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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.



Table of Contents

List of symbols I
Chapter 1 Introduction 1
1.1 ROCK TBM tUNNEIING....c..eeviieiiiieiieiesiieieeteettete ettt ettt be e seaesbe e b e esaesseeseessenseas 1

1.2 Major issues of tunnelling in fault ZONES..........ccccevviiieriieriieieciee e 3

1.3 Fault zone and TBM ......cccocviiiiiiiiiiieicieietccteteet ettt 7

1.3.1 Pont Ventoux (Ita1Y).......cceereeiierieniieieeiesiteieete ettt ettt nee s nse e 7

1.3.2 EVINOS-MOTINOS (GIEECE) ...evvevieuiieeiiniieieeteeienttesieeseessesseenseessesssesseesesssesssessesnsensses 8

1.3.3 Dul Hasti (KASRIMIT) ......ccoviiiiiiiiiciiccie ettt et e ve e e eene s 8

1.3.4 Pinglin (TAIWaN)......cceeruerieriieieiierieeie ettt ettt ettt ettt e bt et sneenseenseennas 9

1.3.5 Gotthard Base Tunnel (Switzerland)...........ccoocevireririnieinieieeee e 10

1.3.6 Moutier Tunnel (SWitzerland) ..........cccoeverieciiiienieieee e 10

1.4  Objectives and structure of the thesiS.......c.cccveviiiiiiiirieieiee e 11
Chapter 2 TBM-performance prediction 15
2.1 TBM performance prediction MOdelS...........cceveeriiriirieriieiiiiiesierieee et 15

2.1.1 The NTNU MOGEL.c..cciiiriiriiiieiieiieieieieneteste sttt ettt 16

2.1.2 The CSM MOAEL....cc.eoiiiriiiiieieieieteeesesese ettt ettt ettt 18

2.1.3 The BUchi MOdel....c.ccooiiiiiiiiiiiiiii ettt 19

2.1.4 The Qrym MOAEL...ccuiiiiiiiiiiiie ettt ettt e et et eaveeeaeeeaeeans 20

2.1.5 The RME MOEL....cc.coiiiiiiiiiiiiiiiciceeee sttt ettt 21

2.1.6 Other recent studies on the TBM performance ............ccoceevveeriveeciencriencreeneeeneens 22

2.2 Most common rock mass parameters in TBM-performance prediction..............ccccuenu..... 24



Table of Contents

2.3 FINAl TEMATKS ...ceiiiiiieieieeee ettt ettt ettt sttt sbe e
Chapter 3 Characterisation of fault zone and fault rocks: genetic and structural
relationship, geomechanical implications

3.1 Fault zone definition ........ccccoviiiiiiiiniiiiee e e

3.2 Terminology and geological classifications of fault T0CKS ........cccceeverviiniiniiiiieee

3.3 Geomechanical characteristics of fault material: weak and weathered rocks...................

3.4 FINAl TEMATKS c..oviiiiiiiiiciciccce ettt
Chapter 4 Data collection: development of the TBM-performance database

4.1 GUIPPET TBM datl.....ceciieiiiiieiieiieieeiteie ettt ettt ettt tesste st eteeebeseeesseensesnnens

4.1.1 TBM specifications and performance parameters...........cccceerveerueecueeeeneerieesvennnenn.
4.1.2 ROCK MASS PATAIMELETS .....eeeureeieiieieeiieseieieeieseeesteeteentesttesteenteeneesseeseesesnsesseensenns

4.2 Data QUALIEY...coouieieeieciieie ettt ettt ettt ettt et ettt e naesre e beentesreenteenbeennenseenee

4.3  Selection criteria for data COILECTION ......cc.evueruiriririeieeeeee e

4.4  Range of variation of significant parameters.............cceevvereveerieerieecierreerre e eee e

4.4.1 TBM performance ParameterS. ..........ccereeuerreerieerierreesriesieenseeeeseesseensesssesseessesssenns
4.4.2 ROCK MASS PATAIMGLEIS ....vevevitieiieiieiieteientestestesteeteene st eneenteseeneeseseessessessessesneeneas

4.5 Shield TBM data......cccoiiuiiiiiiieieeeiesee ettt sttt st s st

4.6 FINAl TEMATKS ...vovviiiiiiiciiiceceictcteeeet ettt ettt ettt s
Chapter 5 Preliminary data analyses

5.1  Gripper TBM data analySes .........cccccveriieeiiiieiieieeieeieie et eieeve e sreeseesee e eseeveens

5.1.1 Rock strength: correlations between UCS (and UCSy) and TBM
PErfOrmance PAramELers ..........eeveeueeuieieieieieresee sttt ettt ee e st seeseeeae e

5.1.2 Fracturing degree: correlations between J, and TBM performance
PATAIMICTELS. ...

5.1.3 Existing rock mass classification systems: correlations between RMR and
TBM performance Parameters..........c.eeverveerueruereerreenueseeseesseessessesseesseessesssesseenne

5.2 Shield TBM data analySes ..........ccceecuerierieniieienieniieieereseesieeiesee e eaeesaesseesseeseennesseenns

5.3 FINAl TEMATKS ..oviitiiiiiiieiieee ettt sttt sttt
Chapter 6 Fault zone classification

6.1  Significant geological/geotechnical parameters in the classification...........ccccccecvveueennenne.

6.1.1 The fracturing dEZIEE ......eecvieiireieriieieeieeierte ettt ettt be e sreesaeesbeesaeseeenns



Table of Contents

6.1.2 The Weathering AeEIEE .......c.oecuevierieiiieiertieiieie ettt sre et ae e sbeenbesseeseeenns 66

6.1.3 The water influence (rock mass permeability).........cccoeeverveeriierieerienieneereeie e 69

6.1.4 The depth influence (N SIEU STIESS)......evierrieriirierieriieieeieriterie e eee e eseeebeseeeseeenns 69

6.2 Description of fault ZONE ClASSES .......cecvieverieriieiieieeiertee ettt 69

6.2.1 Class I: highly fractured rock mMasses..........ccceecvereeriesieeienierieeieeeeseesie e 70

6.2.2 Class II: highly fractured weathered rock masses..........ccceeeevuievierienienieeieneeiene 71

6.2.3 Class III: cohesive fault rocks (and heterogeneous rock masses) ..........cccccevueenenne. 73

6.2.4 Class IV: crushed fault TOCKS ........ceivieiiieiiieiicieeeeeeeee e 74

6.3  «Fault zone» classes in the TBM-performance database .............ccccceeveeeieecieneeneenieennenne. 75
6.4 Numerical modelling of cracking process induced by a TBM cutter in highly

fractured and fAUIted TOCKS .......c.ccvieriieiiieiecieit ettt e 77

6.4.1 Briefstate Of the art........ccoooiiiiiiiiiiii e 77

6.4.2 Two dimensional discontinuum analySes............ccceeverurerierieneenieeieeieneesieeeeeeeenns 79

6.4.3 Effect of the fracturing degree on the penetration rate...........ccoccveveeeiereeneeneeennenne. 89

6.4.4 Two dimensional continuuM analySes ..........cccceeveerierienieerierienieneeieeee e eee e 92

6.5 FINal TeMATKS .c..oooiiiiiiiiiceecee e e 95

Chapter 7 Fault zone classes and TBM performance reduction 97

7.1  TBM-performance database in good tunnelling conditions ............cccceeveeeveeiereeneerreennenne 97

7.2  TBM tunnelling in faulted rocks: the Q ey« ..o oveeeveerrierieeieeie et 100

7.3 TBM performance reduction analySes...........ccceeeerieriirriirieniieniieiesienieeneeeie e seeeneeennes 101

7.3.1 Cutterhead rotation speed, RPM .........cccoouiioiiiiiiieiiiieceeeeceee e 102

7.3.2 Penetration per TeVOIULION, P ....ecveecvirieriieiieieeienitesieete et et et eeeseeesseenbesseesseeneeas 103

7.3.3 Penetration rate, PRo.........cooiuiiiiiiiiiieeeeee e 106

7.3.4 Daily advance rate, daily AR ........cccooviiiiiiiiiiiceeceee e 108

T4 RESUIL AISCUSSION ..eeviiiieiiieeiiciieciteie ettt ettt et e st ete e b e s aesseebeesbessaesseesseessesseeseensesssenses 111

7.5 FINAl reMATKS ....coviiiiiiiiiiicceee e 112
Chapter 8 Probabilistic analysis of TBM tunnelling in highly fractured and faulted rocks

with the Decision Aids for Tunnelling (DAT) 115

8.1  The Decision Aids for TUNNElling..........cccoecvivierieriirieiieieeieeeseee et 115



Table of Contents

8.2  Effects of highly fractured and faulted rocks on TBM tunnelling simulations with
DIAT ettt bbbttt ettt be b e 118
8.2.1 Geology related INPUL .......ccveviieriieieeieieeie ettt te et steesteeaeseeesseeveennens 118
8.2.2 Construction related INPUL .........ccecieriiiierierieeieeeeeeeee et see e seeeneeas 121
8.3 SIMUIAtION TESUILS ..c..eotiiiiiiiiieiieieicier ettt st esaenaens 125
8.4  Application of DAT model to @ real CaSe ........cccuervireierieiieiecieiieeeeee e 133
8.5 FINAL TEMATKS ...ovviiiiiieiiciieciece ettt sttt e s ste et e e saesta e beensessaesseensensnans 135
Chapter 9 Conclusions and outlook 137
ANNEX A 145
ANNEX B 155
ANNEX C 161
References 165
Curriculum Vitae 177

List of publications 181



List of symbols

Chapter 1 - Introduction

Gei
Gem

¥

H

Po

)

I

&

bi

Gy
OFM
UCSH

RMR

Uniaxial compressive strength of the rock
Uniaxial compressive strength of the rock mass
Rock mass unit weight

Overburden depth

Overburden stress, p, = YH

Radial tunnel displacement

Tunnel radius

Tunnel strain, &, = §/1;

Internal support pressure

Tangential stress

Modified Overload Factor (Deere et al., 1969), OFM = g5/0,;

Uniaxial compressive strength proposed by Habimana (1999) and
Habimana et al. (2002) for cataclastic rocks

Rock Mass Rating (Bieniawski, 1976)

Chapter 2 — TBM performance prediction

Qram
RME

RQD
UCS

Qreum-system (Barton, 2000)

Rock Mass Excavability (Bieniawski et al., 2006)
Rock Quality Designation (Hudson and Priest, 1979)
Uniaxial compressive strength of the rock

Tensile strength of the rock

Cutterhead rotation speed [rev/min]

Cutter force



List of symbols

DRI Drilling Rate Index
RQD, Rock Quality Designation (measured in the tunnelling direction)
Ja Joint set number parameter
J. Joint roughness parameter
Ja Joint alteration parameter
Ty Joint water reduction factor
SRF Strength Reduction Factor
CLI Cutter Life Index
RMR Rock Mass Rating (Bieniawski, 1976)
BI Boreability Index
FPI Field Penetration Index (Klein et al., 1995)
Keq Equivalent TBM jointing factor
J\Y Equivalent thrust per cutter
ig Net rate of TBM penetration
Je Joint condition factor
Vy Block volume
Co Orientation of main joint set
E Factor linked to the type of rock
O (UCS) Uniaxial compressive strength of the rock
Mp; Applied thrust per disc
kq Correction for cutter size
k, Correction for cutter spacing
Iy Jointing parameter
ks TBM jointing factor
Q-system (Barton et al., 1974)
PR Penetration rate [m/hr]
AR Advance rate [m/hr]
SIGMA Rock mass strength
F Average cutter load
q Quartz content
Oy Induced biaxial stress on tunnel face
T Time of advancement [hr]
m Negative gradient
ARA Average advance rate [m/day]
U Utilization factor of the TBM

II



List of symbols

Volumetric joint count

Chapter 3 — Characterisation of fault zone and fault rocks

Gn

(o
ucs
RQD
RMR

GSI
VBP

MSI
mwVh

EBP
UCSx
Ac
Vs
Ve

Normal stress

Tangential stress

Uniaxial compressive strength of the rock
Rock Quality Designation (Hudson and Priest, 1979)
Rock Mass Rating (Bieniawski, 1976)
Q-system (Barton et al., 1974)

Friction angle

Cohesion

Geological Strength Index (Hoek, 1994)
Block Volumetric Portion

Elastic modulus

Mineralogical and Structural Index

Mean weighted Vickers hardness

Texture coefficient

Matrix coefficient

Maximum principal stress at failure
Minimum principal stress at failure

(UCS) Uniaxial compressive strength of the rock
Hoek-Brown material constant (rock mass)
Hoek-Brown material constant
Hoek-Brown material constant

Tectonisation degree parameter (Habimana, 1999; Habimana et al., 2002),
t= (GSI/100)%>>

Constant (linked to the strength contrast between block and matrix)
Equivalent Block Proportion

Normalised uniaxial compressive strength, UCSy = exp(C X EPB)
Deviatoric stress, Ao = g1 — 03

S-wave velocity

P-wave velocity

Density of the rock

Roundness

I



List of symbols

ABDg Average Block Diameter factor

Chapter 4 — Data collection: development of the TBM-performance
database

RPM Cutterhead rotation speed [rev/min]

Th Thrust force

Tq Torque force

RPM 1ax Maximum installed cutterhead rotation speed [rev/min]

Th pax Maximum thrust force

Tqmax Maximum torque force

U Utilization factor of the TBM

PR Penetration rate [m/hr]

AR Advance rate [m/hr]

FPI Field Penetration Index (Klein et al., 1995)

p Penetration per revolution [mm/rev]

Daily AR Daily advance rate [m/day]

N. Number of cutters

[0)] Tunnel diameter

UCS Uniaxial compressive strength of the rock

BTS Brazilian tensile strength

J. Volumetric joint count

RQD Rock Quality Designation (Hudson and Priest, 1979)

UCS Uniaxial compressive strength of the rock mass (Hoek et al., 2002),
UCSy, = (sUCS?)

Gy Tangential stress

GSI Geological Strength Index (Hoek, 1994)

Q Q-system (Barton et al., 1974)

RMR Rock Mass Rating (Bieniawski, 1976)

Si Average spacing of the i" joint set

Ny Number of random joints along a 5 m scan line

A Total joint frequency

s Hoek-Brown material constant

a Hoek-Brown material constant

D Disturbance factor

v



List of symbols

t Tectonisation degree parameter (Habimana, 1999; Habimana et al., 2002),
t= (GSI/100)%-55
UCSy Uniaxial compressive strength proposed by Habimana (1999) and

Habimana et al. (2002) for cataclastic rocks, UCSy = tUCS

C.V. Coefficient of variation

Chapter 5 — Preliminary data analyses

ucCs Uniaxial compressive strength of the rock

Jy Volumetric joint count

RMR Rock Mass Rating (Bieniawski, 1976)

UCSy Uniaxial compressive strength proposed by Habimana (1999) and
Habimana et al. (2002) for cataclastic rocks

p Penetration per revolution [mm/rev]

PR Penetration rate [m/hr]

RPM Cutterhead rotation speed [rev/min]

U Utilization factor of the TBM

Daily AR Daily advance rate [m/day]

Chapter 6 — Fault zone classification

Jy Volumetric joint count

GSI Geological Strength Index (Hoek, 1994)

RMR Rock Mass Rating (Bieniawski, 1976)

UCS Uniaxial compressive strength of the rock

UCSm Uniaxial compressive strength of the rock mass

UCSy Uniaxial compressive strength proposed by Habimana (1999) and
Habimana et al. (2002) for cataclastic rocks

v Poisson’s ratio

K Bulk modulus

G Shear modulus

C(rm) Cohesion of the rock material

O m) Friction angle of the rock material

Y (rm) Dilation angle of the rock material

T Shear stress

v Shear displacement



List of symbols

70)

Chapter 7 — Fault zone classes and TBM performance reduction

RPM

p

PR

Daily AR

Jv

UCS

U

RPM
Prmax

Pmode

PR inax

PR imode
Daily AR pax
Daily AR poqe
MFR

Normal displacement

Normal stiffness, k,, = da,/ov
Shear stiffness, kg = dt/du
Cohesion of the joint

Friction angle of the joint

Dilation angle of the joint

Smallest width of the zone adjoining the joint in the normal direction

Reduced cutter force

Joint dip angle

Penetration rate expressed as chipping area over chipping stress

Hoek-Brown material constant (rock mass)
Passive earth pressure coefficient
Hoek-Brown material constant (intact rock)
Hoek-Brown material constant

Hoek-Brown material constant

Cutterhead rotation speed [rev/min]

Penetration per revolution [mm/rev]

Penetration rate [m/hr]

Daily advance rate [m/day]

Volumetric joint count

Uniaxial compressive strength of the rock

Utilization factor of the TBM

Maximum installed cutterhead rotation speed [rev/min]
The best (maximum) penetration per revolution [mm/rev]
The most frequent penetration per revolution [mm/rev]
The best (maximum) penetration rate [m/hr]

The most frequent penetration rate [m/hr]

The best (maximum) daily advance rate [m/day]

The most frequent daily advance rate [m/day]

Most Frequent Reduction

VI



List of symbols

Chapter 8 — Probabilistic analysis of TBM tunnelling in highly
fractured and faulted rocks with the Decision Aids for Tunnelling
(DAT)

GC Ground class

GP Ground parameter

ucCs Uniaxial compressive strength of the rock

Si The i" “strength’ ground parameter

FWj The j™ ‘rock mass conditions’ ground parameter (fracturing degree and
water inflow)

Ck The k™ “fault zone’ ground parameter

L inin Minimum possible segment length

L node The most frequent segment length

L inax Maximum possible segment length

PDF Probability Density Function

ARy Daily advance rate in good tunnelling conditions [m/day]

EC, Construction cost per meter in good tunnelling conditions

t; Excavation time of the i construction method

RL Round length (set equal to 2 m)

AR gpest performance] 1 he best daily advance rate in good tunnelling conditions [m/day]

I; Reduction factor for the i™ construction method

(] Construction cost for the i™ construction method

C.V. Coefficient of variation

Daily AR Daily advance rate [m/day]

EC Construction cost per meter

Daily AR cq Real daily advance rate [m/day]

Daily ARpat Simulated (by DAT) daily advance rate [m/day]

Chapter 9 — Conclusions and outlook

RMR Rock Mass Rating (Bieniawski, 1976)

Jy Volumetric joint count

GSI Geological Strength Index (Hoek, 1994)
UCS Uniaxial compressive strength of the rock mass
UCS Uniaxial compressive strength of the rock

Vil



List of symbols

UCSy Uniaxial compressive strength proposed by Habimana (1999) and
Habimana et al. (2002) for cataclastic rocks

p Penetration per revolution [mm/rev]

P chip Penetration rate expressed as chipping area over chipping stress

RPM Cutterhead rotation speed [rev/min]

PR Penetration rate [m/hr]

Daily AR Daily advance rate [m/day]

Ck The k™ “fault zone’ ground parameter in DAT simulations
Annex A

DRI Drilling Rate Index

RPM Cutterhead rotation speed [rev/min]

SJ Sievers’ J-value

E Factor linked to the type of rock

Gei Uniaxial compressive strength of the rock

K TBM jointing factor

o Angle between the tunnel axis and the plane of weakness

O Dip angle of weakness planes

o Direction of the tunnel axis

O Strike angle of weakness planes

Kpri Correction factor

Ksi TBM jointing factor of the i joint set

s Number of joint sets

Kstot TBM total jointing factor, kg, = Y5 ks — 0.36- (s — 1)

Keq Equivalent TBM jointing factor, k.q = ko * Kpri

Mg Equivalent thrust per cutter

ip Net rate of TBM penetration

kq Correction for cutter size

k, Correction for cutter spacing

PR Penetration rate [m/hr]

F Function of Mg, F = 0.0015 - M;;?

G Function of Mg and keq, G = 30 - kg ° - M8

U Utilization factor of the machine

Q1M Qreum-system (Barton, 2000)

VIII



List of symbols

RQD Rock Quality Designation (Hudson and Priest, 1979)
RQD, Rock Quality Designation (measured in the tunnelling direction)
Ja Joint set number parameter

J. Joint roughness parameter

Ja Joint alteration parameter

Ty Joint water reduction factor

SRF Strength Reduction Factor

SIGMA Rock mass strength

Y Rock mass unit weight

Q Q-system (Barton et al., 1974)

Qo Q-system (measured in the tunnelling direction)

Q. Function of the Q-value, Q. = (o.;/100)Q,

Iso Point load index on 50 mm diameter core

Q Function of the Q-value, Q; = (Isq/4)Q,

SIGMA.., Rock mass strength (compressive failure), SIGMAq, =5y - QL3
SIGMA i, Rock mass strength (tensile failure), SIGMAg, = 5 -y - Q1
F Average cutter load

CLI Cutter Life Index

q Quartz content

Oy Induced biaxial stress on tunnel face

PR Penetration rate [m/hr]

AR Advance rate [m/hr]

T Time of advancement [hr]

Negative gradient

m; Factor depending on the Q-value
D Tunnel diameter
n Porosity of the rock
L Tunnel length
Annex B
RMR Rock Mass Rating (Bieniawski, 1976)
GSI Geological Strength Index (Hoek, 1994)
my Hoek-Brown material constant (rock mass)
S Hoek-Brown material constant

IX



List of symbols

G3

€a

Annex C

RPM

PR

Daily AR
MFR

AR

RPM
PR o

Daily AR

p
U

Maximum principal stress at failure
Minimum principal stress at failure
Axial strain

Simulation domain

Cutterhead rotation speed [rev/min]

Penetration rate [m/hr]

Daily advance rate [m/day]

Most Frequent Reduction

Advance rate [m/hr]

Maximum installed cutterhead rotation speed [rev/min]
The best (maximum) penetration rate [m/hr]

The best (maximum) daily advance rate [m/day]

(i0) Penetration per revolution [mm/rev]

Utilization factor of the machine



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
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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



Introduction

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— —
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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.

13






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
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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 speed railway,
headrace and tailrace tunnels).

The most significant TBM-performance parameters and rock mass characteristics have been
then selected and, for each type of machine, their range of variation within the database has
been investigated.

4.1 Gripper TBM data

An open-type machine is generally used in hard rock and good geological conditions or where
considerable deformations are expected. In less favourable ground conditions, such as highly
fractured rocks and fault zones, the required additional supports, the potential need of ground
consolidation and significant problems for the crew security can strongly affect the performance
of a gripper TBM. The main specifications of the gripper TBMs employed in the studied
projects are reported in Table 4.1.

After the specification of the general tunnel geometry (i.e. overburden, azimuth and diameter)
for each project, the data compiled have been structured into two main sections:

1) TBM specifications and TBM performance parameters.

2) Geological-geotechnical parameters of the rock mass.
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Data collection: development of the TBM-performance database

Table 4.1 Main specifications of the gripper TBMs used for the tunnel projects analysed in this research

TBM specification Value
Diameter [m] 6=+10
Maximum thrust force [kN] 15000 + 18150
Maximum revolutions per minute (RPM)
[rev/min] 51+82
Maximum torque [kNm] 2300 + 9860

Number of cutters 42 - 68

Cutter diameter [mm] 419 =432

For what concerns geological-geotechnical parameters, it is important to emphasise that they
have been partly gathered directly from tunnel projects and partly estimated using existing
formulations, commonly used in rock mechanics. Moreover, it is important to observe that,
since the data come from real projects, their quality varies from one project to another in terms
of degree of details as well as in type (e.g. quantitative vs. qualitative information).

4.1.1 TBM specifications and performance parameters

For each compiled section, the information related to boring operations, such as the bored
length, the effective boring time and the total time needed to complete the excavation of a given
tunnel section, has been collected in the database (Table 4.2).

Table 4.2 Boring information, TBM specifications and TBM performance recorded for each section

Borin TBM operational
. g TBM specifications P
information parameters
. Bored length [m] RPM,,.« [rev/min] RPM [rev/min]
Tunnel section .
Total time [hr] Thpax [KN] Th [kN]
(first chainage-last chainage) o
Boring time [hr] Tqmax [kNm] Tq [kNm]

The TBM specifications have also been included, as well as some TBM operational parameters
such as the cutterhead rotation speed (RPM, rev/min), the thrust force (Th, kN) and the torque
(Tq, kNm) recorded by the on-board acquisition system. These latter are called operational
parameters as they are varied by the TBM operator according to the encountered ground
conditions. Based on these data sets it has been possible to estimate other important factors
usually taken into account while describing TBM performance:

o the ratio between boring time and total shift time, i.e. the utilisation factor (U) of the
TBM (Equation. 4.1, Table 4.3) which expresses the amount of time in which the
machine has been effectively used for boring;
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Data collection: development of the TBM-performance database

the penetration rate (PR), in m/hr, defined as the distance excavated divided by the
operating time during a continuous excavation phase (i.e. without considering time
required for installing supports, TBM maintenance, etc.) (Equations 4.2a and 4.2b,
Table 4.3);

the advance rate (AR), in m/hr, i.e. the TBM advance speed computed by considering
the TBM delays due to rock supporting, maintenance, etc., calculated via the utilisation
factor U and the penetration rate PR (Barton, 2000). Commonly, the daily advance rate
is reported (Equation 4.3, Table 4.3);

the field penetration index FPI (Klein et al., 1995; Barton, 2000; Hassanpour et al.,
2011) calculated as the ratio between average cutter load and attained penetration per
revolution p measured in mm/rev (Equation 4.4, Table 4.3);

the power consumed by machine (Equation 4.5, Table 4.3);
the net production rate (Equation 4.6, Table 4.3);

the specific energy needed to excavate a unit volume of rock (Equation 4.7, Table 4.3).

Table 4.3 TBM parameter equations in the TBM-performance database

TBM parameter Equation No.
_ Boring time [hr] 41
" Total time [hr] '
m Bored length [m
PR [o] = -9 ] a
hr Boring time [hr]
4.2 —
[mm] _ PR x1000 b
P lrev! = RPM x 60
Dail AR[m] PR x U) x 24 43
—| = X U) X .
aily AR | 7~| = (PR X U)
kN -rev T
[ ] =" ,N. = number of cutters 44
cutter-mml N, Xp
2w X T, Xx RPM
Power [kW] = ———L — 4.5
60
Net Production Rat m*]  RPM X p X 60 X 1 X §*
et Production Rate |- —| = 1000 X 4 ) 46
@ [m] = tunnel diameter
Specific E [M]] _ 3.6 X Power 47
pecific Energy m3] ~ Net Production Rate ’
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Data collection: development of the TBM-performance database

4.1.2 Rock mass parameters

For what concerns the rock mass characteristics, attention has been focused on the following
parameters:

*  Uniaxial Compressive Strength, UCS [MPa];
* Brazilian Tensile Strength, BTS [MPa];

* joint orientation;

* joint spacing;

+ joint surface weathering conditions;

+  volumetric joints count, J, [joint/m’];

*  Rock Quality Designation, RQD ;

* rock mass global strength, UCS,,, [MPa];
* measured water inflow;

* tangential stress, oy [MPa];

*  Geological Strength Index, GSI;

*  Q Index;

* Rock Mass Rating, RMR.

