter.

In Chapter 7, after the evaluation of the best (and the most frequent) TBM performance
recorded during excavation in good tunnelling conditions, the comparison with the behaviour of
the machine in faulted and highly fractured rock masses is carried out. For each “fault zone”
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class a reduction rate with respect to the best and the most frequent performance is defined for
the most important TBM-performance parameters.

In Chapter 8 the “Decision Aids for Tunnelling” (DAT) is used to carry out probabilistic
analyses of tunnel construction time and costs. For assessing the effects that demanding ground
conditions, such as fault zones, may have on tunnelling operations, the tunnel construction is
simulated by introducing several geological profiles characterised by changing ground rock
mass conditions as described by the “fault zone” classification system developed in Chapter 6.
The advance rate reductions defined for each class in Chapter 7 are also used as input for the
simulations. A real case is then simulated in order to validate the results previously obtained.

In the last part the final conclusions achieved in this work are summarised and potential
developments and improvements are introduced.
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Chapter 2  TBM-performance prediction

Because of generally higher advancement rates and better safety conditions with respect to
conventional methods, TBMs are widely used nowadays for the excavation of long tunnels in a
variety of ground conditions. For construction planning and for the selection of the most
suitable excavation technology, the estimation of the TBM performance, in terms of rate of
penetration, utilization factor, daily advancement, etc., has become a primary topic in rock
mechanics and tunnelling engineering.

During the last decades a number of models have been developed for the prior-to-construction
prediction of the TBM performance. In this chapter a brief review of some of these models is
presented.

2.1 TBM performance prediction models

TBM performance prediction models may be divided in two main categories: the empirical
models, which represent the largest group, and the theoretical or semi-theoretical models.

The empirical models are mainly based on back-analyses of machine performances of past
tunnelling experiences. They are obtained through regression analyses by considering both rock
mass parameters (e.g. rock strength, rock fracturing, joint orientation, etc.) and TBM parameters
(e.g. rate of penetration, cutter force, advance rate, etc). These methods are quite interesting
since they combine and consider ground and excavation “as a whole system”. This actually
means that all the effects of ground conditions, rock properties, machine parameters and
operational and logistic constraints are directly or indirectly taken into account (Rostami et al.,
1996). Among these empirical models, the one developed at the Norwegian Institute of
Technology (NTNU) (Bruland, 1998; Bruland et al., 1995; Bruland and Nilsen, 1995;
Palmstrom, 1995) is certainly the most widely used.

The theoretical and semi-theoretical (or mechanical) models can combine theoretical bases and
some empirical relations. With respect to the machine design parameters, they are more flexible
than empirical methods. They generally analyse the forces acting on the cutters or the specific
energy required to excavate a unit volume of rock and relate them to the intact rock and rock
mass properties, as well as to the machine specifications. Within this category, the most famous
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is the model developed by the Colorado School of Mines (CSM) (Nilsen and Ozdemir, 1993;
Rostami, 1997; Rostami and Ozdemir, 1993; Rostami et al., 1996) which estimates the advance
rate from relationships that combine thrust, torque and penetration, with the aim to improve the
TBM cutterhead design.

In addition to these models it is important to mention the expanded rock mass classification
systems, such as the Qrpy (Barton, 2000) and the Rock Mass Excavability (RME) Indicator
(Bieniawski et al., 2006; Bieniawski et al., 2007a; Bieniawski et al., 2007b; Bieniawski et al.,
2008). They have been specifically developed for predictive purposes as well as for selecting
the most suitable TBM to be used during the planning phase of a tunnel project. Moreover,
several authors (e.g. Biichi, 1984; Gong and Zhao, 2009; Hassanpour et al., 2011; Sapigni et al.,
2002) tried to estimate the boreability of the rock mass by introducing empirical equations
mainly based on relationships among intact rock and rock mass parameters like strength,
brittleness, RQD, joint spacing and orientation.

As suggested by Gong and Zhao (2009), another possible classification of TBM performance
prediction models can be done according to the number of geological and geotechnical
parameters required as input (i.e. single factor models and multiple factor models).

Table 2.1 summarises some of the most referred performance prediction models as well as their
main input parameters in terms of both rock mass and machine factors. Furthermore, the
following sections present a brief description of the most well-known and widespread models,
trying to focus on the limits encountered in their application in disturbed rocks (e.g. highly
fractured and fault zones).

2.1.1 The NTNU model

The NTNU prediction model (Bruland, 1998; Bruland et al., 1995; Bruland and Nilsen, 1995;
Palmstrom, 1995) is an empirical model primarily based on correlations between geologi-
cal/geomechanical parameters and actual TBM performance (see also Annex A). For
developing this method, time and cost curves for the various tunnelling operations have been
established by collecting and analysing a large amount of information on machine parameters
and rock mass properties, coming from several tunnels in Europe. The model has been
constantly upgraded and improved with data from new projects whenever available. The 1998
version is based on data from about 230 km of bored tunnels (Bruland, 1998).