The intact rock properties for each lithotype included in the TBM-performance database, such
as the Uniaxial Compressive Strength (UCS) and the Brazilian Tensile Strength (BTS), have
been evaluated from laboratory tests on rock samples collected during excavation as well from
detailed geological/geotechnical reports. When the information was available, the rock and joint
conditions as well as the foliation attitude (e.g. orientation, spacing and surface conditions) have
been gathered directly from face mappings, face/side-walls pictures and from tunnel profiles
obtained during construction. The volumetric joint count J,, defined as the average number of
joints in a cubic meter of rock, has been also calculated by considering the average spacing of
the identified joint sets (Equation 4.8, Table 4.4), and on this basis also an approximated Rock
Quality Designation value, RQD (Hudson and Priest, 1979) has been computed (Equation 4.9,
Table 4.4). The recorded information about water inflows, as described in the geological reports
of the projects or from the tunnel surveys, has also been included in the database. In addition,
the Rock Mass Rating (RMR), the Q index and the Geological Strength Index (GSI) are
computed (or evaluated) on the basis of all above collected data. The rock mass uniaxial
compressive strength (UCS,,,,) (Hoek et al., 2002) is computed by using Equation 4.10a (Table
4.4). The uniaxial compressive strength of intact rock (UCS) is reduced by the Hoek and Brown
parameters, s and a, which depend on the GSI index (Equations 4.10b and 4.10c, Table 4.4).
The factor D depends on the degree of disturbance due to blast damage and stress relaxation: it
varies from 0, for undisturbed in situ rock masses, to 1, for very disturbed rock masses, in the
present case, due to the fact that only TBM excavation has been considered, this parameter has
been set equal to 0. For better taking into account the behaviour of cataclastic and weak rocks,
the strength parameters calculated as proposed by Habimana (1999) and by Habimana et al.
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Data collection: development of the TBM-performance database

(2002) have been also included in the database. As reported in Chapter 3 (see Table 3.3), the
uniaxial compressive strength of the weathered material can be reduced according to t (Equation
4.11a, Table 4.4), a coefficient describing the tectonisation degree, which depends on GSI and
varies between 1, in case of intact rock, and 0, in case of a soil-like material (Equation 4.11b,
Table 4.4).

Table 4.4 Equations used for evaluating some of the rock mass parameters included in the TBM-
performance database

Rock mass parameter Equation No.

J» [joints/m?®] = Z (sll) + [@

4.8
s; [m] = average spacing of the i*" joint set
N,y = number of random joints along a 5 m scan line
RQD [%)] = 100e~%1(1 4 0.11) 49
A = total joint frequency '
UCS, [MPa] = (sUCS?)* a

B exp(GSI — 100)
sl=l=—(g—=5,— 410 |b
with D = 0 (TBM tunnelling)

1 1
a [_] — E+E(e_651/15 _ 6_20/3) C
UCSy [MPa] = tUCS a
411 |—
. B (GSI)O'SS b
[=1= 100

4.2 Data quality

According to the different nature of the sources, a preliminary analysis has been done to show
the distribution of compiled data as well as their quality. In Table 4.5 and Table 4.6 the
distributions of the different sources of compiled data are reported both for TBM performance
and geological-geotechnical parameters. As it can be clearly seen in Table 4.5, though the
calculation of the basic machine parameters has been generally performed on the basis of the
measures carried out by the TBM on-board acquisition system during construction, it was not
possible to gain complete TBM data for all tunnel projects. This is due to the fact that the
contractors are often unable to share easily data especially when on-going claims have not been
solved yet. However, although important TBM performance parameters could not been
compiled for all projects (for example penetration per revolution, thrust force and torque are
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Data collection: development of the TBM-performance database

unavailable for up to 70% of the collected data), it has been possible to obtain the daily advance
rate (meters per day) per each section included in the analysis, mainly by referring to available
time-way diagrams, and by using information gathered from the literature (e.g. delays and
stoppages of the machine).

Table 4.5 The different sources of the compiled TBM-performance data

TBM-performance TBM on-board Time-way No data
parameter acquisition system diagram/Literature
Penetration Rate 62 % - 38%
Advance Rate (delays) 62 % 38 % -
RPM 62 % - 38 %
Thrust force 62 % - 38%
Torque 31 % - 69 %

With regard to the rock mass characterisation (Table 4.6), it is important to underline that,
mainly due to the fact that they belong to the tunnel owner and not to the contractor, geological-
geotechnical descriptions of tunnel projects are easier to obtain than TBM performance data. As
it is possible to see, several sources have been considered: geological-geotechnical reports,
laboratory tests, stereographic projections, tunnel profile survey, face and side-wall pictures and
literature. Except for the information describing joints orientation (38% of data were not
available), all parameters have been collected, though with variable detail and reliability
degrees. As already specified in Chapter 3, in extremely challenging environments, it might be
very difficult, or impossible, to perform standard laboratory tests. Thus, literature values
represented in such cases the reference for charactering the rocks.

Table 4.6 The different sources of geological-geotechnical parameters

Geological- | Geological- Face and | Tunnel .
A A Laboratory |_ . . Stereographi
geotechnical | geotechnical Literature |side-walls| profile Lo No data
tests ¢ projections
parameter reports photos | surveys
Rock strength - 62 % 38% - - - -
Joint
Jomt 31% - - ; - 31 % 38 %
orientation
Joint spacing - - - - 100 % - -
Joint
surface/rock 31 % i i 31% 38 % i i
weathered
conditions
Water flows 62 % - 38 % - - - -
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4.3 Selection criteria for data collection

In order to select the tunnel sections to be included in the TBM-performance database, attention
has been focused firstly on stretches identified as difficult/very difficult ground conditions (such
as highly fractured or faulted rocks) over a length of at least 8-10 m. The parameters and
representative values already specified in Chapter 3 for characterising difficult rocks have been
here used as a reference.

In particular, the selected zones are generally characterised by RMR values lower than 40,
characterising poor (IV class) to very poor (V class) rock quality according to the classification
provided by Bieniawski (1976). These sections are also generally characterised by large to very
large water inflows (> 60 1/min) that contribute to the low values of RMR.

For what concerns the joint spacing (s;), five classes have been considered (Table 4.7) and only
the sections belonging to classes C, D and E have been included in the database. When only a
qualitative description of the rock mass conditions was available (i.e. from “slightly fractured”
to “disintegrated” in Table 4.7), the tunnel sections characterised by “Highly Fractured”
(corresponding to classes C and D) and “Disintegrated” (corresponding to class E) rocks have
been included in database. On the basis of the joint spacing, the volumetric joint count (J,) has
been computed. Though J, is always rather high in the database, some sections are characterised
by lower values of J,. This is due to the fact that other factors (such as the weathering degree or
water inflows) were considered for including those sections in the database. As a matter of facts,
rock masses characterised by a significant weathering degree of the rock and/or of the joint
surfaces are not necessarily described by high values of J.

Due to the available data quality (i.e. the characteristics of the joints such as roughness, opening
and alteration/filling are not always clear or well-defined), the identification of the information
describing quantitatively the weathering degree of the joint surfaces was not an easy task. This
is the case, for example, of extremely fractured rock masses where it is no more possible to
identify joint sets. Thus the rock conditions become the most relevant information. As a matter
of facts, weathering and weakness of the material can be considered as results of faulting and
folding processes. Table 4.8 summarises the criteria used for describing the rock conditions.
Based on the nature and on the detail degree of the available data, at least one of the three
criteria has been used to identifying and specifying the class.

Table 4.7 Quantitative and qualitative description of fracturing degree

Fracturing degree class Quantitative description Lo L.
. L. L. . . Qualitative description
(according to the quantitative description) Joint spacing, s; [m]
A s;i>5 Slightly fractured
B 1<s;<5 Fractured
C 0.1 <s;<1 )
Highly fractured

D Si < 0.1
E $; <0.01 Disintegrated
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Table 4.8 Conditions and behaviour of the rock

Rock strength
Class Rock behaviour Rock weathering
(UCS, MPa)
1 Good Unweathered Very strong (> 100)
2 Fair Slightly weathered Strong (60-100)
3 Mediocre Weathered Medium strong (40-60)
4 Very poor Highly weathered Weak (< 40)

Finally, to complete the description of the section, also the available information about the
(temporary) supports has been taken into account: in particular, only sections characterised by
heavy to very heavy supporting measures have been considered.

4.4 Range of variation of significant parameters

Among the compiled data significant parameters concerning the TBM performance (p, daily
AR) and geological-geotechnical characteristics (J,, GSI and UCSy) have been selected in order
to study their range of variation in the database.

4.4.1 TBM performance parameters

The choice of the TBM parameters based on the fact that the penetration per revolution (p) and
the daily advance rate (daily AR) allows evaluating the performance of the machine with or
without possible delays due to temporary supports installation, consolidation measures, TBM
maintenance etc.

The penetration per revolution (p) is characterised by a range of variation comprised between 1
mm/rev to more than 11 mm/rev, with a mean of 5.76 mm/rev and a mode range of 5 to 7
mm/rev (Figure 4.1). These rather high recorded values are due to the significant fracturing
degree of the rock mass that improves TBM performance in terms of penetration. This is
because the crushing and chipping processes are favoured by the discontinuities which enhance
fracture propagation and interaction beneath the disc cutters. It is important to underline that the
higher values of p (> 9 mm/rev), recorded during construction, can be assumed negligible for
the purposes of these analyses.

The potential delays occurring during excavation are taken into account through the utilisation
factor (U) of the machine. Therefore, they affect the daily advance rate (see Equation 4.3, Table
4.3). As already mentioned, U includes downtimes due to increasing rock support requirements,
additional drainage systems, gripper bearing failure etc. As a matter of fact, the obtained daily
advance rates show an important lowering compared to the penetration rates (Figure 4.2). The
range of variation includes values lower than 5 m/day (down to performance lower than 1
m/day) as far as values greater than 30 m/day, with a mean of 7.31 m/day and a mode range of 5
to 15 m/day. More than 90% of the tunnel sections show a daily advance rate lower than 15
m/day and about half of them do not reach 5 m/day. The higher values (especially greater than
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20 m/day) correspond to percentages so low to be negligible. The large data scatter, expressed
by a high coefficient of variation (C.V. = 0.76), underlines the high uncertainty related to the
estimation of the TBM utilisation factor which involves both geological/geotechnical and
construction-related parameters. Despite machine delays mainly depend on the TBM-rock mass
interaction, they can indeed be affected also by unpredictable events (often due to the human
factor) which is almost impossible to quantify.
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Figure 4.1 Histogram plot for the penetration per revolution (p) of the TBM with indication of mean,
standard deviation and coefficient of variation (C.V. = standard deviation/mean).
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Figure 4.2 Histogram plot for the daily Advance Rate (AR) of the TBM with indication of mean, standard
deviation and coefficient of variation (C.V. = standard deviation/mean).

4.4.2 Rock mass parameters

For what concerns the geological-geotechnical characteristics, the degree of fracturing
(expressed by J,) has been considered as one of the most representative parameter, as well the
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weathering conditions of the rock matrix and of the joint surfaces (considered in the definition
of GSI and UCSp).

The range of J, is comprised between values lower than 15 joints/m’ and values greater than 30
joints/m® (Figure 4.3). However, the mode (J, > 30 joints/m’) and the mean (about 28 joints/m”)
underline the generally high (and extremely high) fracturing degree which characterises the rock
masses of the chosen tunnel sections. The highly jointed structure contributes, together with the
conditions of the joint surfaces, to obtain rather low values of the Geological Strength Index,
GSI (Figure 4.4).

The GSI values vary between 5 and 50 in the database (Figure 4.4), with a mode value in the
range 30-40 and a mean value of about 30. As previously shown (see Chapter 3), according to
the modified version of GSI (Marinos and Hoek, 2001; Marinos et al., 2007), values lower than
40 describe strongly disturbed and folded rock masses, characterised by important degree of
tectonisation and faulting as far as disintegrated material.

The rock strength estimated according to Habimana (1999) and Habimana et al. (2002) covers a
range between 10 MPa and 120 MPa (Figure 4.5), with a mean and a mode value of 58.2 MPa
and 36.7 MPa respectively. More than 50% of tunnel sections are characterised by rock with a
reduced strength lower than 60 MPa (33% with UCSy lower than 40 MPa and about 22% with
UCSy between 40 MPa and 60 MPa). These values correspond to weak and medium strong
rocks (see Table 4.8) while about 36% and only 8% refer to rocks defined respectively as strong
and very strong. Since the database compiles data of several projects, the different rock types
(e.g. schist, limestone, gneiss, greenstone, granite etc.) justify the large range of UCSy which
obviously is a function of the uniaxial compressive strength of these (intact) rocks. For what
concerns the values obtained for the strength of the altered rocks it is important to observe that
they strongly depend on the high fracturing and/or weathering degrees expressed by low values
of GSL

Frequency
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J, [joints/m?]
Mean J, [joints/m’] 27.77
Standard deviation [joints/m’] 9.33
C.V. 0.34

Figure 4.3 Histogram plot for the volumetric joint count (J,) with indication of mean, standard deviation
and coefficient of variation (C.V.= standard deviation/mean).

50



Data collection: development of the TBM-performance database
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Figure 4.4 Histogram plot for the Geological Strength Index (GSI) with indication of mean, standard
deviation and coefficient of variation (C.V.= standard deviation/mean).

60
50
;_« 40
g 30
E . - ]
10
0 .
&S & S s
S S >
& & e &
@’ @f’/ \S?b/
UCSy [MPa]
Mean UCSy [MPa] 58.25
Standard deviation [MPa] 23.29
C.V. 0.40

Figure 4.5 Histogram plot for the Uniaxial Compressive Strength of the rock (UCSy) calculated by
Habimana (1999) and Habimana et al. (2002) with indication of mean, standard deviation and coefficient
of variation (C.V.= standard deviation/mean).

4.5 Shield TBM data

Although main problems can be expected with gripper TBM crossing disturbed zones, it has
been decided to include in the database also values coming from projects where shield TBMs
were used. The main specifications of the considered shield TBMs are shown in Table 4.9.

The available shield TBM data are similar to those already described for gripper machines.
These include operational parameters such as applied thrust force, torque and cutterhead
rotational speed, and performance parameters such as daily advancement (daily AR) and rate of
penetration (both p and PR). Unfortunately, for those projects, less information could be found
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for what concerns geological-geotechnical data. In particular, only general information could be
gathered (e.g. rock strength and RMR, but no fracturing degree). However, in order to compare
the performance with the one of the open TBMs, Figure 4.6 and Figure 4.7 show respectively
the ranges of variation of p and of daily AR for shield-TBMs.

Table 4.9 Main specifications of the shield TBMs used for the tunnel projects analysed in this study

Diameter [m] 10
Maximum thrust force [KN] 130000
Maximum revolutions per minute (RPM) [rev/min] 5
Maximum torque [KNm] 25000
Number of cutters 69
Cutter diameter [mm] 432

As for the gripper TBMs, significant rates of penetration (p), i.e. reaching values higher than 15
mm/rev, could be recorded. The mean penetration is equal to 14.90 mm/rev and the mode range
is comprised between 13 and 15 mm/rev (Figure 4.6). Also in this case, the high p-values are
probably due to important degree of fracturing, supposed quite high on the basis of low RMR
values recorded (20 < RMR < 50) for the majority of the tunnel sections. Better penetration
values, with respect to the ones observed for the open machines, can be associated both to lower
strengths of the rocks (UCS < 60 MPa) as well as to higher thrust force of the cutterhead.
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Figure 4.6 Histogram plot for the penetration per revolution (p) of the shield TBM with indication of
mean, standard deviation and coefficient of variation (C.V. = standard deviation/mean).
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Figure 4.7 Histogram plot for the daily Advance Rate (AR) of the shield TBM with indication of mean,
standard deviation and coefficient of variation (C.V. = standard deviation/mean).

Finally, it is interesting to observe that for the shield TBMs, high advance rates have been
recorded (though with large data scattering). As a matter of facts, values greater than 35 m/day
have been reached for the majority of the tunnel sections. This result is the exact opposite of
what has been observed for the gripper machines, where the majority of the sections are
characterised by daily AR lower than 5 m/day. This important difference may result from higher
rate of penetration and from an overall better performance (i.e. U) of the shield TBMs recorded
in highly fractured rocks (this is also related to the fact that the rock supporting time, i.e. ring
assembling, does not change significantly to one section to another).

4.6 Final remarks

A TBM-performance database has been developed with the aim to compile data from several
tunnel projects where both gripper and shield machines have been employed. A detailed
procedure has been adopted in order to identify tunnel sections characterised by highly fractured
and faulted rock masses. In order to select the sections to be included in the database, the
attention has been focused on significant parameters such as strength and fracturing degree of
the rock mass, weathering conditions of rock and joint surfaces as well as recorded water
inflows and type of supports.

The variation range of significant geological/geotechnical parameters and TBM performances
has been studied. The data quality varies from a project to another and some information has
been obtained by other sources (e.g. literature). Due to a different degree of the information
detail, it was not possible to investigate the same rock mass characteristics for gripper and
shield machines. On the other hand, with regard to the TBM performance parameters, the first
analyses of the variation ranges show an important difference between the two types of machine
for what concerns the daily AR. In particular, higher values have been observed for the shield
TBMs which are not affected by significant delays in terms of rock supporting time.
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Chapter 5  Preliminary data analyses

Starting from the information compiled in the database, preliminary investigations have been
performed in this chapter in order to analyse the correlations between the TBM performance
and the rock mass characteristics. The parameters commonly adopted in the existing
performance prediction models, such as the rock strength and the fracturing degree of the rock
mass, have been considered in the analyses.

The gripper TBM and the shield TBM data have been studied separately due to the changing
characteristics of the machines which, as already observed in the previous chapter, differently
affect the excavation process and significant performance (e.g. the advance rate).

5.1 Gripper TBM data analyses

According to the review performed in Chapter 2 (see paragraph 2.2), the most relevant
parameters commonly used in the existing TBM-performance prediction models are the strength
and the fracturing degree of the rock. In the following sections several analyses have been
performed in order to find if some correlation can be highlighted also in case of bad tunnelling
conditions, by considering the performances recorded while tunnelling with open (gripper)
TBMs.

Based on the available information concerning the strength and the fracturing degree of the rock
mass, the potential relationships with the uniaxial compressive strength of the rock (UCS), the
volumetric joint count (J,) as well as the Rock Mass Rating (RMR) have been investigated.

5.1.1 Rock strength: correlations between UCS (and UCSy) and TBM
performance parameters

As shown in Figure 5.1a, although the UCS data compiled in the database are mainly
characteristic of strong to very strong rocks (UCS = 60-180 MPa), it has already been observed
that these values are not representative of the disturbed conditions considered in this framework
(i.e. highly fractured and faulted rocks). For this reason, instead of UCS values of the intact rock
it has been decided to adopt the uniaxial compressive strength reduced by Habimana (1999) and
Habimana et al. (2002), for evaluating possible correlations with the TBM performance. Despite
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a significant lowering (Figure 5.1b) of the strength values (that become more representative of
the real conditions), a large data scattering can be observed and the correlation with both p and
PR is almost meaningless (Figure 5.2 and Figure 5.3).

a) b)

ucs UCSy

3%

m Very strong (100-250 MPa)
= Very strong (100-250 MPa)
u Strong (60-100 MPa)
= Strong (60-100 MPa)
» Medium strong (40-60 MPa)
m Medium strong (40-60 MPa)
m Weak (< 40 MPa)

Figure 5.1 Classes of strength of the rocks included in the database: a) Uniaxial Compressive Strength
(UCS); b) reduced Uniaxial Compressive Strength (UCSy).
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Figure 5.2 Correlation between penetration per revolution (p) and the reduced Uniaxial Compressive
Strength (UCSy).
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Figure 5.3 Correlation between Penetration Rate (PR) and the reduced Uniaxial Compressive Strength
(UCSy).
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5.1.2 Fracturing degree: correlations between J, and TBM performance
parameters

Regarding the fracturing degree of the rock mass, the first analysis investigated the relationship
between the penetration per revolution (p) and J,. In this case the best fitting of the data is
provided by a polynomial curve (Figure 5.4).

P [mm/rev|
(=)}
(=3
(=]

0.0 10.0 20.0 30.0 40.0 50.0
J, [joints/m?]

Figure 5.4 Correlation between penetration per revolution (p) and Volumetric Joint Count (J,).

Although the accuracy of the relationship is not very high (R*=0.34), due to the large scattering
of data, a general increase of p may be observed for increasing J,. This can be explained by the
fact that the discontinuities are planes of weakness in the rock mass, and they assist the crushing
and chipping of the rock during excavation, beneath and adjacent to the cutters, as already
observed by Dollinger and Raymer (2002) and by Gong et al. (2006). For this reason, it is
important to remark that, although a high number of joint sets generally does not represent a
hindrance to the boring process, it might, however, generate other difficulties mainly linked
with face/wall stability problems and increasing TBM downtimes. Furthermore, it should be
noticed that, once a certain threshold of rock mass fracturing is exceeded, its effect on the TBM
performance seems to start decreasing. In Figure 5.4 this behaviour is actually represented by
the downward concaveness of the fitting curve.

Figure 5.5 shows the correlation between PR and J,. Compared to p, PR undergoes a more
evident decrease for values greater than 30 joints/m’. As a matter of facts, while p refers to the
penetration for one cutterhead revolution, PR is affected by the rotational speed (RPM) which in
its turn is clearly affected and reduced in case of high fracturing degrees of the rock mass. As
already observed by Delisio and Zhao (2014), this reduction is probably due to the fact that, in
highly fractured rocks, other operational issues, such as the efficiency of the muck removal
system to evacuate the excavated material from the face, may affect the applicable RPM and,
therefore, achievable rate of penetration.
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Figure 5.5 Correlation between Penetration Rate (PR) and Volumetric Joint Count (J,).

The computation of the potential construction delays and the prediction of the TBM utilisation
factor and advance rate can be considered within the most important issues when back-
analysing the performance of the machine in difficult ground conditions. In these analyses,
despite of good penetration rates (i.e. PR between 0.38 and 2.73 m/hr), the TBM utilisation
factor (U) is quite often very low, reaching extreme values of about 3%. As a consequence of
this, the advance rates (estimated according to Equation 4.3) could be also extremely low (i.e.
about 1.0 m/day), since it includes downtimes for TBM maintenance, potential machine
breakdown and tunnel failures.

5.1.3 Existing rock mass classification systems: correlations between RMR and
TBM performance parameters

Due to the difficulties observed in the previous section in finding satisfying relationships among
the TBM performance and individual geological-geotechnical parameters, the Rock Mass
Rating, providing a general geomechanical description of the rock mass, has been then selected
as reference index. Thus, further analyses have been performed for investigating existing
correlations between RMR and both PR and daily AR (Figure 5.6 and Figure 5.7).

Together with the raw information (Figure 5.6a and Figure 5.7a), data have been grouped in 5
RMR classes and plotted as bar charts: the central point of the bars represents the average value
of PR (Figure 5.6b) and daily AR (Figure 5.7b) for each class, while the bar length indicates the
standard deviation. As it can be observed in Figure 5.6 and Figure 5.7, respectively for PR and
daily AR, although a quite large data scattering exists, a certain trend can be identified: if RMR
increases both average PR and daily AR also increase.

These results seem to confirm the trend reported in Sapigni et al. (2002). However, since only
sections characterised by RMR lower than 40 have been included in the database, only the
increase of PR with increasing rock mass quality could be investigated (which corresponds to
the left part of the bell shape curve represented in Figure 2.7a). Moreover, as already observed
by Sapigni et al., (2002), the scatter around the mean value is rather high and it is probably
related to the difficulty in maintaining a constant thrust during excavation.
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The correlation between daily AR and RMR follows the same trend. The reason of that is
twofold: in one hand, PR increases for increasing RMR and, at the same time, also an increase
of the TBM utilisation factor (U) can be assumed due to better conditions for excavation. In an
attempt to find a possible relationship between U and RMR, despite of a high data scatter,
nearly constant levels of utilization factor has been detected for the worst ground conditions
while an increasing U has been observed for higher values of RMR (Paltrinieri and Sandrone,
2014). The uncertainties are mainly due to the fact that the Rock Mass Rating depends on
several factors (i.e. fracturing degree, water inflow, rock strength, joints conditions) and each of
them might influence the utilisation factor with a different weight that should be considered
according to the specific encountered conditions.

In addition, it is necessary to remind that the conventional RMR system has been originally
developed to provide support guidelines for underground construction excavated by the Drill-
and-Blast method. In this sense, it might not be the most appropriate parameter to be taken into
account for this kind of analyses.

2.00 4 R*=0.8383

RMR

Figure 5.6 a) Correlation between Penetration Rate (PR) and Rock Mass Rating (RMR) (raw data); b)
correlation between average PR and average RMR in each class.
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Figure 5.7 a) Correlation between Advance Rate (AR) and Rock Mass Rating (RMR) (raw data); b)
correlation between average AR and average RMR in each class.

5.2 Shield TBM data analyses

As reported in the previous chapter, the available geological and geotechnical information
collected in the database for shield TBM projects is not as much detailed as what has been
obtained for the tunnels excavated with the gripper TBMs. Thus the analyses considering J, and
UCSy could have not been performed and only the relationships between the TBM performance
parameters and RMR have been investigated (Figure 5.8 and Figure 5.9).
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Figure 5.8 Correlation between Penetration Rate (PR) and Rock Mass Rating (RMR) (raw data); b)
correlation between average PR and average RMR in each class.

The results clearly show that it is not possible to define any kind of correlation between RMR
and the TBM-performance parameters such as PR and daily AR. The accuracy is almost
negligible (i.e. R’ 0), both considering the row data (Figure 5.8a and Figure 5.9a) or RMR
classes (Figure 5.8b and Figure 5.9b).

However, it is interesting to observe that the mean values of PR and daily AR seem to follow a
constant trend for the different RMR ranges. This can be due to the fact that, with a shield TBM,
it could be harder to identify variations of the rock mass conditions (unless very problematic
ones) because they may not cause significant reductions in the utilisation factor of the machine
(e.g. rock supporting time, unlike for what happens with a gripper TBM, remains unchanged).
However, since the data scattering is quite important and the accuracy is quite low (i.e.
R’~0.22), it is rather difficult to confirm these hypotheses.
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Figure 5.9 a) Correlation between Advance Rate (AR) and Rock Mass Rating (RMR) (raw data); b)
correlation between average AR and average RMR in each class.

5.3 Final remarks

The preliminary results reported in this section highlight the great difficulty of describing the
TBM-performance in highly fractured and fault zones through parameters commonly used in
the existing predictions models (see Chapter 2). Both gripper TBM data and shield TBM data
have been investigated. Although any consistent correlations could be found for what concerns
the shield TBMs, some significant observations have been made in the case of gripper TBMs.

In particular, it has been underlined that the properties of the intact rock (e.g. UCS) are no more
relevant parameters for characterising weak and weathered materials. However, also if a first
attempt of taking into consideration the alteration degree of the rock mass has been done by
introducing the reduced strength UCSy, any relevant correlations with the TBM performance
parameters could be found.

Finally, it has been observed that, the introduction of a “more global” characterisation of the
rock mass may be necessary to find better correlations with performance parameters and rock
quality. With this purpose, referring to the existing rock mass classification systems seemed to
be a valid starting point. However, although the analyses performed by considering the Rock
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Mass Rating (RMR), showed results in agreement with previous works reported in literature, the
RMR system proved to be still not the most appropriate way for describing how difficult ground
conditions affect the TBM performance (and thus finding good correlations for a prediction
model). Furthermore, it is important to point out that some factors, which are basic for RMR
definition (e.g. the rock strength), are extremely significant for predicting performances in hard
rock tunnel boring, but they may play a very marginal role in the definition/estimation of the
machine performance in highly fractured and faulted zones.

As a consequence of these previous analyses it can be observed that, in order to better
characterise the TBM behaviour in difficult ground conditions, it is necessary to describe the
weak rocks and the fault zones that can be encountered mainly focusing on the
geological/geotechnical parameters which more affect the TBM performance and the possible
delays.
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Chapter 6  Fault zone classification

Due to the very complex structure and nature of the fault zones and their difficult
geomechanical characterisation, detailed criteria have been chosen for developing a specific
classification method mainly focusing on their mechanical behaviour during tunnel excavation.
Thus in this framework, the term “fault zone” basically refers to the difficult ground conditions
encountered in TBM tunnelling, characterised by extremely jointed rock masses or
faulted/sheared rocks. The most common and approved terminology and the existing
geotechnical characterisation systems for fault rocks, already presented in Chapter 3, have been
here adopted to describe and characterise each group of the proposed classification system.

Numerical modelling has been used for simulating the interaction between a TBM cutter and the
different categories of fault zone. In order to better describe the different behaviour
characterising the identified “fault zone” classes both discontinuum and continuum models have
been performed. The aim is to obtain a better description of the TBM performance at the tool-
scale, by studying the cracking and chipping processes induced by the cutter.

6.1 Significant  geological/geotechnical parameters in the
classification

Though in literature fault rocks (generally termed ‘cataclastic rocks”) result from a mechanical
and chemical weathering related to tectonic activities (Christe, 2009), in this framework, the
term “fault zone” refers with a more general approach to difficult ground conditions
encountered in TBM tunnelling, thus starting from extremely jointed rock masses up to
completely faulted/sheared rocks. From a geomechanical point of view, this kind of rocks can
be also described as weak and weathered rocks.

The review reported in Chapter 3 about the formation and structure of a fault zone and about the
characterisation of fault rocks, provides the bases for the proposed classification. In particular,
Table 3.2 (Chapter 3) summarises geological and geomechanical parameters (as well as their
relative ranges of values) generally used for describing weathered and weak rocks that will be
taken into account in this study.
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According to what has been presented in the review proposed in Chapter 3, in order to identify
the “fault zone” classes, the following aspects have been firstly taken into consideration:

*  The fracturing degree of the rock mass;
* The weathering degree of the rock mass;
*  The possible influence of the water;

* The effect of the depth (in-situ stress)

In this framework, the fracturing degree of the rock mass and the weathering degree of the rock
and of the joint surfaces will represent the basic parameters for defining the “fault zone” classes,
while the potential water inflows and depth of faulted/fractured zones will be considered only as
additional factors which contribute to the reduction of the TBM performance independently of
the class. The following sections describe more in detail the influence of each of these aspects.

6.1.1 The fracturing degree

According to how the fault zones are described by various authors (see Chapter 3) the
blockiness of the rock mass represents a valid base of departure to identify the different classes.
Thus, the volumetric joint count (J,) has been selected as the most appropriate parameter to
represent the degree of fracturing. J, is generally given as a range and it is an average
measurement of the number of joints that intersect a volume of the rock mass. The ISRM (1978)
describes the block size according to J, as follows:

+  very large blocks: J,< 1 joints/m’;

« large blocks: 1 <J,< 3 joints/m’;

¢ medium-sized blocks: 3 <J,< 10 joints/m3 ;

e small blocks: 10 <J, <30 joints/m3;

+  very small blocks: J,> 30 joints/m’.
For the proposed fault zone classification, only blocks with small to very small sizes have been
considered, adopting J, equal to 10 joints/m’ as lower limit, below which the rock mass cannot
be described anymore as highly fractured. Regarding the upper limit, the exact definition of the
threshold beyond which the rock is completely crushed is not immediate. For this reason a

reference value of 35 joints/m® has been considered as the highest J, for a rock mass where
individual joint sets can be still identified.

6.1.2 The weathering degree

Another important factor involved in the definition of the “fault zone” classes is the weathering
degree of the rock and of the discontinuity surfaces. In order to take into account this aspect, the
existing classification systems for weak and weathered rocks have been considered to describe
the different weathering degree suffered by the rock mass and its influence on some engineering
properties.
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For a qualitative characterisation of the rock mass it has been decided to refer to the Geological
Strength Index (GSI).

The GSlI is a system of rock mass-characterisation (Hoek, 1983; Hoek and Brown, 1988) used to
determine the rock mass strength and the rock mass deformation modulus. This system provides
an estimation of the rock mass properties based on qualitative descriptions of the blockiness of
the mass and of the conditions of the joint surfaces. It has been modified over the years (Hoek et
al., 1998; Marinos and Hoek, 2001; Marinos et al., 2007) in order to accommodate different
geological situations, such as sheared rock masses characterised by a very poor quality and
heterogeneous and tectonically disturbed lithological formations. The general chart for
estimation of the Geological Strength Index (GSI) for jointed rock masses is shown in Figure
6.1.

Geological Strength Index

From the description of structure and surface conditions of
the rock mass, pick an appropriate box in this chart.
Estimate the average value to the Geological Strength
Index (GSI) fram the contours. Do not attempt to be too
precise. Quoting a range of GSI from 36 to 42 is more
realistic than stating that GSI = 38. It is also important to
recognize that the Hoek-Brown criterion should only be
applied to rock masses where the size of individual blocks
is small compared with the size of the excavation under
consideration.
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Figure 6.1 The Geological Strength Index for jointed rock masses (Hoek et al., 1998).

The “foliated/laminated/sheared” class shown in the bottom row of the chart consists of rock
masses of non-blocky structure with a low strength and a high deformability, where a well-
defined persistent and closely spaced lamination (or foliation) is dominant with respect to any
other discontinuity set and shows slickensided surfaces characterised by an important
weathering degree. Unlike the disintegrated category, where the rock-to-rock contacts govern
strength and deformability, the mechanism of deformation in foliated/laminated/sheared class is
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controlled by the displacements along the foliation planes and by the shear strength of the fines
along the surfaces (Hoek et al., 1998).

The description of foliated/sheared category in the GSI system is very close to the structural and
geological characteristics taken into account to define the classes of the classification developed
in this work for highly fractured and faulted rocks. In particular, the pre-sheared nature of the
rock mass is a condition easily encountered in fault zones. Based on these considerations,
extremely low values of GSI (down to 5) have been considered in the characterisation of the
identified classes.

In order to take into account the complex nature of a fault zone, often constituted of a
combination of material with different characteristics of strength and deformability (rock and
soil-like materials), the more recent Geological Strength Index, developed for heterogeneous
rock masses (Marinos and Hoek, 2001; Marinos et al., 2007) is particularly interesting because
it has been introduced to describe rock masses, such as flysch, composed of frequently
tectonically disturbed alternations of strong and weak rocks (Marinos and Hoek, 2000). This
new version of GSI (Figure 6.2) refers to the composition and structure of the mass, in terms of
tectonic disturbance and alternation of the weaker layers, rather than to the blockiness and
interlocking of rock pieces, while the surface conditions of the discontinuities predominantly
refer to the bedding planes. A detailed description of the weak and weathered rock masses used
in this context is mainly based on this chart where also the tectonic disturbance is taken into
consideration.

GEOLOGICAL STRENGTH INDEX (GSI) FOR HETEROGENEOUS ROCK MASSES SUCH AS FLYSCH
(V. Marinos, 2007, under publication)

Heterogeneous mawmﬂﬁwmawmwdedlﬁmlmmmmsmﬁwﬂdem
their strength properties. For flysch, a typical formation with heterogeneous rock alternations are consisting of
sandstones and siltstones, Clay shales may be present. Ffunadesmpuondmellﬂ\oluw mrewmmcondwmd
discontinuities (particularly of the bedding planes), choose a box in the chart. The selection of the structure should be based on the
tectonic disturbance (undisturbed, slightly disturbed, strongly disturbed - folded, desintegrated, sheared), the proportion of ststones
against sandstones and the expressed or not stratification inside the siltstone layers. In the type IV and V when the thickness of
sandstone beds exceed S0cm an increase of the GSI value by 5 is suggested. From type [V and the following types, the stratification
planes are perceptible inside the siltstone mass. Locate the position in the box that comesponds to the conditions and estimate the
average value GSI from the contours. The determination of the structure and the conditon of discontinuities may range between two
adjacent fields. Note that the Hoek - Brown criterion does not apply to structurally controlied failures. Where unfavourably oriented
continuous weak planar discontinuities are present, these will dominate the behaviour of the rock mass. The strength of some rock
masses is reduced by the presence of groundwater and this can be allowed for by a slight shift to the right in the columns for fair,
poor and very poor conditions. Water pressure does not change the value of GSI and it is dealt with by using effective stress analysis.
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Figure 6.2 The Geological Strength Index for heterogeneous rock masses such as flysch (Marinos et al.,
2007).
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6.1.3 The water influence (rock mass permeability)

The potential water inflows might strongly influence the rock mass behaviour. While crossing a
fault zone, they may vary from low to extremely high mainly depending on the rock mass
permeability and porosity. Thus, as previously described (see Chapter 3), a fault zone may
behave as a conduct or as a barrier and in some cases as a combined system depending on the
fracture network and on the amount of generally less permeable fine-grained matrix (Caine et
al., 1996). Moreover, the weathering degree of the rock (and of the joint surfaces) can be a
reference parameter in order to describe the potential fluid flow in a disturbed zone since the
products of rock alteration (generally fine-grained material) might significantly affect (i.e.
reduce) the permeability.

In this framework, the aim is to study the TBM performance in each proposed fault zone
category. Therefore, the potential degree of permeability will be qualitatively defined for all
classes, in order to identify possible correlated risk scenarios during the tunnelling operations.
Since it may significantly affect the excavation also in good ground conditions, the potential
water inflow (which may vary from low to high in each class) is not assumed as basic factor in
the geomechanical characterisation of the “fault zone” classes, but only as additional aspect.
This consideration bases also on the fact that a high flow contributes to the reduction of the
TBM performance independently of the class where it occurs.

6.1.4 The depth influence (in situ stress)

The depth has not only an indirect influence on the in-situ stress, but also on the uncertainties
characterising hydrological and geotechnical conditions, playing an important role in the
definition of potential risks and stability issues in tunnelling. Problematic events are more
frequent in weakness zones such as heavily tectonised and fractured rocks characterised by poor
mechanical and anisotropic conditions. As reported by Kaiser et al. (2000), the combined effect
of rock mass conditions and tunnel depth influences the rock mass behaviour: in rocks of poor
quality (RMR < 50), the deeper the tunnel the higher is the risk of encountering difficult
environments such as squeezing and/or swelling rock masses. Furthermore, it is also significant
to observe that groundwater related problems might have significant impact on excavation
hindering with increasing depth (e.g. higher water pressure).

The depth has surely had an important influence in the formation of each “fault zone” type, but
this aspect is not taken into consideration for the purpose of the classification which is
considering the effects on tunnelling. Thus, in this framework, similarly to the potential water
inflows, the depth represents only a secondary factor. This is due to the fact that, dealing with
rock masses of poor quality (RMR < 50) in each class, the effect of depth may be the same in
terms of stability problems during the tunnelling operations (i.e. it may affect the TBM
performance independently of the “fault zone” class).

6.2 Description of fault zone classes

The new classification methodology introduced in this research for describing the effect of
disturbed zones on the TBM performance, takes into consideration the fracturing degree and the
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weathering degree of the rock mass as most representative factors. The potential water inflows
and depth will be considered only as complementary parameters since they can affect tunnelling
operations (and thus the TBM performance) also outside from a fault zone. Thus, based on these
considerations and on the review performed in Chapter 3, four classes have been introduced:
they will be the basis for the TBM performance analyses which will be presented in the next
Chapters. In the following sections the classes will be described and characterised from a
geomechanical point of view, by identifying for each of them the most significant parameters as
well as representative intervals of values.

6.2.1 Class I: highly fractured rock masses

The first class consists of rock masses characterised by a high fracturing degree without visible
sign of weathering of the rock material. Though the original fresh rock and the discontinuity
surfaces might be affected by a slightly discolouration, the geomechanical properties of the
intact rock are not subjected to any alteration. The “mechanical degradation” (i.e. fracturing and
potential opening of the joints) is therefore the only involved process, while the “chemical
weathering” (i.e. alteration and decomposition of the rock) does not affect the rock mass.

In the first class the fracturing degree can be extremely high, but not enough to describe the
rock mass as “crushed and totally fragmented”. Thus, since a blocky-structure is still evident,
the volumetric joint count (J,) can be evaluated based on the available information about the
number of joint sets and the spacing of discontinuities. According to ISRM recommendations,
small (10 joints/m® < J, < 30 joints/m’) to very small (J, > 30 joints/m’) blocks have been
considered for charactering this class, in particular:
joints
10 <J, [7] <35

As mentioned before, only if J, is greater than 35 joints/m3, the rock mass can be considered as
totally crushed, which is not the case of this class.

In Class I the tectonisation degree is not taken into account, therefore, there is no reference to
“fault” rocks with respect to the definitions and terminology reported in the literature. For what
concerns a more qualitative description of the jointed rocks, this class corresponds to the “very
blocky” and “blocky/disturbed” groups reported in Figure 6.1 (where no faulting and folding
processes are considered). According to this, GSI varies between 15 and 60, depending on the
conditions of the discontinuity surfaces. Moreover, being the weathering degree of the rock
negligible, the quality of the joint surfaces is supposed corresponding to fair conditions, i.e.
moderate alteration. Thus, based on all these considerations, the variation range for the GSI
narrows to the following limits:

30 < GSI <60

If the fracturing degree and the slightly weathered conditions of the joint surfaces (and rock) are
sufficiently described by J, and GSI, the uniaxial compressive strength of the rock mass UCS,,
(Hoek and Brown, 1997) can be a representative parameter of the class since it takes into
account the blockiness of the mass and the weathering degree of the discontinuity surfaces.
UCS,, is expressed by the following formulation (Equation 4.10a, Chapter 4):
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UCS,,, = (sUCS?)a

where UCS is the uniaxial compressive strength of the intact rock, s and a are parameters
depending on the geological strength index of the rock mass.

For what concerns the water inflows, due to the well-developed fracture network, this kind of
“fault zone” behaves as a “distributed conduit” by referring to the terminology introduced by
Caine et al. (1996).

In tunnelling, the main geological hazards linked to this class are related to squeezing
phenomena, possible instability of the excavation face, frequent blocks falls and large water
inflows due to greater permeability of the rock mass (i.e. extremely high fracturing degree).
Thus Class I corresponds to the ground conditions more frequently encountered during
excavation, where stability problems often occur and lead to increasing requirements of
supporting measures. In Table 6.1 the main characteristics of Class I are summarised.

Table 6.1 Class I: highly fractured rock masses

Fracturing degree

Small to very small blocks 10<J, [joints/m3] <35

Weathering degree

No visible sign of weathering of rock material and/or joint surfaces 30 < GSI< 60

Geomechanical characterisation

Uniaxial compressive strength of the rock mass UCS,,,=(sUCS’)"

Water inflow

Distributed conduit

(Most frequent) tunnelling problems

Squeezing; instability of the excavation face; block fall; large water inflows

6.2.2 Class II: highly fractured weathered rock masses

The second class consists of highly fractured rocks with more significant weathering conditions
of the rock and of the discontinuity surfaces. The weathering degree may largely influence the
geomechanical behaviour of the rock mass and affect its response to excavation. The rocks have
undergone certain alteration (in particular along joints, significant discolouration can be
observed without signs of material decomposition) and for this reason they can be treated as
“weathered rocks”.

Regarding the fracturing degree, accordingly to what has been already observed for Class I, a
blocky structure characterises the rock mass and it is still possible to evaluate the volumetric
joint count on the basis of the joint sets number and frequency. Thus, J, varies within values
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representative of small and very small blocks, and the upper and lower limits are the same of the
ones considered in the first class:
joints
10 <J, [?] <35

For what concerns the GSI classification system (Figure 6.1), the worst conditions of the
discontinuity surfaces are now taken into account. Thus, the reference to the “poor” category
(i.e. highly weathered surfaces) brings down significantly the GSI value that varies now within
the following limits:

20 < GSI <40

The tectonisation degree, resulting from important faulting processes, is still not taken into
account since the chemical weathering introduced here is mainly a consequence of the water
action which causes chemical alteration of the joint surfaces. Based on the same considerations
made for Class I, UCS,, can be again used as representative parameter since it describes the
rock mass strength mainly by taking into account the degree of fracturing and the joints
conditions.

For what concerns the water inflows, due to the high fracturing degree, also the rock masses
described by Class Il mainly behave as a “distributed conduit” (Caine et al., 1996). However,
the generally high permeability may be affected by the potential clay filling of the weathered
joints that could represent a hindrance to the water flow.

The most common tunnelling risks related to this class are more or less the same encountered in
the first class. However, the weathered conditions of the discontinuity surfaces could strongly
affect the rock mass strength and stand-up time (e.g. ravelling) leading to stability problems
such as rock falls, slides and collapses (e.g. lower shear strength due to clay fillings). In Table
6.2 the main characteristics of Class II are summarised.

Table 6.2 Class II: highly fractured weathered rock masses

Fracturing degree

Small to very small blocks 10 < J, [joints/m’] < 35

Weathering degree

Significant weathering of joint surfaces 20 < GSI< 40

Geomechanical characterisation

Uniaxial compressive strength of the rock mass UCS,,,=(sUCS*)"

Water inflow

Distributed conduit (but the potential clay filling could hinder the water flow)

(Most frequent) tunnelling problems

Squeezing; ravelling; block fall/slides/collapses (e.g. lower shear strength due to clay filling)
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6.2.3 Class III: cohesive fault rocks (and heterogeneous rock masses)

This class mainly refers to faulted and tectonised rocks. It represents all the zones where the
rock behaviour depends on the intensity of the tectonic faulting, thus where cataclasis occurred.
The cohesive cataclastic rocks of Class III are characterised by original rock fragments (clasts)
in a fine-grained matrix (Biirgi, 1999). The major parameters describing their mechanical
behaviour must therefore consider the significant alteration due to the tectonic faulting which
gradually transforms the rock from the original intact state to a completely crushed soil-like
material (Habimana, 1999; Habimana et al., 2002). Nevertheless, for Class III only the early
stages of this process have been taken into account. The chaotic structure typical of the rock
masses of this class (i.e. block-in-matrix) results in a complete lack of blockiness which cannot
be anymore characterised by a fracturing degree (i.e. J,).

Since the weathering (tectonisation) degree remains the main factor for describing the rocks of
this class, the new versions of the GSI system, developed for better representing sheared weak
rocks and heterogeneous rock masses, have been considered. In particular, Class III is partly
represented by the “foliated/laminated/sheared” type of the GSI chart for jointed rock mass
(Figure 6.1). As already mentioned, this last GSI category has been introduced for describing
rock masses with reduced strength and greater deformability, resulting from significant
weathering of the intact rock and intense shearing along the lamination or foliation planes
(Hoek et al., 1998).

At the same time, Class III can be described by referring to some categories defined in the GSI
chart developed for heterogeneous rock masses (Figure 6.2). In particular, rock masses showing
a certain deformation after tectonic disturbance (e.g. Type VII, Type VIII, Type X and Type XI
of Figure 6.2) are considered. Regarding the quality of lamination/foliation surfaces, only fair to
very poor conditions are supposed, due to the pre-sheared nature of the discontinuities (Hoek et
al., 1998). According to these observations, the variation range of GSI in Class III becomes:

5<GSI <40

Since the fracturing degree of the rock (expressed by J,) is not estimated in this class, the
uniaxial compressive strength of the rock mass (UCS,,,) cannot be anymore considered for the
geomechanical characterisation of Class III. In this framework, the uniaxial compressive
strength proposed for cataclastic rocks (UCSy) by Habimana (1999) and Habimana et al. (2002)
is taken into account since it depends on the tectonisation degree quantified by GSI, as
expressed by Equation 4.11a (Chapter 4):

GSI\%55
) -UCS

UCSH[MPG.] = (m

For what concerns the water inflows, it has to be observed that, the permeability of the rock
masses described by this class is quite variable. As reported in Chapter 3, if a significant
damage zone bounds the fault rocks, a “combined conduit-barrier” behaviour can be assumed.

Regarding the main problems encountered in TBM tunnelling, instabilities in front of the
cutterhead, squeezing of the cataclastic material, potential flowing ground, and consequent
increase of the pressure on the support represent the most common hazards for the rock masses

73



Fault zone classification

described by Class III, where additional heavier support systems and ground treatments are
often required. In Table 6.3 the main characteristics of Class III are summarised.

Table 6.3 Class III: cohesive fault rocks (and heterogeneous rock masses)

Fracturing degree

Faulted and tectonised rocks — blocks-in-matrix structure — no blockiness

Weathering degree

Significant weathering (tectonisation) — “new version” of GSI 5<GSI<40

Geomechanical characterisation

Reduced uniaxial compressive strength (Habimana et al., 2002) UCSy=(GSI/100)"” - UCS

Water inflow

Variable permeability of the rock mass — combined conduit-barrier

(Most frequent) tunnelling preblems

Squeezing; flowing ground; instabilities in front of the cutterhead

6.2.4 Class IV: crushed fault rocks

This last class takes into account the tectonically crushed fault rocks and disintegrated rock
masses. This condition corresponds to the highest degree of tectonisation which entails a soil-
like behaviour of the material and can be characterised by a non-cohesive nature. This class
groups the rocks which encountered the highest level of mechanical and chemical degradation
processes (i.e. significant worsening of the geomechanical properties).

As for Class III, the volumetric joint count (J,) cannot be evaluated, but, according to the
description given in section 6.2.1, totally crushed rock masses can be supposed for J, greater
than 35 joints/m’. It is important to underline that this value is only an assumption because there
is no enough information for an accurate estimation. As a matter of facts, the extremely high
fracturing degree and no more evident discontinuity sets result in a total absence of blockiness.

In this context, the term “tectonisation” refers both to a significant mechanical fragmentation
and to an important weathering of the rocks. This class corresponds to the poorly interlocked
and heavily broken rocks included in the “disintegrated” category of the GSI chart (Figure 6.1).
In particular, by considering the new version of GSI for heterogeneous rock masses (Figure
6.2), Class IV corresponds to rock masses of Type IX. With regard to the weathering conditions,
the quality is supposed to vary from “poor” to “very poor”. By combining the previous
observations, the variation range of GSI narrows to:

5<GSI <30

As observed in Class III, the UCSy can be considered as an appropriate parameter for describing
the geomechanical behaviour of the rocks included in this class. Based on Equation 4.11a, the
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strength of rock can undergo a reduction from 50% to 80% of UCS (depending on the GSI
value).

Class IV can be associated to particular categories of fault rocks reported in the literature,
specifically “fault breccia” and “fault gouge” (kakirite). As reported in Chapter 3, they are both
described as non-cohesive (or slightly cohesive) material, where the main difference depends on
the percentage of visible fragments in the rock mass (Sibson, 1977; Biirgi, 1999; Sausgruber
and Bradner, 2003).

With regard to the water inflows, it is important to observe that the permeability of the rock
masses described by Class IV is strongly related to the lithology of the host rocks. According to
Sausgruber and Bradner (2003), a “fault breccia”, resulting from the crushing of competent
rocks, is characterised by high permeability that entails a significant risk of huge water inflows.
On the contrary, a “fault gouge” originated from brittle deformation of incompetent host rocks
is characterised by a lower permeability.

For what concerns the most frequent tunnelling problems relate to Class IV, in addition to a
high risk of flowing ground, the cohesionless material of a “fault breccia” is subject to sudden
and unexpected collapses, while a “fault gouge” is generally characterised by a higher
squeezing potential. In Table 6.4 the main characteristics of Class IV are summarised.

Table 6.4 Class 1V: crushed fault rocks

Fracturing degree

Fault breccia and fault gouge — crushed rocks — no blockiness

Weathering degree

Highest degree of weathering (tectonisation) — “new version” of GSI 5<GSI<30

Geomechanical characterisation

Reduced uniaxial compressive strength (Habimana et al., 2002) UCSy,=(GSI/100)°”- UCS

Water inflow

Permeability related to lithology of host rock: higher permeability for competent rock (fault breccia);
lower permeability for incompetent rock (fault gouge)

(Most frequent) tunnelling problems

Flowing ground and sudden collapses (fault breccia); squeezing (fault gouge)

6.3 «Fault zone» classes in the TBM-performance database

Figure 6.3 summarises the procedure adopted for identifying the “fault zone” classes according
to the description given in the previous sections. In this framework, the mechanical degradation
refers to the fracturing degree of the rock. With reference to the field data collected for this
research, Figure 6.4 shows the distribution of the “fault zone” classes within the TBM-
performance database described in Chapter 4. As it is possible to observe from Figure 6.4, Class
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I and Class II (i.e. highly fractured rock masses characterised by different degrees of
weathering) represent the most common conditions encountered in the analysed tunnel projects.
Based on what has been observed in Chapter 4 and Chapter 5, only tunnel sections excavated by
gripper TBM have been considered since the geotechnical/geological information related to the
shield TBM data were not enough to identify the different “fault zone” classes.

Rock mass

Faulting/folding processes
Mechanical degradation (mechanical degradation and chemical weathering)

Cataclastic rocks

. . Non-cohesive (or
Hi Cohesive fault . .

’g::f-i_’ I{ ;‘:ﬁg’:red rock éf slightly cohesive)
fault rocks

- Catqclasis/Tectonisation degree ~ +

Joint surface alteration
with/without filling

No joint surface alteration

CLASS 1 CLASS 11 CLASS 11T CLASS 1V
10 <], <35 10 <J, <35 No blockiness Crushed
30 < GSI <60 20 <GSl <40 5<GSI<40 5<GSI<30
UCS UCS, UCSy UCSy

Figure 6.3 The procedure adopted for defining the four “fault zone” classes.
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Class 1
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Class IIT
Class IV

27%
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Figure 6.4 Percentages of tunnel sections representing the different “fault zone” classes in the TBM-
performance database.
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6.4  Numerical modelling of cracking process induced by a TBM
cutter in highly fractured and faulted rocks

Since the classification has been developed for characterising the main problems encountered
during tunnelling, thus describing the influence of rock degradation on TBM performance, a
series of two dimensional numerical models have been performed in order to analyse the rock
fragmentation process in a highly jointed and weathered rock mass, by simulating the rock
response to TBM cutter penetration in the “fault zone” classes.

6.4.1 Brief state of the art

Generally, in geomechanics, two main approaches can be adopted for modelling a rock mass
(Barla and Barla, 2000): the equivalent continuum approach and the discontinuum approach
(see also Annex B).

In the equivalent continuum approach the rock mass is modelled as a continuum isotropic
medium where the intact rock properties (such as the uniaxial compressive strength) are scaled
down to the properties of the rock mass by using well known correlations with the most
frequently used rock mass indexes (such as RMR and GSI). After the scaling process a proper
constitutive relation, such as elastic or elasto-plastic, has to be adopted for describing the
material behaviour. As reported by Barla and Barla (2000), the continuum method consists of
two different approaches: the domain methods (including finite element methods and finite
difference methods) and the boundary methods (including several types of boundary element
methods). In a tunnelling problem, the boundary methods discretise the excavation boundaries
while the rock mass is represented as an infinite continuum. On the contrary, in the domain
methods, both the medium and the boundaries are discretised and modelled.

In the discontinuum approach the rock mass is modelled as a discontinuum medium,
considering the blocky nature of the system characterised by rock matrix and discontinuities.
Each block, which may be either rigid or deformable, interacts with the neighbouring blocks
and large displacements may take place along the contacts. The discontinuum approach includes
the family of Discrete Element Methods which (Cundall and Hart, 1993) define as those that
allow finite displacements and rotations of discrete bodies (including complete detachment) and
recognise new contacts automatically as the calculation progresses. The Distinct Element
Method (DEM) belongs to the family of Discrete Element Methods. Besides simulating large
movements in jointed rock masses (Cundall, 1971) and granular assemblies (Cundall and
Strack, 1979), it has been also applied to a discontinuum medium modelled as discs in two
dimensions or spheres in three dimensions (Bonded Particle Method) (Potyondy and Cundall,
2004). There are three main issues related to the application of DEM: the representation of
contacts (discontinuities); the description of solid material (blocks) and the detection of new
contacts during execution. Each block of the discretised domain is subjected to forces arising
from the contacts, if any, from the surrounding blocks and from internal forces (e.g. gravity) and
its displacement is governed by Newton’s second law of motion (Bobet, 2010). A DEM code
(such as UDEC, 3DEC PFC of Itasca®) is based on a dynamic (time domain) algorithm which
solves the equation of motions by an explicit finite difference method. The choice between
continuum and discontinuum modelling depends on the size (scale) of the discontinuities
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(mainly the joint spacing) with respect to the size (scale) of the problem investigated (Bobet,
2010). At the design analysis stage, if the rock mass response to the excavation of a tunnel has
to be predicted, the decision may be also based on the study of the likely mechanism, such as
sliding along joints or block movement and rotation (Barla and Barla, 2000).