The NTNU model is based on two main groups of data: the main rock mass parameters, and the
main TBM factors (Table 2.1). As represented in Figure 2.1, the methodology used in this
model can be described as follows:

*  The rock mass parameters are combined into one factor that represents rock boreability,
called “the equivalent fracturing factor” or “the equivalent TBM jointing factor”, ke,.

*  The machine parameters are combined into one machine (or cutterhead) factor called
“the equivalent thrust per cutter”, M.

These two parameters are then used to estimate the net rate of TBM penetration ij.
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Table 2.1 Summary of existing and most common TBM performance prediction models and expanded
classification systems and main input parameters

Reference

Prediction value

Rock mass factors

Machine factors

Tarkoy, 1974

Penetration rate [ft/hr]

Total hardness

*

Graham, 1976

Penetration rate [m/hr]

Uniaxial compressive strength

(UCS)

Cutter force

Penetration (intact rock)

Cutter spacing, tip width,

Wanner and [mm/rev] UCS, tensile strength (o), joint .
Acberli. 1979 5 . haracteristi and radius, cutter force,
> S.pftm 1 penetration rate characteristics TBM diameter, RPM
(jointed rock) [mm/MN]
Robbins, 1980 Penetration rate [in/rev] UCS *

Biichi, 1984

Penetration rate [m/hr]
Advance rate [m/hr]

UCS, tensile strength, correction
factors (depending on rock type,
anisotropy/schistosity, fracture
spacing, mica volume %)

Cutter spacing, cutter tip
width, cutter radius, cutter
force, TBM diameter,
RPM

Cutter force, cutter

Hughes, 1986 Penetration rate [m/hr] ucCs .
diameter
CSM (Rostami Penetration rate [m/hr] Cutter spacing, tip width
and Ozdemir, Advance rate [m/hr] UCS, o, and radius, cutter force,
1993) Some TBM parameters TBM diameter, RPM

Gehring, 1995

Penetration rate [mm/rev]

UCS and correction factors for
joints, specific fracture energy,
etc.

Cutter force F,

Thuro and Spaun,
1996; Thuro and
Plinninger, 1999

Specific penetration
[mm/kN]

UCS, Young's modulus, o,
destruction work

Destruction work

NTNU (Bruland,
1998)

Penetration rate [m/hr]
Advance rate [m/hr]

UCS, drilling rate index (DRI),
no. of joint sets, joint frequency
and joint orientation, porosity

Cutter force, RPM, cutter
spacing, cutter size and
shape, installed power

Qram (Barton,
2000)

Penetration rate [m/hr]
Advance rate [m/hr]

RQDy, Jy, J;, 14, Jw, SRF, rock

mass strength, cutter life index

(CLI), quartz content, induced
biaxial stress at the face, porosity

Cutter force, TBM
diameter

Sapigni et al. 2002

Penetration rate [m/hr]

Specific penetration
[mm/rev/kN]

Utilization factor

RMR

Penetration rate [m/hr]

UCS, abrasiveness, rock mass

RME (Bieniawski D . Total cutterhead thrust
Ad te [m/h he f - ’
et al., 2006) vance rate [ r]3 jointing at the face, stand-up time, RPM and torque
Specific energy [KJ/m’) water flows.
1 tric joint t
Gong and Zhao, Boreability Index (BI) brlijtﬁ:r’levs(; ]i’lrIlzee rlcaflmlt bceotune;n Cutter force
2009 [KN/mm/rev] X, angle betw

discontinuities and tunnel axis.

Hassanpour et al.,
2011

Field Penetration Index
(FPI) [KN/mm/rev]

UCS and RQD

Cutter force, RPM

*Based only on geomechanical parameters
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Figure 2.1 Layout of the NTNU methodology (Palmstrom, 1995).

One of the main advantages of the NTNU model is the generally comprehensive empirical
database which allows taking into account the influence of the joints. In order to do that, NTNU
has derived a set of relationships between the TBM penetration rate and the “fracturing factor”,
depending on discontinuity spacing and orientation with respect to the tunnel axis. Moreover,
being an empirical model, it actually combines the effects of the ground and the excavation
system in their entire complexity (Rostami et al., 1996). The main disadvantage of the model, as
every empirical model, is that it should be applied very carefully to cases which differ
significantly from those included in the original data-set.

2.1.2 The CSM model

The CSM model (Rostami, 1997; Rostami and Ozdemir, 1993) is a theoretical model which
incorporates some empirical relations as well. In order to evaluate the overall thrust, torque and
power requirement on the entire cutterhead, it considers the individual cutter forces (i.e. both
normal and rolling forces, see also Table 2.1).

The basic assumptions of the model can be summarised as follows:

*  The crushed zone beneath a disc cutter is circular (Figure 2.2).

» The size of the particles increases from the centre towards the rock media surrounding
the crushed zone.

* The extension of the crushed zone is a function of cutter tip geometry and rock
properties.

*  The pressure distribution in the crushed zone is uniform.

* Tensile fracture initiation and propagation is assumed to be the predominant failure
mode.
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For an optimum cutter spacing, cracks are ideally propagated towards the neighbouring cuts
through a straight line, which represents the shortest distance for crack propagation and is equal
to half the cutter spacing (Figure 2.2).

Cutter Load
Cutting #

Decreasing
pressure

Crushing to the sides

Transition
region

Fractures

Middle Fracture

Figure 2.2 Crushed zone under a disc cutter (Rostami et al., 1996).

For calculating the real penetration rate, the model introduces an iterative procedure starting
from a very low value of penetration rate. The machine thrust, torque and power are then
computed according to a set of equations and compared to the machine specifications. If the
computed values are below the machine specifications, the penetration rate needs to be
increased and the procedure repeated. This iterative estimation ends when one of the machine
requirements is met (i.e. exceeded).

It is important to observe that one of the main limitations of this model is that it predicts the
penetration rate without any consideration given to the influence of existing joints/fissures in the
rock mass. However, in order to take into account the joint effects, the model uses the
correlation factors developed by the Norwegian Technical University (NTNU) as well as the so-
called fracturing factor (see previous section). Further development in this framework has been
carried out by Ramezanzadeh et al. (2005 and 2008).

2.1.3 The Biichi model

A critical review of the CSM model has been provided by Biichi (1984) who, in addition to a
review of geological factors mostly affecting TBM performance and wear, provides an
investigation of the effects of anisotropy (schistosity) and fracture spacing on the penetration
rate (Table 2.1).

The proposed model correlates the cutter force, obtained in a full-scale linear cutting machine as
in the Colorado School of Mines (CSM), with rock anisotropy and rock mass fracturing. The
background data of this model come from about 38 km of tunnels excavated with TBMs. The
study investigates the effect of the rock schistosity on the TBM penetration rate and concludes
that a favourably oriented foliation (i.e. perpendicular to the tunnel axis) may significantly
increase the TBM penetration rate.
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2.1.4 The Qrgy model

Barton (2000) extended the original Q-system for rock mass classification to a new Qrgym
system which allows predicting TBM penetration and advance rates (see also Annex A). The
system accounts for average cutter force, abrasive nature of the rock, stress field at the tunnel
depth and joints orientation and conditions (Table 2.1). The Qmgy mainly depends on basic
geological and geotechnical parameters which can be simply estimated by an experienced
engineering geologist (Sapigni et al., 2002).

The main hypothesis of the method is based on the consideration that, both extremely good (Q
up to 1000) and extremely bad conditions (Q down to 0.001) are unfavourable for the TBM
advancement. In particular, in the first case a lower penetration rate can be observed due to
increasing maintenance times for cutters replacements; in the second case the hindrance is
represented by longer stops of the machine for allowing heavier support installation as well as
rock consolidating treatments. Starting from these considerations, Barton identified general
trends for the penetration rate (PR), for continuous boring process, and for the actual advance
rate (AR), evaluated as functions of the rock mass quality (Figure 2.3).
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Figure 2.3 Conceptual relation between Q index, penetration rate (PR) and advance rate (AR) (Barton,
2000).

The Qrpym is calculated by Equation 2.1, starting from the equation and the parameters used for
estimating the original Q value:

RQDy J» J. SIGMA 20 q oy

Crow == =, SRF F19/20° CLI 20 5 21

where: RQD, is the Rock Quality Designation (RQD, %) interpreted in the tunnelling direction,
Ju, J., Jo and ], are the parameters used for describing the joints conditions, SRF is the Strength
Reduction Factor, SIGMA refers to the rock mass strength, F is the average cutter load (tnf)
through the same zone normalised by 20 tnf, CLI is the cutter life index, q is the quartz content
(%) and oy is the induced biaxial stress on tunnel face in the same zone normalised to a depth of
100 m.

The relationships between Qrpy and TBM penetration rate (PR) and advance rate (AR) are
reported below:
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PR =~ 5Q75% 2.2
AR =~ 5Q75% - T™ 23

where T is the time (in hours) and m is a negative gradient that expresses the decelerating
average advance rate which is observed as the unit of time (hours, days, weeks, months)
increases.

Although the Qrpy can be applied to a wide range of rock mass conditions, the great number of
parameters involved in the calculation strongly limits its utilisation in the practice.

2.1.5 The RME model

The RME indicator (Bieniawski et al., 2006; Bieniawski et al., 2007a; Bieniawski et al., 2007b;
Bieniawski et al., 2008) estimates the performance of double-shield and open-type TBMs on the
basis of statistical analyses of data from more than 500 tunnel case records. Similarly to the
original RMR rock mass classification index, the RME is calculated using five input parameters
specifically related with the ground TBM interaction: e.g. abrasion, joints spacing and
orientation with respect to the tunnel alignment, stand-up time, uniaxial compressive strength of
intact rock and water inflow at the tunnel (Table 2.1). With the same philosophy of the
traditional RMR method, each parameter is associated to a specific rating according its value.
The sum of them gives the value of the RME index.