Both continuum and discontinuum numerical methods have been already used for simulate the
rock fragmentation under the action of an indenter. Wang and Lehnhoff (1976) investigated the
penetration of a blunt point, sharp wedge and cylindrical bits, using a finite element model, in
which elements with variable stiffness were used to simulate the progressive strength failure of
the rock. According to their results, a wedge bit, with the action of the inclined bit surfaces,
shows a more efficient transmission of the lateral pressure to the side elements, resulting in an
early chip formation and in a more effective bit penetration. Cook et al. (1984) experimentally
analysed and employed a linear axisymmetric elastic finite element model to study the fracture
process in a strong, brittle rock by a circular, flat-bottomed punch. They concluded that failure
might occur either in tension or in compression. The numerical results (in agreement with the
laboratory experience) showed that, at low confining stress, the region of tensile failure extends
completely beneath the tool edge, while, for higher confining stress, it affects a zone adjacent to
the tool edge corners developing downwards in a subvertical direction as the punch load
increases. The authors highlighted that, immediately beneath the tool edge, the rock does not
fail since it is in a state of quasi-hydrostatic compression. Kou et al. (1999) simulated the action
of a non-symmetrical tool in heterogeneous rock. Furthermore, Chiaia (2001) simulated the
penetration of a hard cutting indenter in heterogeneous materials, by means of a lattice model
implemented in a FEM program. According to his results, plastic crushing and brittle chipping
would be the dominant failure mode characterising the indentation process. Other simulation of
brittle material penetration by high speed hard projectile using FEM and FDM methods were
also described by Hanchak et al., (1992) and by Resnyansky (2002). In order to reproduce
progressive rock fragmentation process characterising indentation, Liu et al. (2002) developed a
numerical code R-T*® (Tock-Tool interaction) where the failure process of the rock was
simulated through a realistic cracks pattern. Innaurato and Oreste (2001) and Innaurato et al.
(2007) modelled the rock-tool interaction and the rock breaking and chipping processes under
high stress confinements. They pointed out the importance of the relative position between the
disk cutter and a confinement-free area which simulates the formation of a groove near the tool.
For what concerns discontinuum modelling of the fragmentation process, less examples can be
found in the literature. (Gong et al., 2005 and 2006) employed DEM in order to study the rock-
tool interaction and the chipping process. In the proposed model, the influence of joint spacing
and orientation on the TBM penetration rate is investigated by simulating a portion of the tunnel
face with one joint family. The obtained numerical results were in good agreement with the
field observations. Other attempts were made for simulating the rock cutting process. For
example, Su and Akcin (2011) tried to predict tool forces by modelling cutting tests in PFC’",
with the aim to improve the performance prediction of the mechanical excavation. Onate and
Rojek (2004) studied the rock fragmentation process by combining DEM and FEM models.
Finally, Rojek et al. (2011) compared experimental data and numerical results obtained by
simulating the rock cutting process under the action of roadheader picks.
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6.4.2 Two dimensional discontinuum analyses
Model generation

In order to investigate the effects of high fracturing degree on the rock fragmentation process, in
this framework, two dimensional numerical simulations have been performed by means of the
DEM. The 2D Universal Distinct Element Code UDEC (Itasca®) has been used. As already
reported, UDEC is a discontinuum code where the rock mass is treated as an assemblage of
discrete blocks, which can be considered rigid or deformable, separated by joints.

As also previously done by Gong et al. (2005 and 2006), in this work the rock blocks are
simulated as a deformable material and the Mohr-Coulomb yield criterion has been considered
for describing their failure. With the aim to reproduce as closely as possible the rock mass
conditions observed on a real tunnelling site, the material characterisation has been done by
using results from laboratory tests performed on gneiss rock samples (i.e. the most frequent
lithology present in the database described in Chapter 4) and reported by Ziegler et al. (2008)
and Vuilleumier et al. (2006). The geomechanical properties are summarised in Table 6.5.

Table 6.5 Geomechanical properties of the rock material (rm)

Bulk density [kg/m’] 2700
Young modulus, E [GPa] 30
Poisson ratio, v 0.3
Bulk modulus, K [GPa] 25
Shear modulus, G [GPa] 11.5
Cohesion, ¢y [MPa] 10
Friction angle, ¢ m) [°] 40
Tensile strength, 6, [MPa] 8
Dilation angle, y ) [°] 10

The bulk modulus (K) and the shear modulus (G) have been computed with Equations 6.1 and
6.2.

E
E
C=2aw 6.2

For charactering the joints, in agreement to what has been done by Gong et al. (2005 and 2006),
the Coulomb slip model has been considered, thus simulating elastic-perfectly plastic behaviour.
The joint friction angle has been recovered from about 113 direct shear tests executed on several
types of gneiss samples (i.e. paragneiss, migmatic gneiss, muscovite-gneiss, hornblende gneiss,
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biotite gneiss, mica-gneiss) both on natural and artificial joints and compiled in a database at the
Rock Mechanics Laboratory (LMR at EPFL). Figure 6.5 shows an histogram plot of the residual
friction angle indicating the mean, mode, minimum, maximum values as well as the standard
deviation In this framework the mean value (i.e. ¢=30°) has been considered for characterising
the joint shear strength.
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Figure 6.5 Histogram plot for friction angle derived by 113 direct shear tests performed on metamorphic
rocks samples at the LMR-EPFL and compiled in a specific database.

In the model, the joint normal and shear stiffness (k, and k;) define the deformability
characteristics of the discontinuities. In particular, k, describes the rate of change of normal
stress with respect to normal displacement (Equation 6.3) and k, describes the rate of change of
shear stress with respect to shear displacement (Equation 6.4) (Bandis et al., 1983):

_ 0oy
n= 5, 6.3
ot
ks = M 6.4

where o, is the normal stress, v is the normal displacement, T is the shear stress and u is the
shear displacement. The selected stiffness values must also respect the numerical constraint
imposed by UDEC solver algorithm expressed by Equation 6.5 (Itasca, 2011):

K+ 4/3G>]

AZ‘min

k, and ks < 10.0 [max( 6.5

where K and G are the bulk and shear moduli of the block material and Az, is the smallest
width of the zone adjoining the joint in the normal direction. According to Equation 6.5, the
joint normal and shear stiffness should be kept smaller than ten times the equivalent stiffness of
the stiffest neighbouring zone in blocks adjoining the joint. In the presented models the
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maximum equivalent stiffness of the zones is more than 5000 GPa (with Az, = 0.005 m),
therefore the numerical constrain is respected. Although the joint stiffness does not seem to
affect significantly the results of the models developed in this research (i.e. the chip formation
under the cutter force), the normal stiffness might strongly influence the contact overlap
between the blocks (i.e. the relative displacement). In particular, if the stiffness is too low the
overlap becomes too large and the computation cannot be performed. Therefore, in order to
avoid large block interpenetration, a fictive higher (“non-physical”) value has been chosen to
characterise the normal stiffness of the joints (i.e. k,=100 GPa/m). For what concerns the shear
stiffness, the value has been assumed referring to data coming from direct shear tests performed
by Delisio (2014) at LMR-EPFL on joints in gneissic rock samples, which fit quite well data
coming from the literature (e.g. Kulhawy, 1975).

The parameters chosen for characterising the joints (i.e. the interfaces between the rock blocks)
are summarised in Table 6.6.

Table 6.6 Geomechanical properties adopted for modelling the joints (i.e. the interfaces between the blocs

in the model) (j)
Normal stiffness. k, [GPa/m] 100
Shear stiffness, k; [GPa/m] 0.6
Cohesion, c;[MPa] 0
Friction angle, ¢;[°] 30
Tensile strength,c; [MPa] 0
Dilation angle, y; [°] 0

With the aim to reproduce the highly fractured rock masses described by Class I and Class II of
the “fault zone” classification, three joint sets are included in each model, by considering values
of the volumetric joint count (J,) between 10 and 35 (i.e. the fracturing degree range assumed
for Class I and Class II). In particular, J, is evaluated on the basis of the discontinuity spacing
(Equation 4.8, Chapter 4) which has been supposed variable from 0.25 m to 0.09 m and equal,
for a matter of simplicity, for the three joint sets in each model. It is important to observe that,
in this framework, any distinction between the two classes is not made. This is due to the fact
that the rock fragmentation is analysed at the cutter (tool) scale. As a matter of fact, the main
difference of Class II with respect to Class I is represented by the weathering degree of the
joints (i.e. absent for Class I and significant for Class II) and this aspect influences the
excavation performance mainly at the tunnel diameter scale (i.e. at the TBM-scale) in terms of
face and side-wall stability issues.

Similarly to Gong et al. (2006), all the models have a dimension of 0.6 x 0.6 m. The lower,
upper and right boundaries are constrained in order to fix the displacements (velocities) along
the horizontal (x) and vertical (y) direction and, as it was already done by Gong et al. (2005 and
20006), the cutter is simulated by applying a normal force at mid height of the left boundary
(along x-direction) through contact thickness of 15 mm. By considering a maximum thrust per
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cutter equal to 300 kN (i.e. according to data compiled in the TBM-performance database,
Chapter 4), a reduced force (L) of 100 kN (i.e. between 30 and 40% of the maximum value) is
used to model the normal cutter load. The force is applied with an increment that can vary
according to the fracturing degree from 0.5 kN to 1 kN at each computational cycle (i.e. the
higher the fracturing degree the lower the increment). Since the models are only two
dimensional, the rolling force of the cutter cannot be taken into account. Figure 6.6 shows the
geometry adopted for the simulations (the model with the joint spacing assumed equal to 0.15 m
is reported as example).
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Figure 6.6 Model geometry adopted for the discontinuum analyses.

As already mentioned, and contrary to Gong et al. (2005 and 2006) who studied a single joint
set, in this work three joint families with different spacing values have been considered for
evaluating the influence of changing fracturing degrees (expressed by J,) on the chip formation
process. By varying the joint spacing in each simulation, six models have been created. The
corresponding J, values as well as the joint orientation are reported in Table 6.7.

The dip direction of the first joint set is chosen in the same direction as the cutter force, while
the direction of the second joint set is assumed to be against the direction of the cutter load and
the third one is assumed to be sub-vertical (thus perpendicular to the cutter force). The joint dip
o represents the angle between the hypothetical tunnel axis (parallel to the cutter load direction)
and the joint plane (an example with one joint set is reported in Figure 6.7). As reported by
Sanio (1985) and Gong et al. (2005), the cutter penetration is affected by this angle and achieves
the maximum value for oo = 60° when the excavation advances in the same direction of the
discontinuity. In all the proposed models it has been decided to maintain the same joint
orientation by only varying the joint spacing (i.e. thus by increasing the J,). Moreover, as it can
be seen in Figure 6.6, the joint outcrop is always fixed at 80 mm above the mid-point of the
loaded area, assuming this value as the net spacing between two cutters.
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Table 6.7 Description of fracturing degree and joint set orientation for each discontinuum model
(represented also in Figure 6.6).

Model J, a[’]

No. [joints/m’] First joint set Second joint set Third joint set
1 >10
2 15
3 20 60 (-) 40 90
4 5 (with cutter load (against cutter load (7 cutter load

> direction) direction) direction)

5 30
6 >30

NN

Tunnel Axis Tunnel Axis

o =90° o = 60° ="

Figure 6.7 Orientation of one joint set with respect to the tunnel axis after (Gong et al., 2005).

Model results

Sanio (1985) affirmed that, as a direct result of high stress concentration, the rock is first
crushed in a zone just below the tool, and then the approximate hydrostatic state of stress within
the crushed zone causes tangential tensile stresses in the surrounding undamaged rock. Once the
tensile strength is attained, tensile cracks start developing from the cutting edge in a radial
direction. The chip is formed once these cracks reach the free surface of the rock.

According to Gong et al. (2005 and 2006), it is possible to identify two different modes of the
rock chipping process depending on the orientation and spacing of a single joint set:

I.  The crack initiates from the crushed zone (i.e. the zone of compressive failure induced
by the cutter indentation) and propagates forward to the joint plane.
II.  The crack, induced by the tensile failure, initiates from the joint plane and propagates
forward to reach the free surface.

In order to observe and analyse the rock crack initiation and propagation, the plastic states are
plotted at different iteration steps for all the six models. Figure 6.8, Figure 6.9 and Figure 6.10
show the results obtained for model 1 (10 <J,< 15), model 2 (J, = 15), and model 3 (J, = 20).
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Figure 6.8 Failure status of rock in model 1 at selected step: a) step 300; b) step 400; c) step 600. Circle
denotes tensile failure, cross denotes compressive failure.

In agreement with mode II of crack propagation described by Gong et al. (2005 and 2006), after
the first load increment, due to the influence of the first joint set (o0 = 60°), the element closest
to the joint plane firstly fails (Figure 6.8a, Figure 6.9a and Figure 6.10a). Then, the crack
propagates along the zone of tensile failure (Figure 6.8b, Figure 6.9b and Figure 6.10b) and the
chip is formed once the free surface is reached (Figure 6.8c, Figure 6.9¢ and Figure 6.10c). In
model 2 (J, = 15), it can be observed from the plotted results (Figure 6.9¢) that the tensile
cracks are also initiated below the cutter edge. This is probably due to the higher influence of
the second joint set (o0 = 40°) characterised by a lower spacing with respect to model 1 (10 <J,<
15). However, the crack below the cutter edge does not occur in model 3, when J, = 20 (Figure
6.10c), although the spacing of the second joint set decreases. A possible reason for this can be
the more significant spacing reduction, with respect to model 2, of the first and the third (a0 =
90°) joint set resulting in a different stress redistribution within the block which is immediately
under the cutter. This is probably due to the higher influence of the joint planes behind those
that delimit the block. It is important to note that, after the first steps, compressive failure occurs
immediately beneath the cutter and propagates together with the tensile crack. With the increase
of J, (i.e. joint spacing reduction) in models 4, 5 and 6, this zone of compressive failure does
not develop anymore and the chip seems to form exclusively by the propagation of the tensile
failure elements. This is in agreement with what has been observed by Gong et al. (2006) for
lower spacing of the single joint set.
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Figure 6.9 Failure status of rock in model 2 at selected step: a) step 200; b) step 300; c) step 500. Circle
denotes tensile failure, cross denotes compressive failure.
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Figure 6.10 Failure status of rock in model 3 at selected step: a) step 200; b) step 300; ¢) step 700. Circle
denotes tensile failure, cross denotes compressive failure.

While for models 1 to 3 a minimal load increment of 1 kN must be applied before the crack
initiates , in models 4 (for J, = 25) and 5 (for J, = 30), shown in Figure 6.11 and Figure 6.12,
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the tensile failures take place at the joint plane (Figure 6.11a and Figure 6.12a) also while the
cutter force is kept constant (i.e. without applying any additional increments). As for the
previous models, the crack starts to propagate downwards to the free surface (Figure 6.11b and
Figure 6.12b) until the chip is formed (Figure 6.11c and Figure 6.12c).

Figure 6.13 shows the simulation results of model 6 (for J,> 30). Also in this case the tensile
failures take place on the joint plane, but in this case they initiate from the discontinuity
characterised by a=40° (Figure 6.13a). This is due to the fact that, unlike the models 1 to 5, the
distance of the mid-point of application of the cutter load from this joint plane is lower than the
distance from the first joint set (a=60°). As a result, the crack propagates upwards to the free
surface forming more quickly a smaller chip (Figure 6.13b) with respect to the other models.
Then, under a small increment of load (i.e. 0.5 kN), a second chip is formed, due to the new
tensile crack which propagates from the second closest joint plane (Figure 6.13c¢). This results in
a bigger chipping area, actually including two chips instead of only one as observed with the
other models.

a)
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Figure 6.11 Failure status of rock in model 4 at selected step: a) step 400; b) step 700; c) step 1000. Circle
denotes tensile failure, cross denotes compressive failure.
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Figure 6.12 Failure status of rock in model 5 at selected step: a) step 400; b) step 700; ¢) step 1000. Circle
denotes tensile failure, cross denotes compressive failure.
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Figure 6.13 Failure status of rock in model 6 at selected step: a) step 1000; b) step 1200; ¢) step 1300.
Circle denotes tensile failure, cross denotes compressive failure.

Figure 6.14 shows the main principal stress contour observed in each model. While in a
homogeneous material the stress distribution is almost symmetrical, the stress field induced by
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the cutter in highly jointed rock mass is deflected and the deviation seems to change with the

variation of the fracturing degree.
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Figure 6.14 Main principal stress contour: a) model 1; b) model 2; c) model 3; d) model 4; e) model 5; f)

model 6. Stess is expressed in Pa.

As it can be seen from Figure 6.14, high values of the main principal stresses are always
concentrated in the vicinity of the loading area and they decrease with increasing distance from
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the cutter. Due to the discontinuities, the stress contour tends to follow the joint plane closer to
the loading area (Figure 6.14a and Figure 6.14b). As J, increases (i.e. the spacing of all
discontinuity families decreases), the stress deviation starts to be affected also by the presence
of the other joint set, thus the stress contour, being deflected twice, tends to follow the block
shape (Figure 6.14c and Figure 6.14d). For higher J, the stress plot seems to be equally
deflected towards the two joint planes (Figure 6.14e and Figure 6.14f) and the location of the
tensile cracks becomes quite evident (e.g. the limits of the two chips obtained in model 6 can be
easily detected in Figure 6.14f).

In case of lower values of J, (Figure 6.14a and Figure 6.14b) it is interesting to observe that the
stress contour induced by the cutter is interrupted at the joint interfaces. As reported by Gong et
al. (2005), the joint plane “protects” from damage the neighbouring block because the failure is
unlikely reached due to the non-uniformity in stress transmission at the interface. On the
contrary, for higher J,, the stress transmission seems to occur (Figure 6.14b, Figure 6.14c,
Figure 6.14d, Figure 6.14e and Figure 6.14f) making possible the failure of the contiguous
block once the cutter load is incremented. This might have an impact on the face stability
which, however cannot be studied at this model scale.

6.4.3 Effect of the fracturing degree on the penetration rate

As already suggested by Gong et al. (2005 and 2006), in order to evaluate the penetration rate of
the cutter, the chipping area (computed as the chip surface parallel to x-direction) has been
estimated for each model as well as the chipping stress, which represents the threshold stress for
the crack to initiate and propagate inside the rock. The results are reported in Table 6.8 and the
effects of the fracturing degree (J,) on chipping area and chipping stress are plotted in Figure
6.15 and Figure 6.16. The ratio of chipping area over chipping stress (P), reported in Table
6.8, denotes the amplitude of the rock chip per unit cutter force for different J, values and thus
indirectly stands for the cutter penetration rate.

Table 6.8 The effect of J,, on the cutter penetration (P ), calculated according to previous work done by
Gong et al. (2005 and 2006).

Vodel Ro- ottt | | e | emepad
! > 10 40 11.9 0.30
2 15 45 13.1 0.29
3 20 30 14.1 0.47
4 25 20 133 0.66
5 30 20 13.8 0.69
6 > 30 16 15.6 0.98

Both chipping area and chipping stress show good correlation with J,. The best fitting for the
chipping area is provided by a positive power fitting curve (Figure 6.15) that gives a quite good
accuracy of the relationship (R*=0.69). In particular, if the fracturing degree increases also the

89



Fault zone classification

chipping area seems to increase. On the contrary, the chipping stress decreases with J, (i.e. the
crack propagation proves to be easier for higher J,) and the best fit is in this case provided by a
negative power function (Figure 6.16), characterised by a very high accuracy (R*=0.92). As a
consequence of the increasing chipping area and decreasing chipping stress, the penetration rate
(expressed as Pg,p) also increases with J,. The correlation between P, and J, is shown in
Figure 6.17a and it is characterised by a very good accuracy (R’=0.95) if approximated by a
positive power function. In order to compare the obtained results with the field data included in
the TBM-performance database (Chapter 4), the preliminary analyses carried out with the aim
to find possible relationships between the rock fracturing degree and the penetration rate in
mm/rev (p) of the machine (see Chapter 5) have been used here as a target. In particular, only
the tunnel sections classified as belonging to Class I and Class II (thus characterised by J,
values varying between 10 and 35) have been considered (Figure 6.17b).
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Figure 6.15 Correlation between J, and the chipping area.
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Figure 6.16 Correlation between J, and the chipping stress.

Although they describe the same process, it is important to emphasize that the physical quantity
expressed by the ratio between the chipping area and the chipping stress (P ) is different from
the TBM penetration rate (p) expressed as mm/rev. The aim of this analysis and comparison is
just to analyse the trend of the correlation that P, and p show with J,. This is also done with
the aim to understand if these models are reliable and correctly reproduce the fragmentation
process of highly jointed rock masses. Though the different accuracy, the best fitting curve for
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both p and P, is provided by a positive power fitting function (Figure 6.17a and Figure 6.17b).
This seems to demonstrate that the significant fracturing degree of the rock generally does not
represent a hindrance for the cutter penetration which, on the contrary, tends to increase for
higher values of J;.

As it has been already observed by Gong et al. (2005 and 2006), the simulated results (P )
represent only the instantaneous process happening when the cutter force is applied on the rock
and cannot reproduce the continuous boring process of the TBM nor the interaction with
neighbouring cutters. Moreover, it is important to consider that the penetration rate values (p)
are based on a more significant amount of data (i.e. field data compiled in the database),
characterised by a higher scattering than the results obtained by the numerical simulations.
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Figure 6.17 Correlation between J, and the cutter penetration: a) penetration rate expressed as the ratio
between chipping area and chipping stress (results of numerical modelling); b) penetration rate expressed
as penetration per revolution, from data compiled in the database by considering only tunnel sections
identified as belonging to Class I and Class II of the proposed fault zone classification system.
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6.4.4 Two dimensional continuum analyses
Model generation

With the aim to investigate the rock fragmentation process in very poor and disturbed rocks
representing Class III and Class IV, an equivalent continuum medium has been considered. This
choice arises from the fact that the fracturing degree (i.e. J,) is no longer a reference parameter
for describing these two classes (see also sections 6.2.3 and 6.2.4). Therefore, it is not possible
to explicitly reproduce the joints as interfaces of well-defined blocks. Although the same code
(UDEC) has been used, in this model no joint set has been included. This corresponds to an
equivalent continuum finite difference model, where the intact rock properties need to be
properly scaled in order to take into account the effect of the extremely disturbed conditions.

According to the description of Class III and Class IV, which consist of tectonised and crushed
rocks, the extension of the Hoek and Brown failure criterion to cataclastic rocks, proposed by
Habimana (1999) and Habimana et al. (2002), has been adopted for estimating the rock strength
in the modelling. As already reported in Chapter 3, the Authors modified the generalised form
of Hoek and Brown including a parameter (t), which depends on the mechanical and chemical
weathering undergone by rock mass and expressed by the Geological Strength Index (GSI). The
suggested failure criterion is reported in Table 6.9 as well as the new variation ranges of the
involved parameters which have been partly modified from the previous ones for better
reproducing the behaviour of cataclastic rocks.

Table 6.9 The Hoek and Brown failure criterion modified by Habimana (1999) and Habimana et al.
(2002). Where: k,, is the passive earth pressure coefficient; m;, and m; are Hoek and Brown material
constant, respectively for rock mass and intact rock; s and a are material constant function of GSI

GSI\*>®
t=(—
(100)

my =k, — 1(ml- —ky + 1)exp<

GSI — 100)
28
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For the continuum modelling, the new geomechanical properties (Table 6.10) have been
evaluated based on the information reported in the TBM-performance database (Chapter 4).
Only the tunnel sections characterised by gneissic rocks and associated to Class III and Class [V
have been considered. The reduced uniaxial compressive strength (UCSy, corresponding to the
product to;) is set equal to 49.8 MPa which corresponds to an average value computed by
taking into account the considered tunnel sections (i.e. Class III and Class IV). For the
Geological Strength Index the average interval (i.e. 10 < GSI < 20) has been assumed.
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Table 6.10 Geomechanical properties of the rock material

Bulk density [kg/m’] 2700
Bulk modulus, K [GPa] 1
Shear modulus, G [GPa] 0.5
UCSy [MPa] 49.8
m, 3.29
s 0.0001
a 0.69

Only one model (i.e. model 7) has been developed and it is characterised by the same geometry
assumed for the discontinuum analyses, in particular:

¢ dimension of 0.6 X 0.6 m;

» constrained lower, upper and right boundaries with fixed displacements along x- and y-
direction;

* normal cutter force (L=50 kN with increment of 0.5 kN at each computational cycle)
applied at mid height of the left boundary (along x-direction) through a contact
thickness of 15 mm (evaluated according to the real values compiled in the TBM-
performance database);

* no rolling force acting on the cutter.
Model results

In Figure 6.18 the plot of the plastic failures observed in model 7 after the simulation are
reported at three different iteration steps.

As it can be observed, contrary to what has been obtained with the previous models (i.e.
discontinuum analyses), shear failure seems to be the dominant fragmentation mechanism when
a weak and degraded rock mass is modelled as an equivalent continuum medium. As a matter of
facts, the strength is strongly reduced to account for the material alteration (Class III) and
intense degree of fracturing (Class IV). As a consequence, failure is easily attained also for a
lower cutter force. The plastic area initiates from the free surface, at the loaded area, and
symmetrically expands.

The main stress contours (Figure 6.19) are almost symmetrical and the value strongly decreases
with the increasing distance from the cutter. This is in well agreement with the results obtained
by Liu et al. (2002) and Gong et al. (2006) for models studying the cracking process induced by
a single cutter in a homogeneous material.
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Figure 6.18 Failure status of rock in model 7 at selected step: a) step 10; b) step 30; c) step 50. Black
cross denotes compressive failure (red star denote failure just occurred).
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Figure 6.19 Main principal stress contour in model 7. Stress is expressed in Pa.

Also by considering what has been previously observed by several authors (Evans, 1958; Sanio,
1985; Barton, 2000; Liu et al., 2002; Gong et al. 2005; Gong et al. 2006), it can be concluded
that the chipping process in rocks characterised by high brittleness and/or discontinuous nature
is mainly due to tensile failure. On the other hand, shear failure is a realistic mechanism in
continuum plastic material such as soft rock (Barton, 2000) and this behaviour seems to be
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confirmed by the results of model 7. In this case, since no tensile cracks propagate from the
crushed zone, it becomes impossible to identify and clearly isolate a chip. This seems to confirm
the assumption according to which in faulted and crushed rocks at the tunnel face the excavation
may not proceed anymore via the usual chipping process, but it becomes mainly a problem of
removing material from the tunnel face.

6.5 Final remarks

In this chapter a specific classification system for the fault zones has been proposed, referring to
highly fractured and faulted rocks (i.e. extremely difficult ground conditions for TBM
tunnelling). The aim of this classification system is to develop a more global approach (i.e.
combination of factors instead of specific parameters) for describing these particular
environments characterised by a complex and heterogeneous structure. The main goal is to
define different fault zone classes in order to study and predict the potential TBM-performance
reduction for each of them.

In order to describe the classes, several geological/geotechnical factors have been considered.
The selection of these parameters has been done based on the compilation of several sources
(reported in Chapter 3) dealing with the geological and geomechanical characterisation of fault
zones and fault rocks. In particular, the fracturing degree of the rock mass (expressed by the
volumetric joint count, J,) and the weathering degree of the rock and of the joint surfaces
(expressed by the Geological Strength Index, GSI) represent in this framework the principal
parameters for describing the characteristics and the behaviour of each “fault zone” class. As a
result from these considerations, four classes could be defined:

1. Highly fractured rock mass;
II.  Highly fractured weathered rock mass;
III.  Cohesive fault rocks and heterogeneous rock masses;

IV. Crushed fault rocks.

The rock masses described by Class I and Class II are characterised by J, from 10 to 35
joints/m® and by GSI respectively from 30 to 60 (Class I) and from 20 to 40 (Class II). The
lower boundary values of the GSI range in Class II are due to the worse weathering conditions
of the rock and/or of the joint surfaces. Both classes can be described by the Uniaxial
Compressive Strength of the rock mass (UCS,,), which actually depends on the UCS of the
intact rock and on GSI.