This index is correlated with the average rate of advance ARA, computed as the ratio between
the length of a given tunnel section and the total time needed to excavate that section. This
correlation is based on a regression analysis performed on a dataset composed by data coming
from three tunnels excavated by double shield machines (Figure 2.4).

*[1f RME <75 ARA(m/day)=0.213*RME
" R? = 0,66 .
If RME >75 ARA(m/day) = 0.56*RME - 26
25 R?= 0.77
E
E
§ 15
<<

1 1
0 25 50 75 100

Figure 2.4 Correlation between ARA and RME (Bieniawski et al., 2006).

By using a dataset of 49 tunnel sections of the San Pedro tunnel (Spain), the performance of
double shield and gripper TBMs could be compared, considering separately rock characterised
by UCS < 45 MPa and UCS > 45 MPa (Figure 2.5 and Figure 2.6). This study allowed
concluding that for less resistant rocks (i.e. UCS < 45 MPa), double shield TBMs always
provide better results than open TBMs, while for more resistant rocks (i.e. UCS > 45 MPa),
characterised also by higher values of RME (i.e. > 75), the use of gripper TBMs gives better

21



TBM-performance prediction

performances. For intermediate rock conditions (i.e. 65 < RME < 75), double shield and open
TBMs provide quite similar results. Finally, for decreasing values of rock conditions (i.e. 50 <
RME < 65), double shields generally had better advancements than open machines (Bieniawski
et al., 2007a; 2007b).
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Figure 2.5 Comparison of the performance of double shield and open TBMs for UCS < 45 MPa
(Bieniawski et al., 2007b).
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Figure 2.6 Comparison of the performance of double shield and open TBMs for UCS > 45 MPa
(Bieniawski et al., 2007b).

2.1.6 Other recent studies on the TBM performance

More recent studies have been done by Hassanpour et al. (2011), Gong and Zhao (2009) and
Sapigni et al. (2002), see also Table 2.1.

Hassanpour et al. (2011) proposed to evaluate the rock mass boreability starting from the rock
strength and the rock mass fracturing degree. This empirical model is based on the analysis of
data obtained from four tunnelling projects, covering total length of 55 km excavated in
different geological conditions. Strong connections have been found between rock mass
parameters such as uniaxial compressive strength, RQD and joint spacing, with the so-called
Field Penetration Index (FPI) (Klein et al., 1995). Although the model is applicable in a quite
wide range of geological conditions (like layered and jointed sedimentary rocks or blocky
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rocks), it has to be adopted with extreme caution in highly fractured rock masses, fault zones
and water sensitive rocks, since the results provided by the proposed correlation could be
misleading.

Gong and Zhao (2009) focused their attention on the combination between a rock mass
conceptual model, for evaluating rock mass boreability, and an established database developed
during the construction of the DTSS project (Deep Tunnel Sewer-age System) in Singapore. By
analysing the rock fragmentation mechanism, the theoretical model identifies the influence of
rock mass properties on TBM penetration rate, showing that the rock uniaxial compressive
strength and the volumetric joint count seem to have the most relevant effect. However, the
model presents some limitations and attention must be paid for predicting the TBM performance
in other critical tunnelling conditions.

Sapigni et al. (2002) analysed possible relationships between the machine performance (i.e.
penetration rate of the machine) and the geological/geotechnical characteristics of the rock
mass, expressed in terms of value of Rock Mass Rating (RMR) (Figure 2.7).
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Figure 2.7 a) Correlation between the rate of penetration of the TBM and Rock Mass Rating; b)
Correlation between TBM utilization factor derived from daily average data and RMR (Sapigni et al.,
2002).

The empirical correlation, shown in Figure 2.7a, seems to follow a bell-shaped curve, with the
maximum TBM performance reached for rock masses of medium quality (i.e. RMR = 40 + 60).
The penetration rate of the TBM decreases more or less in the same way for very poor or very
hard rock masses. This result, especially for what concerns adverse ground conditions, is
described as a possible consequence of mucking problems, as well as face instabilities that limit
the potentially high penetration rate as a consequence of thrust reduction (Sapigni et al., 2002).
The authors also provide a relationship between the TBM utilisation factor, defined as the
fraction of total construction time in which the TBM has been used for boring, and RMR.
Figure 2.7b shows that even in favourable conditions (i.e. RMR > 70-80) U is less than 0.5 and
that those values strongly decrease (i.e. up to 0.05-0.1) for poor rock mass conditions (i.e. RMR
~20-30).
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Finally, in the literature, it is also possible to find other examples of rating system formulations
used for estimating the utilisation factor of the TBM (Bilgin et al., 1999a; Bilgin et al., 1999b;
Bilgin et al., 1993), where an important role is played by the operator experience (especially in
the thrust force control). However, it is important to underline that, as reported by Einstein
(1996), the exact prediction of the TBM performance can be practically impossible. As a matter
of fact, the definition of the utilisation factor is based on a combination of parameters which are
not only related to the rock mass conditions and/or to the machine factors. A very important role
is indeed played by non-quantifiable factors such as the skills of the tunnel crew, the variable
performance of the equipment as well as accidents/breakages occurring at various intervals
during construction.