In Class III and Class IV the weathering degree represents the results of faulting and folding
activities (tectonisation). The most recent GSI system becomes the main reference factor in
order to describe these classes due to the faulted structure (Class III) and to the total absence of
blockiness (Class IV) of the rock mass. Moreover, the uniaxial compressive strength proposed
by Habimana (1999) for the cataclastic rocks (UCSy) is introduced for better characterising the
rock mass. As a matter of facts, the UCSy depends on GSI that varies from 5 to 40 in Class III
and from 5 to 30 in Class IV, where the highest degree of tectonisation and degradation of the
material is reached.
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Then, in order to improve the geomechanical characterisation of the “fault zone” classes, both
discontinuum and continuum numerical models have been performed. The aim of the numerical
modelling is mainly to study the cracking and chipping process induced by a TBM cutter. The
excavation performance of a cutter is strongly affected by the rock properties, such as the
material strength and brittleness, and by the presence of geological structures, such as
discontinuity sets. With reference to the “fault zone” classification, the rock fragmentation
induced by a TBM cutter has been simulated both by discontinuum and continuum models. The
discontinuum method seems to be the most appropriate approach in order to take into account
the influence of the discontinuities on the chipping process (Class I and Class II). On the other
hand, when the degradation of the material assumes a leading role in the characterisation of the
rock mass and when the joint sets are not evident anymore (Class III and Class IV), an
equivalent continuum medium (with reduced strength parameters) better simulates the poor
quality of the rock mass.

The input parameters for the simulations have been defined based on data compiled in the
TBM-performance database described in Chapter 4 and on laboratory tests previously
performed at the Rock Mechanics Laboratory (LMR) at EPFL. For Class I and Class II,
modelled as a discontinuum medium, the influence on the chipping area and on the chipping
stress of the volumetric joint count (J,) has been investigated. Therefore, the effects of the
fracturing degree (independently from the chosen lithology) on the penetration rate of the cutter
have been evaluated. The results seem to confirm what has been obtained in the preliminary
analyses reported in Chapter 5. Higher degree of fracturing improves indeed the TBM
performance in terms of cutter penetration, since the discontinuities assist the crushing and
chipping of the rock during excavation. With increasing values of J,, the simulated penetration
rate (expressed in this framework as the ratio between chipping area and chipping stress)
follows the same rising trend as the observed penetration rate (expressed in mm/rev). Due to the
higher material brittleness (considered as the ratio between the tensile strength and the shear
strength of the rock) of the discontinuum models, it is found that tensile failure seems to be the
dominant chip forming mechanism due to the cutter, confirming the results obtained both
experimentally and numerically by previous studies. On the contrary, in the continuum models,
the rock fragmentation is due to shear failure, due to the important strength decrease of the
material. In the continuum simulations the degraded and crushed rock, (Class III and Class IV),
is described by new strength parameters reduced according to the failure criterion introduced by
Habimana (1999) and Habimana et al. (2002). Moreover, the results show that it becomes
impossible to identify a well-defined chip as no evident tensile crack forms and propagates. As
a consequence, the estimation of the rate of penetration becomes in this case a very difficult task
since the fragmentation process seems to be reduced to a problem of rock removal from the
tunnel face.
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Chapter 7 Fault zone classes and TBM
performance reduction

In this chapter a detailed analysis of the TBM performance has been carried out for each “fault
zone” class identified in Chapter 6. In particular, the penetration rate as well as machine
advancement reductions have been evaluated with respect to the best and the most frequent
performance recorded in favourable conditions. For this purpose a new section of data has been
included in the TBM performance database (Chapter 4), compiling information about tunnel
sections characterised by good tunnelling and rock mass conditions. Due to the difficulties
encountered and described in the previous chapters (Chapter 2 and Chapter 5) by applying the
existing TBM performance prediction models to difficult ground conditions (such as highly
fractured and faulted rocks), it has been evaluated, for each “fault zone” class, a specific
reduction rate to be applied to the TBM performance parameters. The results obtained in this
section will be then used for the probabilistic analyses performed in the next chapter.

Based on the observations made in Chapter 4 and Chapter 5, only the data coming from tunnel
projects excavated with gripper TBMs have been considered. As a matter of facts, the shield
TBM performance parameters do not seem to be significantly affected by crossing disturbed
zones (the shield provides protection during excavation). In addition, the available information
is not enough in terms of rock mass characterisation (especially with regard to the fracturing
degree). Therefore the different “fault zone” classes could not be identified for the projects
excavated with this kind of machine.

7.1 TBM-performance database in good tunnelling conditions

Though it is quite difficult to evaluate with exactitude the TBM behaviour in a fault zone, the
performance decrease of the machine in difficult ground conditions has been studied with
respect to the best and the most frequent (i.e. mode) performance recorded in good tunnelling
situations (i.e. normal conditions). Thus, for the same projects already included, the data about
tunnel sections excavated in good conditions have been added to the existing TBM-performance
database (see Chapter 4). In particular:

1) TBM specifications and TBM performance (RPM, thrust force, p, PR, daily AR);
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2) geological-geotechnical characteristics of the rock mass (rock strength, water inflow,
fracturing degree, weathering degree of rock and joint surfaces).

In order to choose the sections to be included, attention has been focused on stretches where a
total advance rate greater than 15 m/day has been recorded. As a matter of facts, by considering
what is reported in literature and the available data, this value seemed to be a reasonable and
good compromise to define a lower limit for the advancement rate in normal tunnelling
conditions. The chosen sections are generally characterised by unweathered rock masses with
low or medium fracturing degree and insignificant water inflows, as detailed here below:

«  volumetric joint count (J,) < 20 joints/m®: massive to slightly fractured/fractured rock
mass (see Table 4.7, Chapter 4), where the size of blocks varies from very large to
medium, according to the description proposed by ISRM (1978);

» weathering degree almost negligible: the rock mass is described as unweathered or
slightly weathered and the rock, defined as very strong or strong (UCS > 60 MPa), is
characterised by a “good” or “fair” geomechanical behaviour (see Table 4.8, Chapter 4);

* low water inflows: if present, the amount of water does not exceed 60 l/min.

For each tunnel project, it has been decided to select more or less a number of sections
equivalent to the number of sections previously compiled for the bad ground conditions.

The decrease of the machine performance, with respect to the good tunnelling conditions, has
been assessed for each lithotype. This allowed evaluating the behaviour of the machine in the
same lithotype with changing ground conditions. Table 7.1 shows the average values of daily
advance rate (m/day) and penetration rate (m/hr, mm/rev) recorded for different lithotypes in
favourable tunnelling situations. Since these values refer to several tunnel projects, each
lithotype actually represents a “category”” which can be slightly different from project to project.
The lithotype “gneiss”, for instance, might correspond to crystalline gneiss, gneiss with
subordinate micaschist but also to gneiss with minor amounts of quartzite, calc-silicates and/or
pegmatite. The best performance is given by the average between the two highest values
recorded for each lithotype during construction, while the definition of the “mode” mainly
based on the identification of ranges for each TBM parameter. As a matter of fact, due to the
fact that each section is characterised by different performances, it is not possible to define a
unique “mode” value for any lithotype. The mode value of the TBM-performance parameters,
shown in Table 7.1, refers therefore to the weighted average of each range mode. As reported in
the previous sections (Table 4.5, Chapter 4), TBM parameters such as PR and p have not been
obtained for all tunnel projects, therefore some information is not available (e.g. greenstone).
Existing prediction models have been used in order to identify whether it is possible to reliably
predict the TBM performance in good rocks. In particular, it has been observed that the average
penetration and daily advance rates recorded in good tunnelling conditions fit quite well (Figure
7.1) the performance predicted by the NTNU model (see Chapter 2 and Annex A), developed by
Bruland (1998), which considers the fracturing degree of the rock as well as the thrust force of
the cutterhead. However, it is important to underline that the predicted values are strongly
affected by two main factors: the reduced thrust per cutter and the utilisation factor U. In this
analysis, these parameters have been estimated according to most frequent values used in
literature.
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Figure 7.1 Comparison between predicted (by NTNU model, where U is supposed equal to 0.4 and the
thrust per cutter is reduced to 80% of the maximum value) and measure TBM performance. (a)
Penetration per revolution p; (b) penetration rate PR; (c) daily advance rate (daily AR).

7.2 TBM tunnelling in faulted rocks: the Qrgy

The Qtpym system (see Chapter 2 and Annex A) was proposed by Barton (2000) for extending
the TBM performance prediction also to highly jointed and faulted rocks. Based on this
observation, the Qrgy seems to be the most appropriate existing method to adopt in the poor
ground conditions considered in this research. However, as already underlined in Chapter 2, the
great number of parameters (both rock mass- and machine-related) involved in the calculation
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strongly limits its application, especially due to the low quality that often characterises the
geological and geotechnical information coming from the field. Because of this “practical”
limitation, the Qpy cannot be properly assessed in the tunnel projects studied in this work.
However, very simplified assumptions have been considered (i.e. especially for what concerns
the joint conditions), but the comparison with the real data did not prove to be meaningful. As it
is possible to see from Figure 7.2, the predicted values (circles) seem to underestimate the actual
PR recorded during the excavation (crosses).
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L (((]
0.50 | o )§2>{ .. ...'..Im. w * . ..'
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Figure 7.2 Comparison between the actual penetration rate PR (crosses) and the PR predicted by the
Qrpwm (circles) according to the Equation 2.2 (see Chapter 2). Each cross (circle) represents a tunnel
section. This chart refers only to a portion of the collected data, in particular to the tunnel sections where
the information about the penetration rate was available (see paragraph 4.2, Chapter 4).

The difficulty to explain the poor correlations between Qrpy and penetration has been already
underlined by Sapigni et al. (2002) who did not find reasonable comparisons between actual and
predicted performances. Based on statistical analyses on data from tunnel excavated in
predominately hard metamorphic rocks, the Authors concluded that Qtgy seemed to show low
sensitivity to penetration rate and that the correlation was even worse than the one obtained with
conventional Q or other basic parameters like UCS. It must be emphasised, as underlined also
by Sapigni et al. (2002), that the reliability of the Qrgy cannot be judged on the basis of a
limited number of data (i.e. few tunnel projects with respect to the ones analysed by Barton) and
on the basis of not full detailed information. However, the fact that the model takes into
consideration too many parameters (some of them affected also by the human experience)
represents an important issue to deal with.

7.3 TBM performance reduction analyses

Knowing the TBM behaviour in good excavation conditions, it is possible to estimate the
decrease of performance due to difficult conditions. In each “fault zone” class, the penetration
per revolution p (mm/rev), the cutterhead rotation speed RPM (rev/min), the penetration rate PR
(m/hr) and the daily advance rate AR (m/day) have been “normalised” considering the average
values of the best and of the most frequent performance as expressed in Table 7.1 for each
lithotype.
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Unfortunately, as previously said, while the computation of the daily advance rate has been
possible for all tunnel sections included in the TBM-performance database, the values of p,
RPM and PR are not available for some sections compiled in the database. However, it is
possible to observe that the performed analyses can be always considered representative since
data are available for more than 50% of the total tunnel sections included in each class. Table
7.2 shows the “representativeness” of each “fault zone” class per type of TBM parameter
analysed.

Table 7.2 Percentages of tunnel sections considered in the estimation of the TBM-performance
parameters (per “fault zone” class)

TBM parameter Class I Class II Class I1I Class IV
p, RPM, PR 76 % 52% 61 % 71 %
Daily AR 100 % 100 % 100 % 100 %

7.3.1 Cutterhead rotation speed, RPM

The cutterhead rotation speed strongly depends on the dimension of the machine, therefore, to
do a comparison among several different tunnel projects (i.e. characterised by different sizes of
excavations diameters) might give not relevant results. For this reason, it has been decided to
take into consideration the percentage of reduction with respect to the real (i.e. maximum) value
of RPM of the TBM (RPM ).

In Figure 7.3 the decrease of RPM, with respect to RPM .4, is represented for each “fault zone”
class.

In Class I (Figure 7.3a) the RPM keeps constant for most of the sections where a minor
reduction has been recorded. As a matter of fact, more than 80% of sections is characterised by
RPM greater than, or equal to, 80% of RPM .., while less than 10% is reduced up to 60% of the
maximum value.

A similar behaviour has been observed in Class II (Figure 7.3b), where the high weathering
degree of the joint surfaces seems not affecting the RPM of the TBM. However, a certain
reduction with respect to Class I has been recorded: less than 70% of sections is characterised
by a RPM greater than (or equal to) 80% of RPM,,,,, while more than 10% shows significant
decrease with respect to the maximum value (down to 40% of RPM ,.x).

In Class III, i.e. faulted rocks, (Figure 7.3c) the reduction of RPM is more evident.
Approximately 70% of sections is indeed characterised by a RPM lower than 80% of RPM
and approximately 40% of them is reduced to values comprised between 40% and 60% of the
maximum value.

An important reduction has been observed also in Class IV, described by crushed rock masses
(Figure 7.3d). In this case about 40% of tunnel sections keeps the RPM close to the maximum
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value, while a same number of sections is characterised by RPM between 40% and 60% of
RPMmax-

The results obtained for the cutterhead rotation speed clearly show the influence of highly
fractured and faulted rocks on the TBM performance, especially in the last two “fault zone”
classes, which represent indeed the worst tunnelling conditions. The RPM shows an inevitable
reduction in challenging environments (such as crushed rock masses) that hinder operational

issues related, for instance, to the efficiency of the muck removal system.

(a) (b)
100.0 100.0
90.0 i a0.0
80.0 ‘ 80.0
o 70.0 A w 700
§ 800 . & eoo LB
T 500 F; £ s00 -
& 400 s & 400 e
#® 300 ) ® 300 -~
200 I 200 e
10.0 ’ 100 -
0.0 0o
o 98 98 o8 de g8 ge e e
& $ & & § b k. & &$ &
d 4 ™
jb rfé 19°$§ ""‘b 59& 'e§ loé§ ""b
e d ¢ < s o )
£ S § & £ $ & £
RPM/RPM,,,,, (%) RPM/RPM,,, (%)
(©) (d)
100.0 100.0
90.0 80.0
80.0 80.0
» T0.0 2 700
S 600 5 800
T 500 T 500
& 400 I ® 400{ 000 gpmmemememmm———=a
® 30 0 TTTTEEsmsse-. # 300
20.0 200
10.0 100
0.0 0.0
¢ de de 9 3¢ e ge o0 oe o0
& $ $ $ § $ $ § § &
L3 b b b r:' 3 G 0 L P
& & & > & & & &
i b b ¥ b b b L3
3 3 & o & g & o
) ° & & A3 < &
RPM/RPMumay (%) RPM/RPM,,, (%)

Figure 7.3 Reduction of the cutterhead rotation speed RPM (rev/min) with relation to the RPM,,,,x of the
machine. The broken line represents the average trend in each class. (a) Class I; (b) Class II; (c) Class III;
(d) Class 1V.

7.3.2 Penetration per revolution, p

In Figure 7.4 the decrease of the penetration per revolution (p), with respect to the best
performance (pma.x) and the most frequent performance (pPmo¢e) recorded in good tunnelling
conditions, is represented for each “fault zone” class.

In Class 1, i.e. highly fractured rock masses (Figure 7.4a), the majority of the tunnel sections
(i.e. more than 60%) is characterised by a p-value approximately equal to the best performance
recorded in good tunnelling conditions (p greater than 80% of p.y). A reduction of about 40%
to 60% is observed for only 10% of sections. This result seems to confirm the theory, already
introduced in the previous chapters, that the high number of joint sets generally does not
represent a hindrance to the boring process. For what concerns the most frequent (mode)
performance recorded in good tunnelling conditions, about 50% of the tunnel sections is
characterised by a p-value equal (or even greater) to puoqe- A decreasing trend can be observed
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down to the range corresponding to 40 - 60% which interests less than 10% of sections. This
result does not differ significantly from the p-reduction trend obtained by considering the best
performance (ppax)-
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Figure 7.4 Reduction of the penetration per revolution p (mm/rev) with relation to the best performance

Pmax (on the left) and the most frequent performance pn.qe (0n the right) recorded in the same lithotype

with good ground conditions. The broken line represents the average trend in each class. (a) Class I; (b)
Class II; (c) Class III; (d) Class IV.
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Similar results are observed for Class II. However, in this case, more variable values for p have
been recorded. As it is possible to observe (Figure 7.4b), about 20% of the tunnel sections is
affected by an important performance decrease, i.e. down to 20% of the best performance value.
Unlike Class I, only approximately 30% of sections exceeds the 80% of the best performance
recorded in good tunnelling conditions. Lower values of p can be explained by the decreased
surface quality of the joints (poor and very poor), where a high weathering degree might signify
soft clay joints-fillings. Actually, this can represent a problem for the interaction between rock
mass and TBM cutters because the excavation may not proceed anymore via the usual chipping
process. Also in the histogram describing the p-reduction with respect to the mode performance,
about 20% of the tunnel sections is affected by an important decrease. Approximately 30% of
sections exceeds the 100% of the reference performance recorded in good tunnelling conditions
and more than 20% of sections is characterised by a reduction comprised between 60% and
80%. Compared to what has been obtained for the best performance, a peak shift to the right
occurs for Class II. This is obviously due to the fact that the reference value is lower (Ppoge <
Pmax). However, a similar range distribution can be observed in both situations.

Regarding Class III a totally different behaviour has been observed (Figure 7.4c). As a matter of
fact, more than 70% of sections is characterised by a p-value greater than (or equal to) 100% of
Pmax- It 1s important to say that, in this class, the fracturing degree can be no longer considered
as a reference parameter. Therefore, though it is not possible to justify the increasing of the
penetration with a high number of joint sets, the apparently easier boreability of the rock can be
explained by a significant strength reduction due to an intense faulting and folding process.
Moreover, concerning the mode performance analysis, a significant peak (i.e. about 70% of
tunnel sections) has been observed for the values equal to or greater than p.q. recorded in good
rocks and approximately 10% of sections is characterised by a reduction down to 80%. This
trend is almost equivalent to the one obtained for the analysis done by considering the best
performance values, where more than 10% of tunnel sections is characterised by the greatest
reduction (from 20% to 40% of Pnax)-

High values of p have been recorded also for the crushed rock masses described by Class IV
(Figure 7.4d). As it is possible to observe, about 50% of the tunnel sections is characterised by p
greater than or equal to 80% of pu.x, While, only about 20%, by a reduction comprised between
20% and 40% of the best performance. In this class the rock is characterised by the highest
degree of mechanical degradation and chemical weathering, reaching a soil-like state. This
almost total loss of strength of the crushed material, seems, on one hand, leading to a better
boreability of the rock mass but, on the other hand, could reduce the chipping efficiency. In the
histogram showing the mode performance analysis, about 50% of the tunnel sections is
characterised by p greater than or equal to 100% of puoqe, and about 30% is reduced to 40% of
the mode performance. The p-reduction trend obtained for the best performance is almost
confirmed. Only a slight increase of the tunnel sections characterised by a value greater than or
equal to 100% of the reference performance can be observed as well as the shift to the right of
the lowest reduction range. This is again explained by a lower reference value (Pmode < Pmax)-

Contrary to the effects that bad ground conditions have on the cutterhead rotation speed (RPM)
which is affected by the excavation problems at the TBM scale, the results of this analysis
clearly show that the penetration of the rock by the cutters (i.e. at the tool scale) does not
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represent a particular issue in highly fractured and fault zones. Thus, the recorded p-values are
not extremely low since a significant fracturing degree (together with the decrease of the rock
strength) generally assists the crushing of the material by the cutting tools at the tunnel face. A
similar effect has been observed by Delisio et al. (2013) and Delisio and Zhao (2014) in the case
of TBM excavation in blocky rock conditions.

7.3.3 Penetration rate, PR

The penetration rate (PR), expressed as meters per hour, represents the distance excavated by
the TBM in a continuous excavation phase. This parameter is a combination of the penetration
per revolution (p) and the cutterhead rotation speed (RPM) as expressed by the Equation 4.2b
(Table 4.3, Chapter 4).

In particular, if RPM increases (or decreases), PR can significantly increase (or decrease)
independently from the value of p. This means that PR does not depend only on the real
penetration at the cutter scale (mm/rev), but, being strongly related to the rotational speed of the
cutterhead, it represents somehow the penetration at the TBM-scale (without considering
downtimes and possible stops of the machine).

In Figure 7.5 the decrease of PR, with respect to the best performance (PR.) and the most
frequent performance (PR.q.) recorded in good tunnelling conditions, is represented for each
“fault zone” class.

In Class I most of the tunnel sections (about 80%) is characterised by PR greater than or equal
to 60% of PR, (Figure 7.5a). For more than 50% of them, PR greater than or equal to 80% of
PR ..« has been recorded, while about 10% of sections shows a reduction down to 40% of the
best performance. The same considerations already made for the penetration per revolution can
be applied in this case: the penetration does not represent a big issue in highly fractured rocks
and good performance can be achieved also in these conditions. Moreover, RPM shows a
negligible reduction in this class, keeping a value close to RPM,,,x for the majority of the
sections. The high values of p are therefore confirmed by the high values of PR. For what
concerns, the analysis performed with respect to the mode performance recorded in good
conditions, most of the tunnel sections (more than 90%) is characterised by PR greater than or
equal to 60% of PR ;4. For more than 60% of them, PR greater than or equal to 80% of PR 4
has been observed, while less than 10% of sections is characterised by values comprised
between 40% and 60% of the mode performance. The high values of p are again confirmed by
the high values of PR and the p- and PR- reduction trends are almost the same.

In Class II characterised by a higher variability of p (see Figure 7.4b), the same behaviour is
observed also for PR (Figure 7.5b). Also in this case a low percentage of tunnel sections (about
20%) exceeds the 80% of the best performance achieved in good tunnelling conditions.
However, a greater reduction is observed for PR with respect to the reduction observed for p. As
a matter of fact, more than 30% of sections shows a significant decrease and about 10% of them
reaches values lower than 20% of PR .. This reduction is due to the influence of the cutterhead
rotation speed (RPM). In the mode performance analysis, 20% of tunnel sections exceeds the
100% of the reference value recorded in good tunnelling conditions but the general reduction
trend is very similar to the one observed for the best performance.
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Figure 7.5 Reduction of the penetration rate PR (m/hr) with relation to the best performance PR, (on
the left) and the most frequent performance PR 4. (0n the right) recorded in the same lithotype in good
ground conditions. The broken line represents the average trend of PR in each class. The grey lines
represent the average trend of p and RPM. (a) Class I; (b) Class II; (c) Class III; (d) Class IV.
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In Class III the tunnel sections are characterised by rather high PR (Figure 7.5¢). The reduction
of RPM observed in this class (see Figure 7.3c) affects the percentage of sections interested by
the highest values of PR. For about 30% of sections, values between 80% and 100% of PR .«
have been recorded, while for p the values even exceed 100% for more than 60% of sections.
By considering the most frequent PR (i.e. mode PR) recorded in good conditions, 30% of
sections is characterised by values equal to (or even greater than) the mode performance. Some
sections show an important reduction, down to reach PR lower than 20% of the PR ;,o4ec.

In Class IV the values of PR do not reflect what has been observed for p (Figure 7.5d). Despite
approximately 30% of tunnel sections is characterised by PR greater than or equal to 80% of
PR ..k, for more than 40% of sections PR shows a strong decrease with respect to the best
performance recorded in good conditions, down to values lower than 20% of PR,,x. Moreover,
the clear reduction of RPM in this class seems to affect more PR than in Class III. As a matter
of fact, it has been observed that in crushed rocks a greater percentage of tunnel sections is
affected by a significant decrease (40% to 60% of RPM,,.x) of the cutterhead rotation speed
compared to the one in faulted rocks (i.e. Class III). Regarding the mode performance analysis,
more than 50% of tunnel sections is characterised by PR greater than or equal to 80% of PR 4.
and approximately 50% of sections by PR lower than 60% of the mode performance recorded in
good conditions.

The results obtained for the reduction with respect to the mode performance do not differ from
what has been observed for the best performance analysis. As a matter of fact, as it is possible to
see, though a shift to the right of the histogram peak can be observed, due to the difference
between PR .« and PR o5 (PRiode < PRuax), the PR-reduction maintains the same trend for
each “fault zone” class.

7.3.4 Daily advance rate, daily AR

The daily advance rate (daily AR) is expressed as meters per day and represents the real
advancement of the TBM. Since it takes into account also downtimes and stops of the machine,
it is probably the performance parameter more affected by uncertainties. Though, by referring to
time-construction plans of the projects, it has been possible to exclude from the analyses holiday
terms and TBM-maintenance intervals, the daily AR remains a function of the utilisation factor
(U) of the TBM (as expressed in Equation 4.3, Table 4.3, Chapter 4) which is affected by
several factors (e.g. geological conditions, performance and human component) extremely
difficult to be predicted and evaluated. However, a certain trend can be defined for the daily AR
reduction in each “fault zone” class.

Figure 7.6 shows the decrease of daily AR, with respect to the daily AR, (i.e. the average
value between the two best performances recorded in good tunnelling conditions) and the most
frequent performance (i.e. daily AR ;04), for each “fault zone” class.

As reported in Table 7.1, unlike the other parameters (i.e. p, RPM and PR), the daily AR has
been estimated considering all the tunnel sections included in the database. Therefore, it is the
most representative of the collected data. In order to better describe the performance reduction
in each class, and thus reach a higher degree of detail, smaller intervals have been considered
for this analysis.
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In Class I (Figure 7.6a) about 30% of tunnel sections is characterised by a daily AR comprised
between 20% and 30% of the best performance (daily AR,,,;) while more than 10% of sections
shows a significant reduction, down to values lower than 20%. Daily AR greater than 50% of
daily AR, is recorded for approximately 30% of sections, but it does not exceed 70% of the
best performance. In the histogram concerning the mode performance analysis, about 30% of
tunnel sections is characterised by a daily AR comprised between 30% and 40% of daily AR 04e
while more than 10% of sections undergoes a significant reduction, reaching values lower than
20% of the mode performance. Daily AR greater than 50% of daily AR.q¢ is recorded for
approximately 50% of sections, also exceeding 70% of the mode performance.

Class II shows a different trend (Figure 7.6b), where more than 60% of tunnel sections is
characterised by a highly reduced daily AR (lower than 30% of daily AR,,). About 40% of
sections reaches percentages lower than 20% of the best performance, while about 20% has
daily AR comprised between 40% and 60% of daily AR,.x. There is a very low percentage
(about 5%) of tunnel sections where the daily AR exceeds the 90% of the best performance
recorded in good conditions. However, this percentage is so low and so distant from the mean
value of the class, that it is not taken into consideration for defining the average trend of the
daily AR. Regarding the mode performance, approximately 50% of tunnel sections is
characterised by values lower than 30% of daily AR... About 25% of sections reaches
percentages lower than 20% of the mode performance, while about 20% shows daily AR
comprised between 30% and 40% of daily AR.e.. More than 10% of tunnel sections is
characterised by daily AR comprised between 60% and 70% of the mode performance and, also
in this case, about 5% of sections shows values greater than 90% of the reference performance
in good rock conditions.

In Class III, the reduction of the performance is still evident but differently spread with respect
to the first two classes (Figure 7.6¢). A specific trend is not visible because the percentages are
quite evenly distributed among the tunnel sections. The daily AR does not exceed 50% of the
best performance and more than 60% of sections is characterised by values lower than 30% of
daily AR .x. The lowest values (lower than 10% of the best performance) have been recorded
for about 30% of sections. Unlike what has been observed for the best performance, a
decreasing trend is visible in the reduction with respect to the daily AR 04e, Up to reach values
comprised between 60% and 70% of the mode value recorded in good tunnelling conditions.
Also in this case, the lowest values (lower than 10% of the daily AR ,q.) have been recorded for
about 30% of tunnel sections.

The most significant reduction has been recorded in Class IV where the daily AR proves to be
lower than 40% of daily AR, in each tunnel section (Figure 7.6d). However, unlike the faulted
rocks, the vast majority of the sections is characterised by values lower than 10% of the best
performance (more than 45% of sections). About 90% of the tunnel sections shows values that
do not exceed 30% of daily AR ,,x. With reference to the mode value, the daily AR proves to be
lower than 50% of daily AR .4 in each analysed tunnel unit. Finally, a quite important number
of sections (i.e. more than 40% of the total) is characterised by values lower than 10% of the
mode performance. About 90% of tunnel sections shows values that do not exceed 30% of daily
AR node-
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Figure 7.6 Reduction of the daily advance rate AR (m/hr) with relation to the best performance daily
AR .« (on the left) and the most frequent performance daily AR 04 (0n the right) recorded in the same
lithotype in good ground conditions. The broken line represents the average trend of daily AR in each
class. (a) Class I; (b) Class II; (c) Class III; (d) Class IV.

The reduction trends of the daily AR obtained referring to the mode performance recorded in
good tunnelling conditions, are very similar to the ones observed in the analysis performed
respect to the best performance. Only in Class I a shift to the right of the peak occurs (as already
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said, mainly due to the fact that daily AR .4 < daily AR.x), while in Class III a more definite
trend could be identified (in the best performance analysis the reduction percentages are more
equally distributed among the sections).

7.4 Result discussion

The results allow affirming that the TBM rate of penetration (expressed as p or PR) does not
seem to be the major issue in highly fractured and faulted rock masses. The penetration per
revolution (p) does not show any significant reduction with respect to the good tunnelling
conditions, quite the contrary, an increase has been even observed in Classes III and IV (Figure
7.7a). As already mentioned, the high fracturing degree, together with the strength reduction
undergone by the rock material (especially for Class III and Class IV), seem facilitating the
boring process rather than hindering it.

The RPM seems to be more affected by the worsening of the ground conditions. This is
certainly connected to the different scale considered for the analyses. In particular, at the tool-
scale (i.e. p) the face stability issues do not represent a hindrance to cope with, on the contrary,
if the the tunnel diameter scale (i.e. RPM) is considered, the stability problems have to be taken
into account. As a matter of facts, a certain decrease can be observed in the last two classes
(which correspond to the worst tunnelling conditions), while in Classes I and II the values are
very close to the maximum RPM of the machine (Figure 7.7b). However, it is important to
remind that RPM is also affected by the skill of the TBM operator, as well as by the possibility
to adapt the rotation speed according to the changing ground conditions right on time.

Thus, mainly due to the influence of the cutterhead rotation speed (RPM) of the machine, also
in the case of PR the performance decreasing trend with decreasing ground conditions is more
evident (Figure 7.7c¢).

Finally, the daily advance rate (daily AR) is the parameter which shows the most evident
reduction. The decreasing trend could be observed from the first to the fourth “fault zone” class
(Figure 7.7d). A quite important reduction of the daily AR (down to 40% of the best
performance) can be observed with just an increasing degree of fracturing (Class I). Then, the
difference between the reduction percentages becomes smaller from one class to the next one.
The minimum is clearly reached with Class IV (representing the worst excavation conditions)
where the majority of tunnel sections is characterised by daily AR lower than 10% of the best
reference performance (see also Figure 7.6d).

Despite of this result, however, it is important to underline that the advance rate of the TBM
strongly depends on the utilisation factor of the machine (U) for which it is extremely difficult
to establish a direct correlation with the geological/geotechnical conditions of the rock mass,
since it is affected by several other factors, including experience of the crew, contractual
decisions, working conditions, etc. and thus it can be only estimated with a certain uncertainty
degree (Einstein, 1996).
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Figure 7.7 Average reduction of the TBM parameters, in each “fault zone” class with respect to the
performances recorded in good tunnelling conditions. (a) average reduction of the penetration per
revolution (p) with respect to the best (puax) and the most frequent performance (pmode); (b) average
reduction of the cutterhead rotation speed (RPM) with respect to the maximum RPM of the TBM
(RPMax); (c) average reduction of the penetration rate (PR) with respect to the best (PR ;<) and the most
frequent performance (PR 04 ); (d) average reduction of the daily advance rate (daily AR) with respect to
the best (daily AR ,,c) and the most frequent performance (daily AR jode)-

7.5 Final remarks

After having classified the data compiled in the TBM performance database according to the
classification method proposed in Chapter 6, for each of the four identified “fault zone” classes,
a specific reduction of TBM performance has been estimated by taking into account the best and
the mode performances characterising the TBM advancing in good tunnelling conditions. The
reduction rates applicable to the TBM-performance parameters in each class are summarised in
Table 7.3. The percentages refer to the reduction ranges covered by the histograms reported in
Figure 7.3, Figure 7.5 and Figure 7.6 for what concerns the RPM, the PR and the daily AR.
Since the reduction observed for each class is similar if considering the best performance or the
mode (the difference is mainly related to the gap between the best performance and the relative
mode performance), the table includes only the decrease with respect to the best performance.
Moreover, in order to better distinguish the influence of each class on the TBM performance,
the most frequent reduction (MFR) is also reported.

The reduction rates reported in Table 7.3 can be easily applied to the TBM-performance
parameters estimated in normal/good tunnelling conditions by means of the existing prediction
models (such as the NTNU model).
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Table 7.3 The rates of reduction for each “fault zone:” class (estimated with respect to the best TBM
performance and obtained by the histograms reported in Figure 7.3, Figure 7.5 and Figure 7.6) to be
applied to the TBM-performance parameters evaluated by existing performance prediction models (e.g.
the NTNU model) in ordinary tunnelling conditions (see also Annex C)

Rate of reduction
TBM parameter| (to be applied to the best predicted performance: RPM .y, PR may, Daily AR pay)
Class I Class I1 Class IIT Class IV
80% - 100% 60% - 100% 40% - 100% 40% - 100%
RPM [rev/min] MFR MFR MFR MFR
80% - 100% 80% - 100% 40% - 60% 40% - 60%
40% - 100% 20% - 100% 20% - 100% 20% - 100%
PR [m/hr] MFR MFR MFR MFR
80% - 100% 60% - 80% 60% - 80% 20% - 40%
10% - 70% 10% - 60% 10% - 50% 10% - 40%
Daily AR MFR MFR MFR MFR
[m/day]
20% - 30% 10% - 20% < 10% < 10%

As it can been observed, though the obtained results are linked to the quality of the data
collected in the database, and thus prone to be improved by introducing more data, it is
important to underline that the outcomes of this analysis provide useful insights and give a first
qualitative overview on the reduction of the TBM performance in difficult ground conditions

such as highly jointed and fault zones.
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Chapter 8  Probabilistic analysis of TBM
tunnelling in highly fractured and faulted

rocks with the Decision Aids for Tunnelling
(DAT)

The results presented in the previous chapter, regarding the reduction of the TBM performance
characterising each “fault zone” class, have been used to perform probabilistic analyses of the
tunnel construction. The aim of these analyses is to obtain time and cost estimation of TBM
tunnelling in highly fractured and faulted rocks. These analyses have been performed with the
software package called “Decision Aids for Tunnelling” (DAT).

The DAT are a model and a computer software that can be used to evaluate the effect on tunnel
construction cost and time of the uncertainties related to both the geological/geotechnical
conditions and the construction process (Dudt et al., 1996; Einstein et al., 1999; Haas and
Einstein, 2002).

In this section, the DAT have been used to determine the risks related to tunnelling in highly
fractured and faulted rock masses. In particular, by taking into consideration the fault zone
classification method presented in Chapter 6, the construction of a 10 km long tunnel (and then
of a real tunnel) has been simulated to quantitatively assessing the effects that degrading ground
conditions may have on TBM excavation in terms of construction time and costs.

8.1 The Decision Aids for Tunnelling

Tunnel construction is always characterised by a high degree of uncertainty, which is linked to
two principal aspects (Einstein, 1996):

1) the geological conditions along the tunnel alignment, which are never exactly known;
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2) the construction process, which includes the variable performance of crew and
equipment, repairs and maintenance occurring at various intervals, as well as
accidents/breakages.

These two aspects practically make impossible the prediction of advance rates and costs.

The DAT can formally quantify uncertainties in tunnelling thus providing a basis for
determining the related risks. This is done by simulating the construction of a tunnel (or a
network of many tunnels) in a number of different possible geological profiles. Most of the
parameters governing the simulation can be defined in a probabilistic way, resulting in the
overall uncertainty about a project with respect to construction cost and time (Haas and
Einstein, 2002). The DAT have been applied in a number of cases (Einstein et al., 1999; Min et
al., 2008) and have been further developed to consider details of resource modelling (Min,
2008) and applications to linear/networked infrastructure projects involving structures other
than tunnels (Moret and Einstein, 2011). A recent application (Ritter et al., 2013) uses the DAT
to model muck removal and reuse. Finally, the DAT have been also used to compare TBM
excavation versus drill & blast excavation in difficult ground conditions (Paltrinieri et al.,
2014).

The DAT are a toolbox consisting of two main modules, called “geology module” (description
of geology) and “construction module” (simulation of construction). The geology module
produces probabilistic geologic/geotechnical profiles indicating the probability related to
particular geological conditions occurring at a specific tunnel location. The profiles are usually
obtained by combining objective information and subjective estimations done by tunnel experts.
A third module, called “resource module”, allows taking into consideration production and
consumption of resources (construction material, muck material, labour or equipment) and
modelling the effect of interfering activities.

Following a hierarchical structure, the geology along a tunnel is initially subdivided into
“zones”. The term “zone” is used to identify a stretch of ground which may be described as a
“geologically homogeneous zone” characterised by a set of ground parameters. Each of these
zones consists of a sequence of “segments” in which a specific set of parameter states occurs
(Einstein et al., 2012). An example of the hierarchy of the geological subdivision is represented
in Figure 8.1.

Zones | lgneousrocks | Metamorphicrocks | Igneous rocks | Sedimentary rocks |
Parameters Parameter states

lithology ||  Gneiss | Schist | Graniticgneiss | Gneiss |
Strength ‘Medium ‘ Low ] High ] Medium ‘
Groundclass | GC1 |[6c2| 63 | eca  |acs| GC1 |

Distance along tunnel axis

Figure 8.1 Hierarchical representation of the geological input in the DAT.
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Usually, Markov chains are used to simulate the segment sequence of the parameter states along
the zones. The Markov process is characterised by mean lengths of the states and transition
probabilities from each state to the others (Einstein, 1996). The mean lengths and the transition
probabilities of the parameter states are generally subjectively estimated. With reference to
Figure 8.1, this is equivalent to define the mean lengths of the states “gneiss”, “schist” and
“granitic gneiss” and the probability with which these states will change from one to another
(like gneiss to either schist or granitic gneiss). After computing possible Markov chains for each
parameter, these are combined together into a possible ground class profile along each zone.
Several simulations are then performed to obtain an equivalent number of possible ground class
profiles along the tunnel alignment, in order to represent the whole range of geological
conditions (in particular, Figure 8.1 shows for example the result of a single geology
simulation). Alternatively, according to the available information, other approaches may also be
used to generate the segments.

Once the geology simulations are completed, the construction module simulates tunnel
excavation through each ground class profile generated by the geology module. In particular,
each ground class is related to a particular “construction method” which defines the excavation
procedure as well as the support requirements (Einstein et al., 2012). Each “method” is then
associated to construction costs and time, which are generally defined in the form of cost per
linear unit of tunnel and advance rate. The “construction methods” may be represented as a
single activity or as a sequence of different activities (boring, supporting, mucking, etc.), each
of them defined by representative time and cost equations. Triangular distributions are generally
used for this purpose. However, uniform and lognormal distributions can also be used.

The construction of the tunnel network is then simulated by advancing round by round through
one possible geological profile. For each simulation a specific value of final cost and final time
is produced. Thus, running several simulations, a time-cost “scattergram” is produced (Figure
8.2), where each point represents the result of a single simulation.

Geologicalinput Geology module |—— 1 ground class profile

P

Construction =
module S

|

many simulations

1 Time value
Constructioninput

1 Cost value

ConstructionCost

Construction Time

Figure 8.2 Schematic diagram of the DAT methodology, after Delisio (2014).
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8.2 Effects of highly fractured and faulted rocks on TBM
tunnelling simulations with DAT

As discussed in the previous chapters, TBM operational issues related to bad ground conditions
represent a primary source of construction delays and cost increase.

In Chapter 7, the reduction of the TBM performance related to degrading tunnelling conditions
has been investigated. In order to better analyse the influence that faulted and highly fractured
rocks have on the tunnel construction time and costs, several DAT models have been built. The
excavation of a circular, 10 km long tunnel has been considered and simulated. According to the
DAT methodology, the input definition is based on two typologies of data set: the geology
related and the construction related input, described in the following sections.

8.2.1 Geology related input

The first step in the development of a DAT model is the definition of the geology input. The
considered tunnel lies in a single zone and the different ground conditions along the alignment
are defined according to different factors (ground parameters). The uniaxial compressive
strength (UCS) of the intact rock, the fracturing degree of the rock mass as well as the potential
water inflows are taken into account as ground parameters for “ordinary” tunnelling conditions.
These parameters can assume the values (or states) reported in Table 8.1. The fault zone classes
described in Chapter 6 have been considered for representing the bad tunnelling conditions.

In particular, the “STRENGTH” parameter varies according to three possible intervals of
values, corresponding to weak/medium strong (UCS < 60 MPa), strong (UCS comprised
between 60 MPa and 100 MPa) and very strong (UCS > 100 MPa) rocks. As it can be seen in
Table 8.1, the fracturing degree, the water inflows and the possible fault zones have been
considered as one factor (“ROCK-MASS-CONDITIONS”). Three possible situations have been
supposed for both the fracturing (massive, slightly fractured and fractured) and the water
inflows (low/no, medium and high), while the four “fault zone” classes define the potential
faulted and highly fractured rock masses:

1) Highly fractured rocks, C1 (corresponding to Class I of the classification).
2) Highly fractured, weathered rocks, C2 (corresponding to Class II of the classification).
3) Faulted rocks, C3 (corresponding to Class III of the classification).

4) Crushed rocks, C4 (corresponding to Class IV of the classification).

By combining the potential characteristics in terms of fracturing, water and faulted rocks, eleven
possible values/states have been finally obtained for the “ROCK-MASS-CONDITIONS”
ground parameter. With a simplifying assumption, it has been supposed that water inflows
cannot occur in massive rock masses while they are not even specified for the highly fractured,
faulted and crushed rocks. This is due to the fact that, according to what has been discussed in
previous chapters, any further reduction of the TBM performance does not depend on the inflow
degree in the fault zone classes.
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Table 8.1 Ground parameters and possible values/states.

Ground parameter

STRENGTH ROCK-MASS-CONDITIONS
Values/states
UCS <60 [MPa] (S1) Massive (large blocks)-low (no) water inflow (FW1)
60 < UCS < 100 [MPa] (S2) Slightly fractured-low water inflow (FW2)
UCS > 100 [MPa] (S3) Slightly fractured-medium water inflow (FW3)

Slightly fractured-high water inflow (FW4)
Fractured-low water inflow (FW5)
Fractured-medium water inflow (FW6)
Fractured-high water inflow (FW7)

Highly fractured rocks (C1)

Highly fractured/weathered rocks (C2)
Faulted rocks (C3)

Crushed rocks (C4)

The segments sequence along the alignment is simulated with a Markov process. After one
simulation a ground class profile is obtained, where each combination between the ground
parameters corresponds to a specific ground class (different combinations can give the same
ground class).

An example of a possible ground class profile produced by the geology module is reported in
Figure 8.3.

10000 m
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Figure 8.3 Example of a possible ground class (GC) profile obtained by the combinations of the different
ground parameters (GP).
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For the good tunnelling conditions, described by the combinations between the Si-states and the
FWij-states (where i = 1 to 3 and j = 1 to 7, see Table 8.1), three ground classes have been
defined:

1) GCOa: the most favourable tunnelling conditions, characterised by the best TBM
performances.
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2) GCOb: very good tunnelling conditions, characterised by high values of TBM
performances which, however, never reach the best ones.

3) GCOc: quite good tunnelling conditions, characterised by acceptable TBM
performances.

Concerning the bad tunnelling conditions, the Ck-states (where k = 1 to 4) define the ground
classes GC1, GC2, GC3 and GC4 (corresponding to the four “fault zone” classes defined in
Chapter 6) independently of the “STRENGTH” parameter value (Si), which, as previously said,
is no more a representative characteristic for this kind of rocks.

Several DAT models have been developed in order to simulate different ground conditions. All
models are characterised by about 55% of good tunnelling conditions (i.e. GC0Oa, GCOb and
GCOc) and about 45% of bad tunnelling conditions (i.e. GC1, GC2, GC3 and GC4). For the bad
tunnelling conditions, the percentage of each fault zone class has been fixed in each model.
More in detailed, the following three scenarios have been considered (see Table 8.2):

1) Model 1: not extremely challenging geological conditions. In particular, 20% of class
GCl1 (and GC2) corresponds to 2000 m excavated in highly fractured rock masses (and
in highly/weathered rock masses). In this model only 4% is considered as being
excavated in very bad ground conditions (i.e. 3% in class GC3 and 1% in class GC4).

2) Model 2: degrading tunnelling conditions. The GC3 and GC4 classes cover about 26%
of the tunnel alignment (i.e. 22% in class GC3 and 4% in class GC4), while both classe
GC1 and class GC2 is reduced to 10%.

3) Model 3: the worst-case scenario. The GC1 and GC2 classes fall to 5%, while class
GC3 covers 12%. Class GC4 reaches a maximum length of more than 2000 m (i.e. 24%
of the tunnel alignment).

Table 8.2 Fault zone distribution (bad tunnelling conditions) along the tunnel alignment in each DAT

model.
Model n. GC1 GC2 GC3 GC4
1 20% 20% 3% 1%
2 10% 10% 22% 4%
3 5% 5% 12% 24%

An example of segment generation along the tunnel and the transition matrix adopted for the
“STRENGTH” ground parameter is shown in Figure 8.4. Furthermore, the transition matrix of
the “ROCK MASS CONDITIONS” parameter used in model 3 is reported in Figure 8.5 as
example.

It is important to underline that, though in a real Markov chain an exponential distribution is
considered for defining the parameter (i.e. segment length), in this framework triangular
distributions have been adopted in order to avoid extremely short or extremely long segments.
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In particular, the triangular distributions are characterised by the same values of minimum
possible length (L, = 50 m), most frequent length (L. = 100 m) and maximum possible
length (L,.x = 150 m). The probability to move from a given range of strength to another one is
defined by the transition matrix (e.g. there is 50% of probability to go from S1 to S2 and from
S1 to S3).

" L T L L] J
50 | 100 150 /£ 5 100 150
1 Segment length [m] S Segment length [m]
v ¥
L L L Etc.

10000 m

¥ + 4
50 100 150
Segment length [m]

GPI st 52 s3

51 00 0.5 0.5

52 05 0.0 05

53 05 0.5 00

Figure 8.4 Example of segment sequence along the alignment and transition matrix of the ground
parameter “STRENGTH?” (Si, i=1, 2, 3). The length of each segment is picked with a Monte Carlo
extraction from the triangular distribution defined for each ground parameter state.

GP :"" FW1 | FW2 | FW3 | FWa | FW5 | FWe | FW7 | c2 [=] c4

10

FW1 0.0 0.1 01 015 | 015 | 015 | €015 | 0.05 | 0.05 | 005 | 0.05

FW2 0.1 0.0 0.1 0.1 0.15 0.15 015 0.05 0.05 0.05 0.1

FW3 0.1 0.1 0.0 0.1 0.1 01 0.1 0.05 0.05 0.1 0.2

Fwa 0.1 0.1 0.1 0.0 0.1 0.1 0.1 0.05 0.05 0.1 0.2

FW5 0.1 0.1 0.1 0.1 00 0.1 0.1 0.05 0.05 0.1 0.2

FW6 0.1 0.1 01 0.1 01 0.0 0.1 0.05 | 0.05 0.1 02

Fw7 0.1 0.1 0.1 0.1 0.1 0.1 0.0 0.05 0.05 0.1 0.2

a 0.02 0.02 | 0.03 0.03 0.05 0.05 0.05 00 0.05 0.1 0.6

c2 0.02 0.02 | 0.03 0.03 0.05 0.05 0.05 0.05 0.0 0.1 0.6

c3 0.03 0.03 | 0.04 0.05 0.05 01 0.1 0.05 0.05 0.0 0.5

ca 003 | 0.03 | 0.04 005 | D05 | 008 | Q0B | 0.12 | 012 0.4 0.0

Figure 8.5 The transition matrix adopted for the ground parameter “ROCK MASS CONDITIONS” (FWj,
j=1,2,3,4,5,6,7 and Ck, k=1, 2, 3, 4) in model 3.

8.2.2 Construction related input

Tunnel construction is simulated with the DAT construction module. This allows combining the
geological information and the construction process. In particular, for each combination of
tunnel excavation system (i.e. drill and blast, gripper TBM, shield TBM etc.) and ground class,
a so-called “construction method” is defined. As already mentioned each “construction method”
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may be considered as a sequence of tunnelling activities, defined in terms of time and cost
equations. The variables used in the equations are called “method variables” (as their
Probability Density Function, PDF, varies from one “method” to another) and the combination
of all the defined activities is called “activity network” (Einstein et al., 2012).

In the present analysis only one excavation system, corresponding to a gripper TBM, is
considered and seven “construction methods” (referring to the different tunnelling conditions)
have been defined:

1) Method 0a: TBM excavation in the best tunnelling conditions, corresponding to ground
class GCOa.

2) Method Ob: TBM excavation in very good tunnelling conditions, corresponding to
ground class GCOb.

3) Method Oc: TBM excavation in quite good tunnelling conditions, corresponding to
ground class GCOc.

4) Method 1: TBM excavation in highly fractured rocks, corresponding to ground class
GCl.

5) Method 2: TBM excavation in highly fractured and weathered rocks, corresponding to
ground class GC2.

6) Method 3: TBM excavation in faulted rocks, corresponding to ground class GC3.

7) Method 4: TBM excavation in crushed rocks, corresponding to ground class C4.

Each of these “methods” is based on a single construction activity (“TBM advance”)
representing the total TBM advancement. It includes the TBM boring time and the production
delays (due to support installation, maintenance, ground improvements, etc.). This is actually a
common procedure for defining the construction module. In the DAT, activities are defined in
terms of time and cost equations (generally expressed as a function of the advance rate and cost
per meter respectively). Therefore, the results derived from the analysis of the TBM
performance data (presented Chapter 7) have been considered for selecting the DAT input
distributions.

In good tunnelling conditions (i.e. Method 0Oa, Ob and Oc) the data retrieved from the database
described in Chapter 4 have been used. The three distributions of daily advance rate (called AR,
in this section for simplicity) have been defined on the basis of the TBM performances recorded
in favourable ground situations (Figure 8.6).
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2 % 35
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Daily AR (ARy) [m/day]

Figure 8.6 Triangular distribution function for AR, in good tunnelling conditions. a) Best performance
(Method 0a); b) good performance (Method 0b); ¢) acceptable performance (Method Oc).

Unfortunately it is quite difficult to obtain information about the excavation costs. Therefore,
the final costs have been defined by taking into account data used in past simulations
performed, for similar modelling conditions, at the Laboratory of Rock Mechanics (LMR) at
EPFL. Figure 8.7 shows the triangular distribution considered for representing the excavation
cost per meter in good tunnelling conditions (EC,). This distribution is representative of the
excavation cost of a hard rock machine with a diameter of about 8 to 12 m (i.e. the same type of
gripper TBM included in the TBM performance database).
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Figure 8.7 Triangular distribution function for the excavation cost ECy in good tunnelling conditions.

For what concerns the bad tunnelling conditions (Method 1, 2, 3 and 4) the performance

reduction identified in Chapter 7 for each fault zone class has been used in order to take into

account the TBM advance rate decrease due to degrading ground conditions. The excavation

time t; (where i= 1 to 4 refers to each “method” in bad conditions) is thus given by the following

equation:

t; = RL 8.1
(ARO[best performance) x ri)

where:
* RL is the round length (set equal to 2.0 m, i.e. one TBM stroke);

* 1; is the reduction factor (probabilistic) computed for each “method” on the basis of the
associated histogram plot (see Chapter 7) obtained for each “fault zone” class;

* AR represents the best advance rate obtained in good tunnelling conditions (see Figure
8.6a).

The factor r; is introduced in the DAT as triangular distribution for Method 1, Method 2,
Method 4 (Figure 8.8a, Figure 8.8b and Figure 8.8d) and as uniform distribution for Method 3
(Figure 8.8c). As a matter of fact, while in the first, second and fourth classes it has been
possible to define a mode value, in the third class only a maximum and a minimum advance rate
have been identified (see Figure 7.6¢). The uniform distribution function seemed therefore the
best choice (i.e. same probability to pick any value comprised between the minimum and the
maximum). Regarding the distribution adopted for Method 4, the mode value has been assumed
equal to the minimum value (r; = 0.1). This is due to the fact that the vast majority of the tunnel
sections described by this class are characterised by advance rate lower than 10% of the best
performance (see Figure 7.6d).

If the TBM advance rate reduces according to Equation 8.1 as the ground conditions get worse,
the excavation costs increase accordingly. In particular, it has been assumed that the
construction costs increase proportionally to 1/r; (Equation 8.2):

1
¢; =RL X ECy X — 8.2
r.

L
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Figure 8.8 Distributions of the term r; (i=1, 2, 3, 4) adopted for each method related to “fault zone”
classes. The minimum value, the maximum value and the mode value are put in evidence. a) Method 1; b)
Method 2; ¢) Method 3; d) Method 4.

8.3 Simulation results

The model results are represented in the form of a time-cost “scattergram”. As already
mentioned, each point of the diagram represents the result of a single construction simulation
through a possible ground class profile.

In general, two different situations (schematically illustrated in Figure 8.9a and Figure 8.9b) can
be identified if the results of the construction simulations are represented separately for each
geology simulation. In both situations four geology simulations (G=1, 2, 3, 4) have been run,
generating four different ground class profiles. On each profile 10 construction simulations (C1
to C10) have been performed, thus generating four clouds of 10 points.

In Figure 8.9a (representing the simulation results for Case 1) it is possible to distinguish four
distinct clouds. This means that the geological conditions determine the tunnel construction time
and cost as the scatter inter-clouds is much greater than the scatter intra-clouds. On the contrary,
if the clouds overlap, as in Case 2 (Figure 8.9b), the final excavation time and cost do not
significantly vary if the geological profile changes. In such a situation, the construction
conditions have the largest influence on the estimation of the final construction time and cost.
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Figure 8.9 Time-cost scattergrams for the 4x10 DAT simulations. a) Case 1: the geology has the largest
influence on the final excavation time and cost; b) Case 2: the construction has the largest influence on
the final excavation time and cost.

In order to define the proper number of simulation for the proposed DAT models (model 1, 2
and 3), 10 x 10 simulations have been performed considering the input of model 3. For each
geology simulation the associated 10 construction simulations have been plotted separately in a
time-cost scattergram (Figure 8.10). The analogy of the chart shown in Figure 8.10 with Case 2
(Figure 8.9b) is evident and this means that the uncertainties related to the construction
conditions have a greater influence than the geological profile on the final results.
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Figure 8.10 The time-cost scattergram for the 10x10 DAT simulations.

According to this analysis, 10 geology simulations have been run for the three models; each
simulation produces a different ground class profile. Then, for each ground class profile, 100
construction simulations have been executed, thus giving 10x100 simulations of tunnel
construction.

The results for the 10x100 DAT simulations of model 1, model 2 and model 3 are represented
respectively in Figure 8.11, Figure 8.12 and Figure 8.13. The details of each simulation are
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summarised in Table 8.3, and the resulting scattergrams of the three models are compared also
in Figure 8.14.
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Figure 8.11 Time-cost scattergram for model 1 (20% of Class I; 20% of Class II; 3% of Class III; 1% of
Class IV).
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Figure 8.12 Time-cost scattergram for model 2 (10% of Class I; 10% of Class II; 22% of Class III; 4% of
Class IV).
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Figure 8.13 Time-cost scattergram for model 3 (5% of Class I; 5% of Class II; 12% of Class III 3; 24% of
Class IV).

Table 8.3 Details of the DAT output for the three models. St. dev.= standard deviation and C. V.=
coefficient of variation (i.e. st. dev./mean).