2.2 Most common rock mass parameters in TBM-performance
prediction

The most common TBM performance prediction models presented in this chapter have been
compared with the aim to identify the most used geological-geotechnical parameters and in
which frequency they are adopted as rock mass input. Figure 2.8 shows the results of this
analysis.
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Figure 2.8 Geological-geotechnical parameters generally evaluated for TBM-performance prediction. The
frequency refers to a sample of 20 existing prediction models.

As it is possible to observe, the most common parameters involved in the TBM performance
prediction, are the strength of the rock (i.e. present in 100% of the models considered as sample
for this analysis) and the degree of fracturing (i.e. present in 60% of the models). The term
“rock strength” here refers to closely related parameters such as uniaxial compressive strength,
brittleness as well as rock hardness. Also, “fracturing degree” refers to several factors (joint
spacing, RQD and the volumetric joint count J,) representative of the same information. The
other rock mass characteristics highlighted by this analysis are related to the joint orientation
and alteration, the potential water inflows, the porosity of the rock, the abrasion/quartz content
as well as the cutter life index and the in situ stress. Apart from the joints quality parameters
(orientation and alteration), which are used in about 30-40% of the models, the other parameters
are employed in less than 20% of the cases.
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Thus, based on these results and considerations, uniaxial compressive strength (UCS) and
volumetric joint count (J,) have been considered in this framework (i.e. see Chapter 5) as the
two main representative parameters for evaluating the TBM performance.

2.3 Final remarks

By compiling some of the most relevant TBM performance prediction models it has been
possible to identify the most relevant rock/rock mass and TBM parameters commonly included
in the TBM performance prediction/estimation models.

Among the geological/geotechnical factors, on one side, the existing models mainly focus on
parameters related to the rock mass fracturing (expressed via RQD, volumetric joint count, joint
spacing and orientation, etc.) as well as on rock strength (expressed via uniaxial compressive
strength (UCS), drilling rate index (DRI), tensile strength, etc.).

However, the majority of the reviewed models have been developed for “ordinary” tunnelling
situations and their application to difficult ground conditions may lead to misleading results. As
a matter of facts, the existing models seem to be strongly limited for applications to highly
fractured and faulted zones. This can be due both to a lack of information (the majority of the
existing models are based on empirical studies) and to a more difficult characterisation of such
weak rocks.
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Chapter 3  Characterisation of fault zone
and fault rocks: genetic and structural
relationship, geomechanical implications

As already discussed, a fault zone is one of the greatest challenges to face during underground
construction works. For this reason a proper understanding of its genesis and a thorough
assessment of its internal structure are prerequisites for the development of a reliable geological
model that helps better predict the geomechanical behaviour of the fault rocks. In this way, a
number of geotechnical problems during the construction process could be efficiently
anticipated.

Fault rocks are extremely complex and heterogeneous by nature, due to a combined contribution
of weak and strong rock components that can vary significantly inside a same fault zone. For
this reason, the geotechnical characterisation of the fault rocks, that will often be referred to as
either “soil-like” or “rock-like” materials, presents difficult tasks in rock engineering and rock
mechanics. The mechanical behaviour of fault rocks is also very sensitive on the water content
and fault zones are generally sites of sustained water circulation and/or accumulation, meaning
additional risks for engineers that have to be properly taken into account.

In this chapter a review about the genetic and structural relationship of fault zones is reported, in
reference to a number of existing geological and geomechanical classifications developed for
fault rocks.

3.1 Fault zone definition

In rock engineering, a “fault zone” commonly refers to a localized weakness in the Earth’s
crust, formed mostly under brittle conditions, and susceptible to accommodate various amount
of shear (Figure 3.1).
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Figure 3.1 Conceptual model showing the distribution of shear zones with depth (Passchier and Trouw,
1996).

Shear zones are usually much longer than thicker and the resulted fault rocks will depict typical
structural elements that are directly related to the amount of strain that has been accommodated.
There is a spatial gradient in the amount of strain that is generally highest within the centre of
the shear zone, decreasing outward into its adjacent rocks (Loew et al., 2010), meaning also a
gradient in the resulting structural relationships.

The response of the rock to the shear rate to which it has been subjected, depends on pressure
and temperature conditions and determines how the rock accommodates the deformation. The
mechanism of shearing can occur at brittle, ductile or intermediate conditions, identifying,
according to several authors, four main types of shear zones (Sibson, 1977; Ramsay and Huber,
1987; Davis and Reynolds, 1996; Loew et al., 2010):

*  Drittle shear zones (“fault zones” in this research), that contain products of brittle
deformation mechanisms (cataclasis), considering the potential subsequent
weathering or cementation by migrating fluid (Riedmiiller et al., 2001) promoted by
the high permeability of the fractured material;

* ductile shear zones, where the deformation processes are mainly achieved by crystal
plasticity, involving a minor amount of fracturing;

* semi-brittle shear zones, that involve mechanisms such as cataclastic flow and
pressure solution;

e brittle-ductile shear zones, that show evidence of both brittle and ductile
deformation.