Construction time [days] Construction cost [millions CHF]
Model n.
Min Mean Max St. dev. C. V. Min Mean Max St.dev. C.V.
1 543 837 1446 151.2 0.18 240 455 782 96 0.21
2 589 903 1549 190.6 0.21 252 493 853 111 0.23
3 626 1032 1925 241.8 0.23 280 550 1051 135 0.25
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Figure 8.14 Time-cost scattergrams and normal distributions for the simulations performed for the three
models. Red cloud: model 1; blue cloud: model 2; green cloud: model 3.
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Table 8.3 and Figure 8.14 show clearly an increase of construction time and costs while moving
from model 1 to model 3 (i.e. worsening tunnelling conditions). These results are represented by
the shifting of the point clouds of models 2 and 3 towards higher values of time and costs. This
increase is also evident in Figure 8.15a and in Figure 8.15b, where the minimum, mean and
maximum values of the final construction time and cost are reported for the three models.

The results of these analyses show clearly:

* A certain increase of the mean construction time and costs (about 8% each) from model
1 to model 2. In addition, also the scatter of the points within the cloud (represented by
the coefficient of variation C.V.) becomes more important. This stays for an increase of
the uncertainty related to degrading tunnelling conditions moving from the first to the
second set of simulations.

* A significant increase of the mean construction time (i.e. about 23%) and of the mean
construction cost (i.e. about 21%) from model 1 to model 3. Moreover, in model 3 (i.e.
worst-case scenario) the C.V. reaches its maximum, which means that in this case the
estimation of the construction time and costs is characterised by the highest uncertainty
degree.

* An increase of the maximum value of construction time and costs which is much more
pronounced with respect to the variation of the mean and minimum values from model
1 and 2 to model 3. As a matter of fact, the risk of high/very high construction times
(due in particular to longer machine delays) and cost overruns becomes more significant
with worsening geological conditions.

Although the obtained results are quite interesting to get an idea of the possible delays and cost
overruns in highly fractured and faulted rocks, it should be noted that the assumptions made
may lead to a final construction cost higher than what can be observed in reality, especially for
the worst case (model 3) which represents extremely bad conditions. This is due to the
assumption done for the cost evaluation relationship, expressed by Equation 8.2, which
generates very high cost values as the rock mass conditions get worse.
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Figure 8.15 Construction time (a) and construction cost (b) for the three considered models.
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The influence of the different percentages of the “fault zone” classes on the final construction
time is more evident in the time-way diagram reported in Figure 8.16. Actually, in this graph
each line represents the average envelope of the simulations performed for each model. The
significant time increase can be observed as the ground conditions get worse (i.e. model 3 vs.
model 1).
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Figure 8.16 Average time-position curve. Red line: model 1; blue line: model 2; green line: model 3.

Finally, it is also interesting to compare the scattergrams previously described with the results of
simulations performed without considering the “fault zone” classes and, therefore, without
including any of the reduction ranges (obtained for each class in Chapter 7) for computing the
advance rate. A new model (model 4) has been thus introduced. In model 4 the “ROCK MASS
CONDITIONS” ground parameters refer only to FWj factors reported in Table 8.1 (without
considering the Cj ones). In this case, the most challenging environments are represented by the
ground classes characterised by highly fractured rocks and high water inflows. While in the
previous models (model 1, 2 and 3) only the excavation times corresponding to favourable
tunnelling conditions have been defined by using data retrieved from the database described in
Chapter 4, in model 4 also the unfavourable conditions are based on the real values of
performances collected in the database. Figure 8.17 shows the triangular distributions of daily
advance rate (daily AR) and of the excavation cost (EC) adopted in model 4 (one single chart
has been adopted for the daily AR distributions and for the EC distributions in order to better
observe the extent of the value ranges). The final scattergram is shown in Figure 8.18.

Although the different “fault zone” classes are not identified within the “general” bad zones,
model 4 is characterised by the same total percentage of difficult tunnelling conditions (i.e.
about 45%) of models 1, 2 and 3. By comparing the results of model 4 with the scattergrams of
model 1, 2 and 3 (Figure 8.19), it is evident how the extremely low advance rates (down to 1
m/day) affect the simulations. As a matter of facts, the possible construction time shows a
minimum, a mean and a maximum value very close to the results of model 3 (the worst-case
scenario described by the “fault zone” classes). Therefore, the results of this model show that,
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without making any distinction among “fault zone” classes, the potential advance rates seem to
be underestimated. This is true especially if compared to model 1 and model 2, characterised by
a significant presence of highly fractured rock masses (i.e. Class I and II) which practically does
not affect the final construction time as much as it happens in the case of faulted and crushed
rocks (i.e. Class III and IV). This means that a more detailed characterisation of the difficult
ground conditions, by distinguishing properly the impact of each identified “fault zone” class on
the excavation process, seems to be quite helpful for a better prediction of construction time and
costs.
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Figure 8.17 Triangular distribution function for daily AR and excavation cost (EC) adopted in model 4.
Light grey line: good and very good tunnelling conditions. Dark grey line: bad tunnelling conditions.
Black line: the worst tunnelling conditions.

It is important to underline that, due to the lack of real data, the cost triangular distributions used
in model 4 are based on the author experience trying to be reasonable and as closer as possible
to realistic values. Though a different method has been used for introducing this input (i.e.
Equation 8.2 for models 1, 2 and 3 and the triangular distribution reported in Figure 8.17 in
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model 4), the mean cost value obtained in model 4 is comparable to the mean costs of models 1,
2 and 3. In particular, as it has been already observed by the analysis of the final construction
time, it is closer to the value obtained in the worst-case scenario (i.e. model 3).
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Figure 8.18 Time-cost scattergram for model 4 and details of DAT output.
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Figure 8.19 Time-cost scattergram for simulations performed without “fault zone” classes (i.e. model 4,
orange cloud) and time-cost scattergrams of the “fault zone” models (i.e. models 1, red cloud; model 2,
blue cloud; model 3, green cloud).
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8.4 Application of DAT model to a real case

In order to have a better idea of the ability to represent reality, a DAT model has been applied to
a real case-study. For performing this simulation it has been chosen a stretch of about 3000 m of
the Lotschberg Base Tunnel (LBT, Switzerland). This high speed railway tunnel was
constructed between 1999 and 2006 in the Swiss Alps, between Raron (Rhone Valley) and
Frutigen (Lenker Valley). It has a length of 36.4 km and consists, for almost its whole length, of
two tubes at a distance varying between 40 and 60 m to each other and linked together by
transversal galleries approximately every 333 m. About 18.5 km of the tunnel has been
excavated by two gripper TBMs (9.43 m in diameter). From a geological point of view, the
tunnel is located between two different tectonic units, the Autochthon Gampel-Baltschieder and
the Aar Massif. The Autochthon Gampel-Baltschieder is composed of several lithological units:
the Lias zone (i.e. limestone and shale), the Dogger zone (i.e. slate, limestone and marl) and the
Malm zone (i.e. limestone). The contact between sedimentary and crystalline rocks is at about
2800 m from the South portal. It represents the major tectonic disturbance of the region named
Rote Kuh-Gampel fault. From this point on, the excavation proceeded into the Aar Massif,
composed by granite and granodiorite, granitic gneiss and massive/schistose gneiss. The depth
of cover along the alignment increases from 0 to 1950 m, reaching its maximum in the granitic
gneiss at Tm 5600 from the south portal (Raron) (Ziegler et al., 2008; Delisio and Zhao, 2013).

The tunnel stretch chosen for the DAT model (red circle in Figure 8.20) consists only of one
geological unit, the Autochthon Gampel-Baltschieder unit, where very high degree of fracturing
and large water inflows were observed during construction.

Depth [m] Autochthonous Gampel - Aar  Depth [m]
Aar Massif § Baltschieder Massif

Massive/Schistose gneiss

Tm 10005.33

Figure 8.20. Geological longitudinal profile along the LBT (modified after Ziegler et al., 2008).

For this stretch, the classification methodology proposed in Chapter 6 has been applied and the
different “fault zone” classes identified. The percentages reported in Table 8.4 have been
observed.

Table 8.4 “Fault zone” classes distribution along the selected tunnel stretch (total length 3 km).

GC1 GC2 GC3 GC4

5% 4% 2% 1%
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The DAT model has been then developed using the distribution of classes reported in Table 8.4
for defining the geology module while, for the construction module, the advance rate and cost
triangular distributions described in section 8.2.2 for model 1, 2 and 3 have been adopted. As
mentioned before, since the real cost information is not available, the analysis of the results will
be mainly focused on the final construction time values. The real excavation progress recorded
in the analysed LBT sections is reported in Figure 8.21, while the scattergram of the performed
simulations is shown in Figure 8.22.
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Figure 8.21 The excavation progress in the LBT for the stretch simulated with the DAT model
(Vuilleumier et al., 2006).

As it is possible to observe, the time results are very close to the performances recorded in the
reality. It is interesting to highlight that the real mean daily advance rate (average daily AR, =
11.4 m/day) is extremely close to the minimum performance (the worst scenario) computed by
the DAT model (minimum daily ARpar = 11.3 m/day). In addition, the real best daily AR
(maximum daily AR, = 19 m/day), recorded along the two-thirds of the analysed tunnel
stretch, is almost equal to the highest advancement estimated by the DAT (maximum daily
ARpar = 19.1 m/day). The daily AR, (i.e. 9 m/day and 13 m/day in Figure 8.21) recorded
along shorter but significantly long tunnel sections (i.e. 400 m and 380 m) are comprised
between the minimum and the mean daily ARpar (i.e. respectively 11.3 m/day and 15.4 m/day).
However, it is important to underline that each DAT simulation provides the average daily AR
along the whole tunnel length (3000 m in the case-study). Therefore, it may not be proper to
compare these values with the advancement corresponding to each single segment in the
excavation progress chart (Figure 8.21). Nevertheless, on the basis of the obtained results, it can
be concluded that the DAT model was able to reproduce this real case, allowing correct
quantification of the influence of the most difficult ground conditions on the total excavation
time.
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Final Cost vs Time

120'000

115'000

110'000

105'000

100000+

95'000

90'000 1

E’ 85'000 ¢
9
@ 80000
8
75'000
70000
85'0001
60'000 |
55'000
50'000 |
A5'000
180 170 180 19 200 210 220 230 210 250 260 270
Time [days]
Min Mean Max St. dev. C.V.
Construction time [days] 157 193 266 18.4 0.09
Dally ARDAT
(3000 m/construction time) 11.3 15.4 19.1 - -
[m/day]
Construction costs
o 45 73 117 13.4 0.18
[millions Chf]

Figure 8.22 Time-cost scattergram for simulations performed on the selected stretch and details of the
DAT output (in terms of time, cost and daily advance rate).

Moreover, the outcomes of this analysis confirm the importance of considering a more detailed
and comprehensive characterisation of the zones characterised by difficult ground conditions
which may hinder good advancement during the tunnel construction (such as extremely highly
fractured and faulted rocks), in order to model more realistic situations. Furthermore, the classes
described by the “fault zone” classification (see Chapter 6) as well as the introduction of
specific reduction ranges applied to the TBM performance (in particular for what concerns the
daily advance rate), seem to be a valid approach for obtaining more reliable predictions in terms
of excavation time.

8.5 Final remarks

The Decisions Aids for Tunnelling are a very useful tool for quantifying uncertainties affecting
tunnel excavation as well as estimating construction time and costs under variable/uncertain
conditions. In this framework, the DAT have been used for estimating the distributions of tunnel
construction time and costs that can be experienced during tunnelling in highly fractured and
faulted rocks. In particular, this analysis allows to more deeply investigating the effect of the
identified “fault zone” classes on the tunnel construction. Based on the classification system
proposed in Chapter 6, the following ground conditions have been used as input for the DAT
geology module:
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* Good, massive to slightly jointed rock (ground classes GCOa, GCOb and GCOc), i.e.
good tunnelling conditions

* Highly fractured rock (ground class GC1), i.e. Class I

* Highly fractured and weathered rock (ground class GC2), i.e. Class 11
*  Faulted rock (ground class GC3), i.e. Class III

e Crushed rock (ground class GC4), i.e. Class IV

By considering different lengths for each ground type (i.e. variable within a fix total percentage
of bad geological conditions) the DAT models allow considering different rock mass
configurations ranging from a predominance of highly fractured rocks to extremely bad
conditions, in which highly weathered faulted and crushed rock are encountered on a
considerable percentage of the whole tunnel alignment.

The tunnel excavation has been simulated by taking into account the results obtained from the
analyses performed in Chapter 7. In particular, for classes GC0, GCOb and GCOc the good
performance recorded in favourable ground conditions has been considered, while for classes
GC1, GC2, GC3 and GC4 the rates of reduction obtained for each “fault zone” class have been
introduced for estimating the final advancement. An assumption of increasing costs proportional
to increasing excavation times has also been made. The results of the simulations demonstrate
how highly fractured and faulted rocks can influence tunnel construction conditions. A
significant increase of the construction time and cost occurs while changing from “better” to
“worse” ground conditions. Furthermore, a greater uncertainty of simulation results is also
observed with degrading rock mass conditions, thus underlining the increasing difficulty in
estimating a representative value of tunnelling performance.

A comparison of these results with simulations performed without considering the “fault zone”
classes and their specific performance reduction has been also carried out. In particular, the
TBM performances compiled in the database introduced in Chapter 4 have been retrieved for
describing both good and bad tunnelling conditions. The obtained results seem to show that a
proper distinction among the effects of different “fault zone” classes on the excavation process
provides a better prediction of time and cost (i.e. in case of classification-based analysis the
results are less affected by higher values of variability).

Finally, DAT simulations have been run to model a real case-study with the aim of validating
the use of the “fault zone” classification (as well as the relative advance rate reductions) for the
estimation of the tunnel construction time. The analysis gave satisfying results since the
predicted times are very close to the values recorded in the field.

These results confirm once more the importance of the methodology presented in the previous
chapters (i.e. TBM-performance reduction associated to a specific “fault zone” class), showing
how this approach allows obtaining a more reliable estimation and evaluation of the final time
of tunnel construction in changing tunnelling conditions.
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Chapter 9  Conclusions and outlook

The mechanical excavation by Tunnel Boring Machines (TBMs) is nowadays more and more
considered a valuable alternative to conventional methods and its application in mining and
tunnelling engineering has significantly increased in recent years. In good rocks, generally, the
main advantages of TBMs can be summarised as follows: continuous operation, safe working
conditions, reduced damage of the surrounding ground, and high advance rate. At the same
time, TBM operations may be seriously affected by difficult ground conditions, such as highly
fractured and fault zones, with a consequent significant reduction of the TBM performance with
respected to the expected one.

“Fault zone” is commonly used to identify brittle shear zones generated in the upper part of the
Earth’s crust ranging from decimetres to kilometres in magnitude. Their extreme complex
structure and heterogeneous nature, due to combined contribution of weak and strong rock
components, make their geotechnical characterisation very difficult. For example, rocks
resulting from brittle faulting processes (e.g. cataclastic rocks) can show properties typical of
hard rocks to soil-like materials. This is mainly depending on the character of the material,
cohesive or non-cohesive, in relation to the variable ratio of gouge matrix to rock blocks.
Therefore, weak rocks resulting from these processes are characterised by quite low mechanical
strength and can be described by behaviour somewhere between rocks and soils. They also
show high deformability involving non-linear constitutive laws, strong dependence of the
strength on water saturation and temperature, and great susceptibility to weathering.

The most common geotechnical problems resulting from tunnelling in these kinds of rocks
include excessive deformations and strongly anisotropic wall displacements, instability of both
the excavation face and the side-walls (also resulting in large overbreaks of the tunnel profile),
frequent changes of stresses in terms of magnitude and direction, high water inflows, etc. Thus,
a significant reduction of the TBM advance rate is generally recorded (e.g. in worst cases a stop,
jamming, of the machine can be observed) also due to the construction delays associated to the
need of ground treatment, heavier supports and additional waterproofing measures.
Furthermore, the presence of a faulted/heavily jointed tunnel face might strongly affect the
interaction between rock mass and TBM cutters since the excavation may not proceed anymore
via the usual chipping process, causing unexpected wearing of the disc tools and thus requiring
more frequent maintenance of the cutterhead.
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In these last decades many TBM performance prediction models have been developed in order
to estimate the optimum TBM advance rates for standard ground conditions (expected as good).
Due to the fact that in highly fractured rocks and fault zones many events can take place at the
same time (e.g. major high pressure inflows, outwash of fines, large tunnel deformations and
formation of cavities at the tunnel crown or ahead of TBM), those models, however, are
generally not representative of the bad tunnelling conditions. The research performed in this
framework proposes a new approach for better estimating the TBM performance in challenging
ground.

TBM-performance database and preliminary analyses

In order to better analyse the TBM performance in difficult grounds and to investigate the
relationships existing between machine performance parameters and geological/geotechnical
parameters of the rock mass, a TBM-performance database has been created. The tunnel
sections included in the database have been selected from different tunnel projects (excavated
by both gripper and shield TBMs) where highly jointed rock masses and/or fault zones have
been encountered. The database is mainly subdivided into two parts: the first one contains the
tunnel characteristics, TBM specifications and TBM performance parameters (e.g. penetration
rate, advance rate, etc.); the second one considers the geological-geotechnical parameters of the
rock mass (e.g. rock strength, fracturing and weathering degree of joints, etc.).

Concerning the data collection, the calculation of the basic machine parameters has been
generally performed on the basis of the measures carried out by the TBM on-board acquisition
system during construction. However, it was not possible to gain complete TBM data for all
tunnel projects included in the database. As a matter of facts, the contractors are often unable to
share easily the data from the site especially when on-going claims have not been resolved yet.
Regarding the compilation of the geological and geotechnical parameters, it is important to
underline that they have been directly gathered from the tunnel projects or estimated from
laboratory tests through formula commonly used in rock mechanics. Although the degree of
detail of data varies from one project to another, enough information has been collected in order
to have an idea of the distribution of important parameters related to the boring process and the
TBM advancement.

In order to identify the correlations between the performance parameters of the machine and the
geological/geotechnical characteristics, preliminary analyses have been carried out based on the
information collected in the TBM-performance database. Due to the variable quality of data and
because of the different structural characteristics of the machines, gripper and shield data have
been studied separately. Though an important variation between gripper and shield machines
has been observed in terms of advancement (i.e. a better performance for shield TBM probably
related to the higher penetration rate and to the fact that the rock supporting time does not
change significantly from one section to another), no consistent correlations could be found
between the shield TBM parameters and the geomechanical characteristics. On the contrary,
more significant observations could be made in the case of gripper TBMs, where further
investigations have been done.
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The first results obtained for the open-type machine, confirm the difficulties in selecting, within
the most common parameters used in the existing prediction models, the ones affecting the most
the TBM performance while degrading the ground conditions. As a matter of facts, in highly
fractured rocks and fault zones, the delays associated to the increasing need of heavy temporary
supports, rock jams, gripper bearing failure, additional drainage system, etc., are partially
balanced by the rather high TBM penetration rates generally observed in fractured/very
fractured rock masses. Moreover, find a correlation between the TBM advancement and the
rock mass quality is a quite difficult task because of the huge number of parameters, both rock
mass- and construction- related, involved in its definition, as well as the unpredictable events,
often due to the human factor which is almost impossible to quantify (TBM utilisation factor).
In order to partially solve this problem, the reduced uniaxial compressive strength (Habimana,
1999; Habimana et al., 2002), which takes into account the weathering degree of rock mass, has
been introduced for characterising the strength of disturbed rocks. Despite a significant lowering
of strength values (thus more representative of the real conditions), the correlation with the
TBM performance parameters remains almost meaningless, due to the large scattering of data.
The uncertainties related to the behaviour of disturbed zones are one of the major causes of this
large data scattering. Thus it has been decided to investigate the correlations between the TBM
performance parameters (i.e. penetration rate and advance rate) and the Rock Mass Rating
(RMR), in order to consider the rock mass as a combination of several factors (i.e. RMR). The
obtained results are consistent with the previous work made by Sapigni et al. (2002). However,
in order to predict the TBM performance, the RMR system proved to be not sufficient for
characterising the rock mass behaviour in difficult ground conditions (although some trends
have been identified). As a matter of facts, it has been observed that some parameters, which are
basic factors for the evaluation of the RMR (e.g. the rock strength), and thus extremely
significant for estimating performance while boring in hard rocks, may actually play a very
marginal role in the definition/estimation of the machine performance in highly fractured and
faulted zones.

Fault zone classification and numerical modelling

In order to consider the complex structure of fault zones and bearing in mind that a more global
approach is required for characterising their behaviour (i.e. combination of factors instead of
specific parameters approach), the next step has been the development of a classification system
of these particular environments. In order to identify the specific classes describing highly
fractured and faulted rocks, several geological/geotechnical factors have been taken into
account. The choice of specific parameters has been done by compiling several literature
sources dealing with fault rock characterisation, both from geological and geotechnical point of
view. In particular, the fracturing degree of the rock mass (expressed by the volumetric joint
count, J,) and the weathering degree of rock and joints (expressed by the Geological Strength
Index, GSI) represent, in this framework, the main factors involved for characterising the
behaviour of each “fault zone” category. Four classes have been defined:

I.  Highly fractured rock mass: the rock mass is characterised by a high fracturing degree
(10 < J, [joints/m’] < 35); there are no visible signs of discolouration and
decomposition of the rock material and/or of the joint surfaces. This class can be
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IL.

III.

Iv.

described by the Uniaxial Compressive Strength of the rock mass (UCS,,,), depending
on UCS of the intact rock and on GSI (30 < GSI < 60).

Highly fractured rock mass, with weathered joints: in addition to the high fracturing
degree (10 < J, [joints/m’] < 35), surface weathering starts to appear but there are still
no signs of alteration in composition and structure of the rock material (no results of
faulting activities). This class is still described by UCS,,,, although the range of GSI
decreases with respect to the first class (20 < GSI < 40).

Cohesive fault rocks (and heterogeneous rock masses): the fracturing degree (i.e. J,) is
no longer a reference parameter and the weathering degree becomes the main factor for
describing this class, presented as the result of faulting and folding activities
(tectonisation). In this framework, the uniaxial compressive strength proposed by
Habimana (1999) and by Habimana et al. (2002) for the cataclastic rocks (UCSy)
becomes a valid parameter for better characterising the rock mass from the
geomechanical point of view. Actually this parameter, mainly depends on GSI (5 < GSI
< 40) that decreases according to the degree of tectonisation undergone by the rock
material.

Crushed fault rocks: disintegrated rock mass representing the highest degree of
tectonisation and degradation of the material. The extremely high fracturing degree and
no more evident discontinuity sets result in a total absence of blockiness (J, is assumed
to be greater than 35 joints/m®). The UCSy; remains the most appropriate geomechanical
parameter in order to describe this class, where GSI reaches the lowest values (5 < GSI
<30).

With the aim to better characterise the “fault zone” classes from a geomechanical point of view,

the rock response to TBM cutter penetration has been simulated by discontinuum models (for
the highly fractured rock masses described by Class I and Class II) and by continuum models
(for the degraded and/or crushed rock masses described by Class III and Class 1V). The
Universal Distinct Element Code UDEC (Itasca®) has been used. Concerning the discontinuum

approach, several models characterised by different values of J, have been developed, while in
the equivalent continuum medium no joint sets have been included in the simulations and the
strength parameters have been reduced according to the failure criterion introduced by
Habimana (1999) and Habimana et al. (2002). The performed simulations allow observing that:

Discontinuum models (developed for simulating the rock mass described by Class I and
Class II): according to the results obtained by previous authors, the tensile failure seems
to be the dominant chip forming mechanism under the cutter load (probably due to the
high material brittleness). Moreover, in agreement with the trend observed for the field
penetration rate (p) compiled in the TBM-performance database, the simulated rate of
penetration (P.ui,) increases for increasing J, (this means that the discontinuities assist
the crushing and chipping of the rock).

Continuum models (developed for simulating the rock mass described by Class Il and
Class IV): the shear failure seems to be the dominant mechanism inducing the rock
fragmentation; this can be explained by the significant strength decrease of the material.
Since it is not possible anymore to identify a defined chip (i.e. there are no tensile
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cracks), the estimation of the penetration rate becomes more difficult. The
fragmentation process seems actually to be reduced to a problem of rock removal from
the tunnel face, as it is commonly observed in reality.

TBM-performance reduction in “fault zone” classes

Once the “fault zone” classes have been defined, for each of them the TBM performance has
been evaluated in terms of penetration rate and daily advance rate. The existing database has
been improved by including tunnel sections characterised by good tunnelling conditions. The
aim was to analyse the best (and the most frequent) TBM performance recorded during the
excavation and to compare them with the behaviour of the machine in difficult ground
conditions (i.e. faulted and highly fractured rock masses). Moreover, in this step, only tunnel
sections excavated by gripper TBMs have been classified according to the proposed “fault
zone” classification system (because of the lack of data in shield TBM projects with regard to
the rock mass description).

For each “fault zone” class it has been possible to obtain a reduction factor to be applied to the
best (and the most frequent) performance recorded in good tunnelling conditions. The following
parameters have been studied separately: cutterhead rotation speed RPM (rev/min), penetration
rate PR (m/hr) and daily advance rate AR (m/day). Interesting observation could be done for the
penetration rate (penetration per revolution, p) expressed in mm per revolution. Despite to
expectations, a certain increase has been even observed especially in the last two “fault zone”
classes (i.e. Class III and IV) where the strength reduction undergone by rock material, seems to
facilitate the boring process rather than to hinder it. Contrary to PR, p somehow refers to the
penetration at the tool-scale, where the face stability problems do not represent a hindrance to
cope with. On the other hand, for analysing PR, where the tunnel diameter scale needs to be
introduced due to its dependence on RPM, the issues related to face instability seems to affect
the performance values. Finally, regarding the advance rate AR, a decreasing trend from the
first to the fourth “fault zone” (representing decreasing tunnelling conditions) could be
observed.

The “Decision Aids for Tunnelling” (DAT)

The TBM performance reduction (in terms of advancement) observed for each “fault zone”
class obviously traduces in potentially longer tunnel construction times and higher costs. In
order to more deeply investigate the influence that faulted and highly fractured rocks may have
on the final time and cost, probabilistic analyses of the tunnel construction have been performed
with the Decision Aids for tunnelling (DAT). The DAT are computer based tools that allow
engineers to simulate the construction by keeping into consideration the uncertainties related to
geology and to excavation processes. The DAT consist of two main modules describing
respectively the geological conditions (“geology module”) and the construction process in terms
of methods and sequence (“construction module”). The “geology module” produces
probabilistic ground class profiles indicating the probabilities of particular geological conditions
occurring at a particular tunnel location. The excavation of the tunnel network through these
profiles is then simulated by the construction module. The input is usually obtained through a
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combination of objective information and subjective estimation done by experts. Based on the
proposed classification system, the following ground conditions have been used as input for the
DAT geology module:

1. Good, massive to slightly jointed rock (corresponding to good tunnelling conditions)
2. Highly fractured rocks, C1 (corresponding to Class I of the classification).

3. Highly fractured, weathered rocks, C2 (corresponding to Class II of the classification).
4. Faulted rocks, C3 (corresponding to Class III of the classification).
5

Crushed rocks, C4 (corresponding to Class IV of the classification).

The construction of the tunnel has been simulated by taking into account the outcomes of the
analyses performed on the data compiled in the TBM-performance database (developed both in
good and bad conditions). The results of the DAT analyses confirmed the significant
construction time (and costs) increase that may take place while changing from “good” grounds
to “disturbed” ground conditions. Thus, according to the different TBM-performance reductions
evaluated for each “fault zone” class, it has been possible to obtain a reliable estimation of the
final tunnel construction time and cost for different excavation scenarios. Beside the results
achieved in terms of time and costs quantification, it is important to underline how the
information obtained from the analyses carried out on the TBM-performance database
contributes to the reduction of the uncertainties related to the subjective estimation, which is
generally made by the DAT users. These uncertainties are higher in difficult ground conditions,
such as fault zones, where the machine performance (in terms of advancement) is hard to assess.
The proposed fault zone classification system and the reduction rates of the daily advancement
characterising each class have been then implemented and used in a DAT simulation of a real
case. Satisfactory results have been obtained since the predicted construction times proved to be
very close to the values recorded on the field.

Perspectives and outlook of this research

Although the results of this study allow obtaining a better evaluation of the TBM behaviour in
highly jointed rocks and fault zones, it is important to underline that this work is characterised
by several limitations which might be tackled and eventually solved in future research.

Regarding the development of the TBM-performance database, the characterisation of the “fault
zone” classes, the performance analyses in each identified category as well as the assessment of
possible final construction time and cost, further improvements can be listed as follows:

* Although the quality of the geological/geotechnical information and the problems
related to the accessibility of TBM data represent important issues hardly negligible, a
logical continuation of this work is the improvement of the database by compiling
information from other tunnel projects. Furthermore, the analyses of the TBM
performance should be deepened not only for open-type TBM but also for shield (and
double-shield) machines, which have not been well investigated in this framework due
to the lack of data.
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* For what concerns DAT simulations, although it has been observed that obtaining
detailed information about tunnelling projects in difficult conditions can be extremely
hard, the possibility to include a larger number of tunnel projects where fault zones
(defined according to the proposed classification) are encountered can provide more
reliable input data. Moreover, a careful analysis of time and cost related to the different
construction activities (e.g. TBM boring, rock supporting, cutter replacement, conveyor
system maintenance, etc.) would contribute to reduce the uncertainty characterising the
construction method. This would allow better investigating the impact of worsening
TBM performance (due to difficult ground conditions) on tunnel construction.

* A better geomechanical/geological characterisation of the “fault zone” classes, mainly
based on accurate field investigations and laboratory testing programs on fault zone and
fault rocks, would certainly allow for further improvements in the analysis of the
influence of other important aspects, such as rock anisotropy and stress level.

* Finally, a more comprehensive description of the rock-machine interaction can be
obtained by quantifying the variation of other operational parameters (apart from RPM)
in the “fault zone” classes, with respect to the good tunnelling performances.

Other potential developments of the research can be identified by considering the numerical
simulations of rock response to TBM cutter penetration; in particular the following
improvements can be suggested:

*  The simulation of different types of rocks would allow taking into account the influence
on the chipping process of geomechanical parameters such as rock strength and
deformability.

*  More indenters should be modelled in order to better represent the chipping process as
result of the interaction between adjacent cutters.

* High confinement stresses should be considered in order to model more realistic
situations in terms of boundary conditions. Furthermore, this would also allow better
analysing the influence of in-situ stresses on the rock breakage process induced by
TBM cutting tools.

* Finally, an important step forward of this study would be the implementation and
development of 3D models where the cutter rolling force can be also simulated and its
effect on the chipping process taken into account.
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ANNEX A

TBM-PERFORMANCE PREDICTION: THE PARAMETERS USED
BY NTNU AND Qg MODELS

The NTNU (NTH) model

The NTNU model makes use of two main groups of factors. The first one includes the main
rock mass properties, relevant to TBM performance, that are based on a series of measurements
and indexes which were originally developed for drillability testing of hard rock (first column of
Table A-1). The second group of parameters includes the main TBM specifications (second
column of Table A-1).

Table A-1 Parameters used by the NTNU model (after Bruland, 1998)

Rock mass properties TBM parameters
Rock mass degree of fracturing Average cutter thrust
Angle between tunnel axis and planes Average cutter spacing
of weakness

Cutter diameter

Drilling Rate Index (DRD Cutterhead rotation speed (RPM)

Porosity (for some rock types) Installed cutterhead power

Rock mass parameters

Intact rock properties

The NTNU model makes use of the Drilling Rate Index (DRI) to represent the properties of the
intact rock material. The DRI is calculated on the basis of two tests, the Brittleness Test and the
Sievers’ Miniature Drill Test, which are briefly described below.

The brittleness test gives a measure of the ability of the rock to resist crushing from repeated
impacts (Figure A-1). The volume of test material corresponds to 500 grams of specific gravity
2.65 of the fraction 16 £ 11.2 mm. The Brittleness Value (Sy) is defined as the percentage of
material passing the 11.2 mm sieve after 20 impacts of a 14 kg weight, taken as the mean value
of 3-4 parallel tests (Bruland and Nilsen, 1995).

The Sievers’ Miniature Drill Test gives a measure of the surface hardness of the rock. The test
is performed on a precut rock sample. The Sievers’ J-value (SJ) is the drill hole depth, in 1/10
mm, after 200 rotations of the drill bit, taken as the mean value of 4-8 drill holes (Figure A-2).
The precut surface of the sample must be parallel or perpendicular to the foliation of the rock.
The SJ value measured parallel to the foliation is used to calculate the DRI (Bruland and Nilsen,
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1995). The DRI is finally calculated starting from the brittleness value S,y and the SJ-value with
the chart represented in Figure A-3.
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Figure A-1 The brittleness test (after Bruland and Nilsen, 1995).

85mm  110°
- N

Tungsten carbide
drill bit

Figure A-2 The Seviers’ miniature drill test (after Bruland and Nilsen, 1995).
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Figure A-3 Calculation of DRI (after Bruland, 1998).
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The tests presented above are generally difficult to be performed in standard rock mechanics
laboratories. For this reason a correlation between the drilling rate index and the compressive
strength of intact rock has been proposed (Figure A-4). This correlation may be also expressed
with Equation A-1.

DRI = Ec;*¢ A-1

where o; is the uniaxial compressive strength of the rock and E is a factor representing various
groups of rocks which assumes the following values:

* E=1000 for most non-schistose, hard rocks (c; > 40 MPa);
* E =750 for metamorphic schist (c.; = 30-150 MPa);
* E =500 for argillaceous rocks (c.; = 10-100 MPa).
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Figure A-4 DRI versus compressive strength (.= G;) grouping according to rock type (after Palmstrom,
1995).

Joint parameters

The NTNU model places great emphasis on rock jointing, which is regarded as the most
important parameter influencing the advance rate of a TBM. In particular, rock mass jointing is
described in the model as (Bruland, 1998):

» Systematically jointed rock masses, formed by:
— parallel oriented joints (one set);
— parallel oriented fissures and foliation planes or bedding planes (one set);
— two or more joint sets and/or fissure sets.

e Massive rock masses.

Joints (Sp) are defined as pervasive joints which can be traced along the whole tunnel profile.
They can be open (as in stress relief joints) or clay - coated with weak/smooth minerals (such as
calcite, chlorite, etc.)
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Fissures (St) include discontinuous joints which only partly can be observed around the tunnel
profile. Healed joints with low shear strength and foliation or bedding planes (as in mica schist
or mica gneiss) are also considered as fissures.

Massive Rock includes rock masses without joints or fissures, or with healed joints with filling
of high shear strength (for example quartz, epidote, etc.). The degree of fracturing of a rock
mass is then subdivided into seven classes (Table A-2).

Table A-2 NTNU fracture classes (after Bruland, 1998)

Fracture Class Distance between plane of weakness
(Joints Sp/Fissures St) [cm]
0 -
0-1 160
I- 80
I 40
I 20
111 10
v 5

Finally, the rock mass fracturing degree is described by the fracturing factor ks, which depends
on fracture type and frequency and the angle between the tunnel axis and the plane of weakness,
a. The latter can be computed according to Equation A-2 (Bruland, 1998):

a = arcsin (sinaf - sin(a, — as)) A2

where o is the dip angle of weakness planes, o, is the direction of the tunnel axis and o is the
strike angle of weakness planes. Based on the angle o and the fracturing classes shown in Table
A-2, the fracturing factor k is then obtained with the chart presented in Figure A-5 (Bruland,
1998). The k; factor represents rocks with DRI = 49. For other values of DRI, k has to be
adjusted. This is done according to the upper chart in Figure A-5. The correction factor is called

kDRI-

When more than one set of weakness planes are included in the model (maximum 3
recommended), the total fracturing factor must be calculated with Equation A-3:

S
Ketor = Z kg —0.36-(s — 1) A3
i=1

where kg is the fracturing factor of set i and s is the number of joint families.

Finally, the rock mass properties for TBM boring are expressed by the equivalent fracturing
factor:

keq = kstor * kpri A-4
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Figure A-5 Computation of the NTNU fracturing factor (after Bruland, 1998).

Machine parameters

The basic penetration or net rate of TBM penetration iy, expressed in mm/rev, is a function of
the equivalent thrust M, and the equivalent fracturing factor previously introduced. It can be

derived from Figure A-6.
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The chart is valid for cutter diameter 483 mm (19 inches) and an average cutter spacing of 70

mm. In all the other cases the equivalent thrust My, may be computed with Equation A-5:

Meszb'kd'ka

A-5

where M, is the applied thrust per cutter (kN), kq is the correction factor for cutter diameter and

k, is the correction factor for cutter spacing. kq and k, in Equation A-5 can be determined with

the charts shown in Figures A-7 and A-8, respectively.
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Figure A-7 Correction factor k4 for different cutter size (after Bruland, 1998).
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Figure A-8 Correction factor k, for different cutter spacing (after Bruland, 1998).

Penetration rate estimation

The TBM penetration rate PR (m/hr) is finally calculated with Equation A-6:

ip - RPM - 60

PR =500
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Where RPM is the cutterhead revolutions per minute and i, (mm/rev) is the penetration per
revolution (called p in the thesis), which can be evaluated with Figure A-6 or alternatively with
Equation A-7:

iy =F k&, A-7
where:

F = 0.0015 - M;;IS A-8
G =30"k;2° M8 A-9

The TBM advance rate can be then calculated after selection of an appropriate utilisation factor
U of the machine.

The Q gy model

The Qv model (Barton, 2000) is an extension of the Q-system where some rock mass and
machine parameters, relevant to TBM performance, have been introduced (e.g. the strength and
abrasiveness of the rock, the cutter load etc.). The Qrgy is calculated by Equation A-10:

RQD, ], J, SIGMA 20 q oy

Crow = . SRF F19/20° CLI 20 5 A-10

with:

+  RQD, =RQD (%) interpreted in the tunnelling direction
o Ju,Ji, Ja, Iy =joint parameters (unchanged from the original Q system)
*  SRF = Strength Reduction Factor (unchanged from the original Q system)

* SIGMA = rock mass strength expressed as SIGMA., (Equation A-11) or SIGMA
(Equation A-12), based on the predominantly failure process (compressive or tensile). If
a is the joint angle:

SIGMA.,, =57~ ch/3 with unfavourable o (generally greater than 60 °) A-11

SIGMA;, =5y - Qtl/3 with favourable a (generally lower than 30 °) A-12

with Q. and Q, expressed as functions of the Q-value computed in the tunnelling direction
(Qo), according the following formulations:

0. =2 g A-13

€7 100 *° i
15

Q¢ =TOQ0 A-14

151



ANNEX A

where o.; is the uniaxial compressive strength and Is, is the point load index on 50 mm
diameter core.

* F =average cutter load (tnf) through the same zone, normalised by 20 tnf
*  CLI=Cutter Life Index
e q= quarts content (%)

* oy = induced biaxial stress on tunnel face (MPa) in the same zone, normalised to an
approximate depth of 100 m

The relationships between Qrpy, penetration rate (PR) and advance rate (AR) was based on a
process of trial and error using case records from literature. They are expressed by the
Equations A-15 and A-16.

PR~ 5" Qrpts Al
AR=PR-U~5-Qal7-T™ A-16

where T is the time (hours) and m is a negative gradient (LT™- deceleration) that expresses the
decelerating average advance rate which is observed as the unit of time (hours, days, weeks,
months) increases (Figure A-9).

mihr mihr
o z » WR (world record) | m=-0.13 to -0.17
g 7 § 1 (good) m=-0.17
5 g 2 (fair) m=-0.19
g :g % 3 (poor) m=-0.21
I i s 4 (ext. poor) m=-0.25

Figure A-9 Decelerating average advance rate observed as the unit of time (day, week, month) and tunnel
length increase, based on 145 TBM tunnels totalling > 1000 km (e.g. crosses refer to diverse fault zones
from widely different geologies) (after Barton, 2000).

The gradient m includes the abrasiveness of rock via the cutter life index CLI, and so includes
the cutter wear. It also includes the percentage of quartz (%), rock porosity and tunnel
dimension via the tunnel diameter (Equation A-17).

0.20 0.15 g 010 0.05

mem(s) (@) @) G AT
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where m; is a factor depending on the Q-value, D is the tunnel diameter, CLI is the cutter life
index, q is the quartz content (%) and n is the porosity. Suggested values for m; are reported in
Figure A-10 (the subscript “1” is added to m for evaluation of Equation A-17).

Exceptionally Extremely Very . Very Ext. Exc.
poor poor poor Poor | Fair | Good |g504( good |good

0.9 —

-0.1
0 ! !
001 ooz 003 oo4 .01 02 03 o4 0.1 7 3a 1 2 34 10 20 3040 100 200 300400 1000

Gradient of declining advance (m)
S
w
J
>

Figure A-10 Preliminary estimate of declining advance rate gradient (-)m, as a function of Q-value.

The time T to bore a length of tunnel L with an average advance rate of AR is obviously L/AR.
Therefore, Equation A-18 can be derived:
L 1
1+m
=(— A-18
= (7)

In Figure A-11 the final log-linear versions of Equations A-15 and A16 are reported.
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Figure A-11 Suggested relationship between PR, AR and Qrpy (Barton, 2000).
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NUMERICAL MODELLING — MAIN APPROACHES IN
GEOMECHANICS

Continuum modelling

The rock mass response to excavation is simulated by introducing a continuum/equivalent
continuum where the intact rock properties (such as the uniaxial compressive strength) are
scaled down to the properties of the rock mass by using well known correlations with the most
frequently used rock mass indices (such as RMR and GSI). By means these correlations (which
depend on the rock type and on the excavation method) rock mass parameters such as my, and s
of the Hoek-Brown criterion can be estimated.

After the scaling process (Figure B-1) a proper constitutive relation has to be adopted for the
material. When the progressive failure of the rock mass is analysed, the post-peak response can
be described by different elasto-plastic models. In Figure B-2 the stress-strain laws most
frequently used for the solution of tunnelling problems are reported. Based on the rock mass
quality the constitutive relations generally adopted in practice are (Hoek and Brown, 1997,
Barla and Barla, 2000):

a) Elastic-perfectly brittle behaviour (very good quality hard rock mass): when the
rock mass is exceeded a sudden strength drop occurs (Figure B-2a);

b) Elastic-strain softening behaviour (average quality rock mass): after yielding the
rock strength is reduced from the in situ to the broken state; once the final
“residual” state is reached deformation continues at a constant stress level (Figure
B-2b).

¢) Elastic-perfectly plastic behaviour (very poor quality rock mass): after yielding
deformation continues at a constant stress level and no volume change is associated
with the ongoing failure (Figure B-2c).

0, Intact rock

Rock mass

Figure B-1 Hoek-Brown failure criteria for the intact rock material and the rock mass.
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0, -03 G- 03 G -0y

Elastic-plastic

Elastic-brittle p :
Strain softening

€a €a €a

Figure B-2 Stress-strain laws for different rock mass qualities: a) elastic-perfectly brittle law; b) elastic-
strain softening stress-strain law; c) elastic-perfectly plastic stress-strain law; (after Barla and Barla,
2000).

As reported by Barla and Barla (2000), the continuum method can be summarized in two
groups: the domain methods (including finite element methods and finite difference methods)
and the boundary methods (including several types of boundary element methods). In a
tunnelling engineering problem, the boundary methods subdivide into elements the boundary of
the excavation while the interior of the rock mass is represented mathematically as an infinite
continuum. On the contrary, in the domain methods, both the medium and the boundaries are
discretized into zones or elements.

Finite Element Method, FEM

In the Finite Element Method (FEM), the most used method in geomechanics, the continuum is
discretized into small elements that intersect at their nodes (Figure B-3). The method is based
on the principle of virtual displacements according to which for any small virtual displacement
applied to a body in equilibrium, the total internal work associated with the virtual displacement
field must be equal to the total virtual external work. It is assumed that the displacements at any
point within the element can be obtained from the displacements of the nodes by appropriately
chosen interpolation functions (Bobet, 2010). FEM computer programs can tackle a variety of
rock mechanics problems. They are capable to model elastic, plastic and viscous materials and
can incorporate anisotropic behaviour, ‘no-tension zones’, joints and faults (Blake, 1989).

node

::'. Domain Q 6-node triangular element

Figure B-3 Continuum model: 2D finite element discretization (after Bobet, 2010).

156



ANNEX B

Finite Difference Method, FDM

In the Finite Difference Method (FDM), the oldest among the numerical methods in
geomechanics, partial different equations which define material behaviour and boundary
conditions (i.e. equilibrium, strain compatibility) are approximated by finite difference
formulas. In this approach grid is superimposed to the domain (Figure B-4) and the
discontinuities can be included by using grid points on each side of the discontinuity. The slip
along the joint plane is determined by the relative displacement between corresponding grid
points. Normal and shear displacements can also be related to the shear and normal stiffness of
the discontinuity and friction laws (e.g. Coulomb) can be included to the system of equations
that relate shear stress with normal stress. FDM is very well-suited to incorporate non-linear
behaviour. The desired final state is reached on a stepwise process, involving sufficiently small
loading increments. The displacements at the grid points are obtained at the end of each loading
step then, based on the non-linear behaviour of the material, stress are updated and another
small loading increment is added (Bobet, 2010).

grid point

/N

(xi-h tja-].) (x; \jah (x;+h \j¢k:

“i“"‘j) (‘:*‘j’ (\I'h'\j)
K

(xj-h, x;-K) %, xR [0+, xj-K)

Domain Q

Figure B-4 Continuum model: 2D finite difference grid (after Bobet, 2010).

Boundary Element Method (BEM)

In the Boundary Element Method (BEM) only the boundaries of the continuum is discretized
(Figure B-5). Being the problem reduced from 3D to 2D surface problem or from 2D to 1D line
problem, this method is highly effective for problems where the volume to boundary surface
ratio is large. The governing differential equations are formulated as integral equations which
only consider boundary values. While the solution is approximated at the boundaries (unlike
FEM and FDM where the approximations are made inside the medium), the equilibrium and
compatibility are satisfied within the domain (Bobet, 2010).
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node

element N
Boundary S \ /_/

element 1

element k

node

Ll
3
Figure B-5. Example of 2D discretization with boundary elements (after Bobet, 2010).

Discontinuum modelling

The continuum methods is not always suitable to model highly jointed rock masses where the
use of the discontinuum modelling has been gaining progressive attention in tunnelling
engineering (Barla and Barla, 2000). A discontinuous medium, unlike the continuous medium,
is characterised by contacts (interfaces) between the discrete blocks that make up the system.
The blocks are defined by the discontinuities and may be either rigid or deformable. The
discontinuum approach includes the family of Discrete Element Methods which Cundall and
Hart (1992) define as those that:

e Allow finite displacements and rotations of discrete bodies, including complete
detachment;

* Recognizes new contacts automatically as the calculation progresses.

Without the first attribute, the model cannot reproduce some important mechanisms in a
discontinuous medium; without the second, the model is limited to small numbers of bodies for
which the interactions are known in advance (Itasca, n.d.).

Distinct Element Method (DEM)

The Distinct Element Method (DEM) belongs to the family of Discrete Element Methods.
Besides simulating large movements in jointed rock masses (Cundall, 1971) and granular
assemblies (Cundall and Strack, 1979), it has been also applied to a discontinuum medium
modelled as discs in two dimensions or spheres in three dimensions (Bonded Particle Method,
Potyondy and Cundall, 2004). There are three main issues related to the application of DEM:
the representation of contacts (discontinuities); the description of solid material (blocks) and the
detection of new contacts during execution. Each block of the discretized domain (Figure B-6)
is subjected to forces arising from the contacts, if any, from the surrounding blocks and from
internal forces (e.g. gravity) and its displacement is governed by Newton’s second low of
motion (Bobet, 2010).
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discontinuity 2

discontinuity 1

discontinuity 2

Domain €

Figure B-6 Discontinuum model: DEM discretization (Bobet et al., 2009).

The calculations performed in the distinct element method alternate between application of
Newton’s second law at all blocks and a force-displacement law at all contacts. The force-
displacement law is used to find contact forces from known (and fixed) displacements. If the
blocks are deformable, motion is calculated at the grid points of the triangular finite-strain
elements within the blocks. Then, the application of the block-material constitutive relations
gives new stresses within the elements (Itasca, n.d.). In Figure B-7 the cycle of mechanical

calculation is reported.

new position of blocks All contacts new position of blocks
(force-displacement law)

contact forcesl

block velocities and
displacements

zone stresses and

DEFORMABLE 0 it
gridpoint forces

All blocks All gridpoints
(equation of motion) (equation of motion)

gridpoint velocities and
displacement

All zones
(stress-strain law)

Figure B-7 Calculation cycle for a DEM code (after Itasca, n.d.).

A DEM code (such as UDEC, 3DEC PFC of Itasca®) is based on a dynamic (time domain)
algorithm which solves the equation of motions by an explicit finite difference method.
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The size of the timestep in the “timestepping” algorithm is limited by the assumption that
velocities and accelerations are constant within the timestep. The distinct element method is
based on the concept that the timestep is sufficiently small enough that disturbances cannot
propagate between one discrete element and its immediate neighbours during a single step (i.e.
there is a limited speed at which information can be transmitted in any physical medium). For
rigid blocks, the timestep limitation is defined by the block mass and interface stiffness between
blocks; for deformable blocks, the zone size is used, and the stiffness of the system includes
contributions from both the intact rock modulus and the stiffness at the contacts (Itasca, n.d.).
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HOW TO APPLY THE “FAULT ZONE” CLASSIFICATION

General procedure

By following a simple procedure (summarised in Figure C-1), the “fault zone” classification can
be used only for tunnel projects excavated by gripper (open) machine. As it can be seen in
Figure C-1, both the ordinary (good) and the difficult tunnelling conditions have to be analysed
in order to correctly apply the reduction rate of the TBM performance identified for each “fault

zone” class.

Tunnel excavated by a
gripper TBM

J

[Good/ordina

conditions

ry tunnelling]

Difficult tunnelling conditions
(i.e. fault zones and highly fractured rocks)J

TBM performance estimation
by existing prediction models (e.g. NTNU)

Identification of the “fault zone” classes
along the alignment

Y

y

Identification of the best TBM performance

for each lithotype

Identification of the predominant lithotype
in each “fault zone” class

Application of the reduction rate
to each “fault zone” class (on the

Rate of reduction
TBM Lb -
performance (to apply to the best predicted performancei:)
Class I Class I1 Class IITI | Class IV
80%- 100% | 60%- 100% | 40%- 100% |40%- 100%
RPM
[rev/min] MFR MFR MFR MFR
80%- 100% | 80%- 100% | 40%- 60% | 40%- 60%
40%- 100% | 20%- 100% | 20%- 100% [20%- 100%
PR [m/hr] MFR MFR MFR MFR
80%- 100% | 60%- 80% | 60%- 80% | 20%- 40%
10%- 70% | 10%- 60% | 10%- 50% | 10%- 40%
Daily AR
[: ;1 ] MFR MFR MFR MFR
i 20%- 30% | 10%- 20% < 10% < 10%

4

basis of the predominant lithotype)

Estimated TBM performances

in fault zone and highly fractured rocks

Figure C-1 Procedure to be followed to apply the “fault zone” classification.
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In the preliminary phase of the tunnel construction, the penetration rate (PR) and the advance
rate (AR and daily AR) can be estimated in the tunnel sections characterised by favourable
environments through the existing performance prediction models (e.g. NTNU).

Once the TBM behaviour has been investigated in good/ordinary tunnelling conditions, the best
performance (PR,.x and daily AR,,,) can be identified for each lithotype. Together with the
maximum RPM installed on the machine (RPM,,;), the best penetration and advance rates
represent the parameters to which the reduction rates obtained for the “fault zone” classes have
to be applied.

The “fault zone” classes have to be identified along the alignment (by means an adequate
investigation activity before and during excavation) and for each of them the main lithotype
(generally the host rock) has to be defined.

The reductions rates can be applied, on the basis of the lithotype, to the best performances
previously estimated (or recorded during excavation) in good/ordinary tunnelling conditions.
The TBM performances, in terms of cutterhead rotation speed, penetration rate and daily
advance rate, are therefore estimated also in the fault zones and highly fractured rock masses.

Practical example

1. TBM-performance estimation in the tunnel sections characterised by good and ordinary
tunnelling conditions. The existing prediction models can be used:
— NTNU model (see Annex A) I Once the penetration rate (PR) is estimated for
each tunnel section, the (daily) AR is obtained by assuming a reasonable
utilization factor (U) for the machine (e.g. 0.4 for all lithologies).

Penetration per revolution [mm/rev], p ig in the NTNU model (see Annex A)
-RPM -
Penetration rate [m/hr], PR PR = u
1000
Daily advance rate, daily AR [m/day] Daily AR = (PR X U) x 24
2. Identification of the best (highest value) TBM-performance predicted for each lithotype

(and the maximum RPM installed on the machine):

Best performance RPM installed on the
Lithotype Daily AR 5« machine, RPM
PR ax h .
[m/hr] [m/day] [rev/min]
Gneiss 2.2 21.1 6
Schist 2.6 25 6
Limestone 24 23 6
Granodiorite 1.9 18.2 6
3. Identification of the “fault zone” class along the alignment:
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— three fault zones of the I CLASS;
— one fault zone of the II CLASS,;

— two fault zones of the III CLASS
— one fault zone of the IV CLASS.

Identification of the predominant lithotype in each identified fault zone:

“Fault zone” class Main lithotype (host rock)
Gneiss
I CLASS Schist
Granodiorite

II CLASS Schist
Gneiss

HIT CLASS Limestone

IV CLASS Limestone

Estimation of the TBM-performance in each identified fault zone:

Example I T CLASS

Rate of reduction
TBM :
performance (to apply to the best predicted performance)
Class 1 ClassII | ClassIII | ClassIV
i80%- 100% || 60%- 100% | 40%- 100% |40%- 100%
RPM :
(rev/min] | MFR | MFR MFR MFR
180% - 100% || 80%- 100% | 40%- 60% | 40%- 60%
140%- 100% | 20%- 100% | 20%- 100% |20%- 100%
PR[whr] || MFR | MFR MFR MFR
180%- 100% | 60%- 80% | 60%- 80% | 20%- 40%
110%-70% | 10%-60% | 10%- 50% | 10%- 40%
Daily AR
[;';iav] | MFR | MFR MFR MFR
T [120%- 302 I 10%- 202 | < 10% < 10%

e RPM = (0.8 +1) X RPMppyy

RPM (Most Frequent Reduction) = (0.8 + 1) X RPM,, 4,
e PR=(04+1)XPRyuux

PR (Most Frequent Reduction) = (0.8 =+ 1) X PR,
«  Daily AR = (0.1 + 0.7) X Daily AR, ,4

Daily AR (Most Frequent Reduction) = (0.2 + 0.3) X Daily AR,y
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where:
RPM . [rev/min] | PR, [m/hr] | Daily AR, [m/day]

G;

! (fgitiszs(;ne 6 22 21.1
nd

TEeE o [ | =
rd

Cransdiont ; 19 182

6. Final (complete) results:
Variation range of the TBM-performances
Fault zone class RPM Rf M PR (myhyl | PR/ | Daily AR D ‘”Z AR
[rev/min] | [7€"/min] el | ) | (mvday) | ()
(MFR) (MFR)
1** faul
alt 48+6 486 | 09+22 | 1.8+22 | 21+148 | 42+63
zone
1 2™ fault
8+ 4.8+6 + 2. 2.1+2.6 S5-+17. 5+75
CLASS | zone 48+6 1+26 2.5+175
3™ fault
W 48-+6 486 | 08+19 | 1.5+19 | 1.8+127 | 3.6+55
zone
II CLASS 3.6+6 48+6 | 05+26 | 1.6-21 | 25+15 25+5
1*" fault
au 246 | 24+36 | 04+22 | 13+18 | 2.1+105 <21
I zone
CLASS | 2™ fult
MW 2446 | 24+36 | 05+24 | 14+19 | 23+115 | <23
zone
IV CLASS 24+6 | 2436 | 05+24 | 05+1 23+92 <23
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