The ductile (and semi-brittle) shear zones do not generate instability problems in underground
construction (Loew et al., 2010), whereas the most problematic type for rock engineering
purposes are brittle and plastic shear zones and their related type of fault rocks, referred to as
cataclasite (Christe, 2009).

Cataclastic rocks result from both a mechanical and chemical weathering related to tectonic
activity. This particular degradation process (cataclasis) is friction and time dependent and
involves high deformation by brittle fracturing, grinding, crushing and rotation of rock
components. On one hand, mechanical processes inherent to cataclasis will be responsible for a
high degree of fracturing at different scales by stress and strain localisation. The Mohr-Coulomb
diagram in Figure 3.2 details the general process of cataclastic fracturing. On the other hand,
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chemical processes will further impact on rock quality by progressive weathering of the primary
rock mineralogy leading to the development of secondary mineral phases (phyllosilicates, clay
minerals). The rate at which weathering occurs will moreover be controlled by the fluid-rock
interaction.

Such rocks will therefore show a vast panel of mechanical properties ranging from hard rock to
soil-like material behaviour. In reference to the respective ratio of gouge matrix to rock blocks,
fault rocks will be more or less cohesive. The degree of this “cohesion” can be further
influenced by the sizes, shapes and strengths of the blocks (see Medley (1994), who defined as
“bimrocks” the block-in-matrix rocks characteristic of fault rocks). This is the reason why fault
rocks inherited from brittle processes are often characterised by generally low mechanical
strength with a high deformability involving non-linear constitutive laws, a strong strength
dependence on water saturation and temperature, and a great susceptibility to weathering.

er, | [MPa]
Frictional 3
500 sliding criterion Coulomb
fracture criterion
400

300

200

lil. Cataclasis
100 '

\T s [MPa]

Ifzm J'auo 600 800 1000

1l. Frictional I. Shear fracture
sliding

Figure 3.2 Representation on a normal vs. tangential stress diagram of Coulomb fracture criterion and
frictional sliding criterion for sliding on a pre-existing fracture. Cataclasis occurs in a regime where
continuous fracturing becomes the energetically most favourable deformation mode, while movements
along pre-existing discontinuities, governed by a frictional sliding criterion, are made impossible. Mohr
circle I: critical stress conditions for shear fracture. Mohr circle II: frictional sliding on a fracture plane at
the same confining pressure. Mohr circle III: critical stress conditions for cataclasis process (Christe,
2009).

Structurally speaking, a common model used to describe brittle fault zones involves three
different structural elements:

1. the fault core;
2. the damage zone;

3. the protolith (e.g. host/country/parent rock).

A conceptual model of the fault zone architecture is illustrated in Figure 3.3. Each of these
elements is shortly summarized hereafter and a view of a small fault zone is reported in Figure
3.4.

The fault core (characterised by the occurrence of fault rocks) is a “structural, lithologic and
morphologic part of a fault zone where most of the deformation is accommodated” (Caine et al.,
1996). It consists of low permeability fault rocks, characterised by a high amount of fine-
grained rock matrix in comparison to clasts (Christe, 2009). According to Brosch et al. (2006),
the most important parameters within the fault core are the cohesiveness (cementation)
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regarding the behaviour with access of water, the grain size distribution and matrix material, the
proportion of rock fragments in the matrix, the clay mineral content/composition (and the
vulnerability to water) and the (residual) shear strength of the matrix.

The damage zone bounds the fault core and is characterised by subsidiary structures such as
small faults, veins, fractures and fold, causing heterogeneity and anisotropy in fault zone
permeability that is controlled by the hydraulic properties of the fracture network (Bruhn et al.,
1994; Caine et al., 1996). The damage zone will be greatly responsible for the permeability of
the fault zone as shown in Figure 3.5. The fluid flow within and near the fault zone is controlled
by the distribution of each component (Caine et al., 1996).

Finally, the protolith surrounds the fault core and damages zone. The protolith can be virtually
any type of petrology of sedimentary, magmatic or metamorphic origin and it is referred to as
the country, parent or host rock. Its mechanical properties and fluid flow properties are
generally well known and reflect the unfaulted host rock (Caine et al., 1996).
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Figure 3.3 Conceptual model of internal fault zone architecture in the host rock (protolith), after Fasching
and Vanek (2011).

=% T = L

Figure 3.4 View of a small fault in the Brule Formation strata of Slim Buttes, South Dakota, with the fault
core and damage zones labelled, after Maher (2014).
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Figure 3.5 Conceptual scheme for fault-related fluid flow. Permeability loss due to grain-size reduction
and/or mineral precipitation (filling open pore spaces) is responsible for fault cores acting eventually as
barriers to fluid flow (Caine et al., 1996).

Brosch et al. (2006) report that fault zones might not fully develop, resulting in an apparent lack
of a fault core. In rock engineering, fault zones with these “damage zone only” or “intensified
fracturing” characteristics have however to be considered in the same way as fully developed
fault zones since they also cause distinct deterioration to the rock mass and permeability
increase.

3.2 Terminology and geological classifications of fault rocks

Several geological classifications of fault rocks have been proposed in the literature (e.g.
Higgins, 1971; Sibson, 1977; White, 1982; Wise et al., 1984; Zhang et al., 1986; Riedmiiller et
al., 2001). They are generally based on parameters such as fabric, texture and clasts size or they
take into account the cohesive/non-cohesive character of materials.

In a conventional geological engineering terminology, fault rocks can be classified as follows
(Table 3.1):

» fault breccia, it consists of large fragments of rock in a fine-grained matrix that
could include mineral veins formed in voids between the clasts. It may have a non-
cohesion (with visible fragments > 30%) or a cohesion character. In the cohesive
(and cemented) fault breccia the proportion of matrix is less than 10% and, based on
the fragments dimension, it is possible to define crush breccia (> 0,5 cm), fine crush
breccia (> 0,1 cm and < 0,5 cm), crush microbreccia (< 0,1 cm);

» fault gouge, a non-cohesive clay-rich and fine-to-ultrafine-grained material (with
visible fragments < 30%) that may possess a schistosity. Geologists and engineers
sometimes refer to it as “kakirite” (Figure 3.6) to define a type of material that will
readily collapse once extracted or excavated,;

« cataclasite, normally cohesive and non-foliated, consisting of angular clasts in finer-
grained matrix (Figure 3.7). It may be subdivided according to the relative
proportion of finer-grained matrix into protocataclasite (10-50%), mesocataclasite
(50-90%) and ultracataclasite (90-100%);
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pseudotachylite, a cohesive and ultrafine-grained rock, is a vitreous-looking
material and dark in colour. It is generally found along a fault surface or as thin
planar veins injected into the fractures in the host rock. Pseudotachylite normally
forms during earthquake events (ultra-fast movement along the slip plane during
instantaneous relief of strain).

mylonite, a fine-grained cohesive rock looking somehow similar to a gneiss with at
least microscopic foliation (Wise et al., 1984), formed by ductile processes
occurring at depth, below the brittle shear zones (ductile shear zones involving
already greenschist metamorphic facies condition, see Figure 3.1).

Table 3.1 Textural classification of fault rocks, after Sibson (1977). The terminology adopted in this table
(especially “fault breccia” and “fault gouge”) is frequently assumed in engineering geology for describing

the most problematic and arduous zones encountered in tunnelling
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Figure 3.6 Drill core photo, example of non-cohesive fault rock (kakirite), after Fasching and Vanek,
(2011).

Figure 3.7 Drill core photo, example of cohesive fault rock depicting blocks of various dimensions
(cataclasite), after Fasching and Vanek (2011).

For specific civil engineering applications, where it is important to derive precise
geomechanical information from geological/structural observations, a characterisation of the
fault zones based on additional parameters such as the degree of cementation/consolidation, the
water susceptibility and the permeability, the mass homogeneity and its isotropy/anisotropy, the
rock strength and the properties of the discontinuities is however recommended (Fasching and
Vanek 2011).

The following section will focus on the geomechanical aspects of fault rocks. Some of the most
important contributions in this field will be summarized in order to highlight the main
conclusions and outcomes. This will represent the starting point for the development of a fault
zone classification to be related to the tunnelling performance.

33 Geomechanical characteristics of fault material: weak and
weathered rocks

For geomechanical studies, the characterisation of particularly weak fault rocks (highly crushed
and weathered rocks) proves to be very difficult because of the extreme complex structure and
heterogeneous nature of the material which is the result of combined contributions of weak and
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strong rock components (Figure 3.8). Moreover, the flow pattern of water through the rock mass
must be assessed properly.

Geomechanical and hydrological properties of fault rocks can therefore be defined by rheology
of host rocks, petrography and age of fault activity (Sausgruber and Bradner, 2003):

e Drittlely deformed incompetent host rocks, such as phyllite, marl and shale, form zones
(also known as cohesive kakirites or fault gouge) with soil-like features, characterised
by a low compressive strength, low values of Young’s modulus and a high squeezing
potential. From the hydrological point of view they are characterised by a low
permeability which hinders the flow of cementing solutions, as already mentioned
before. For this reason the older fault rocks do not show a very high grade of
cementation and the properties do not change significantly compared to younger fault
zones;

o Drittlely deformed competent host rocks, such as granite, massive carbonate and
quartzite, form nearly non-cohesive zones (cohesionless kakirites), extremely
permeable, with a high potential of water circulation. The older fault rocks (cataclasite)
show a higher rate of cementation due to high permeability, and geomechanically, they
have a quality similar to that of intact rocks (high compressive strength and high values
of Young’s modulus).

Cementation

Diagenesis Metamorphism
e ———l

(cohesive) soil weak rocks hard rocks
<— ‘_
Weathering Weathering
Weathering

Figure 3.8 Position of weak rocks between cohesive soil and hard rocks, after Nickmann et al. (2006).

In order to better describe weak and weathered rocks, several classifications have been
developed (e.g. Little, 1969; Lee and De Freitas, 1989; Thuro and Scholz, 2003; Santi, 1995;
Santi, 2006). Most of these systems were created for granitic materials and some of them have
then been improved in order to be applicable to a wider range of rocks.

For the purposes of this research, in order to describe fault rocks as weak rocks, a summary of
geological and geotechnical properties has been reported in Table 3.2. It is mainly based on a
technical literature review compiled by Santi (2006) and integrated by information collected by
other authors (Hoek et al., 1998; Marinos and Hoek, 2001; Thuro and Scholz, 2003; Marinos et
al., 2007).
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Table 3.2 Summary of engineering properties of weak rocks, after Santi (2006)

Property

Value or range for weak rocks

Reference

Compressive strength UCS [MPa]

1-40

Afrouz, 1992; Santi, 2006; Thuro and
Scholz, 2003

Rock quality designation RQD [%)]

<25-75

Santi and Doyle, 1997; Santi, 2006

Ratio between weathered matrix
and unweathered blocks

> 75 % matrix

Geological Society Engineering Group
Working Party, 1995

Natural moisture content

> 1 % for igneous and metamorphic
rocks;

> 5-15 % for clayey rocks

Santi and Doyle, 1997

Dearman weathering classification

> category IV (50%-100% of the rock is
decomposed and/or disintegrated to a
soil; the original mass structure and
material fabric can be destroyed)

Santi, 1995; Dearman, 1976

Friction angle ¢ [°]
(Weathered granites)

Highly/completely weathered: 10-30

Residual soil: 30-40

Thuro and Scholz, 2003

Cobhesion ¢ [kPa]
(Weathered granites)

Highly/completely weathered: 50-10

Residual soil: 15-35

Thuro and Scholz, 2003

RMR (Bieniawski, 1976) <35-60 Santi, 1995
Norwegian Ge’(’)tec}.mlcal Institute <2 Santi, 1995
“Q” rating
Extended GSI <30 Hoek et al., 1998; Marinos and Hoek,

2001; Marinos et al., 2007

It must be stressed that characterising fault rock properties (e.g. uniaxial compressive strength)

can be a tough task mainly due to the difficult preparation of regularly shaped and smooth
specimens. To solve this issue and in order to provide proper predictive models for

geomechanical properties of weak rocks, many authors proposed adequate methodologies that
have been successfully applied to a variety of geologically complex geo-materials such as

melanges, sheared serpentinites, coarse pyroclastic and fault rocks (e.g. Chester and Logan,
1986; Medley, 1994, 2001 and 2002; Lindquist and Goodman, 1994; Medley and Goodman,
1994; Biirgi, 1999; Ehrbar and Pfenniger, 1999; Goodman and Ahlgren, 2000; Habimana et al.
2002; Laws et al., 2003; Sonmez et al., 2004 and 2006; Kahraman and Alber, 2006 and 2008;
Kahraman et al., 2008; Christe, 2009; Coli et al., 2011). The main aspects and conclusions of
the works of some of the authors cited above are summarized in Table 3.3.
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Characterisation of fault zone and fault rocks

34 Final remarks

A detailed characterisation of fault zones is very important in rock mechanics and engineering
geology applications. In this chapter different methods for describing, characterising and
classifying fault rocks have been compiled, considering both geological and geotechnical points
of view. A simpler system for classifying this type of rocks is still necessary since an ambiguous
use of terms and definitions have been often found. In addition, due to the practical difficulties
in taking and preparing samples from weak rocks and due to the great variability of the test
results observed in literature, the characterisation of fault rocks from a geomechanical
perspective cannot be easily representative of the effective behaviour encountered during real-
time excavation.

Based on the above comments, one of the goals of this study is to provide a simpler
methodology for classifying fault rocks by considering their interaction with mechanized
tunnelling and their effects on the TBM performance.
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Chapter 4 Data collection: development
of the TBM-performance database

In order to investigate the correlations existing between TBM performance parameters and
geological/geotechnical characteristics of a highly fractured and faulted rock mass, a TBM-
performance database has been developed by compiling data coming from several tunnel
projects. The attention has been focused on longitudinal tunnel sections in which highly
fractured rock masses and fault zones hindered the TBM operations. The sections, selected
according to specific criteria, are characterised by homogeneous geological/geotechnical
conditions and mostly constant machine performance over a length from about 8-10 meters to
several tens of meters. Data coming from tunnels excavated with gripper and shield TBM
machines have been considered, as well as different type of projects (e.g. high spee<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>