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ABSTRACT

Tunnels after serving period over time needs to be inspected and maintained
for them to perform without any structural failure and posing no hazard to the ongoing
traffic. Structural health assessment of tunnel lining is carried out to investigate and
mitigate the cause of defects in tunnel lining to ensure user safety. In conjunction with
other tunnel liner defects, liner cracks were found to be considered as the most critical
defect because of their potential to trigger subsequent defects and cause tunnel
instability. Until now, the relationship between the developing anomalies in tunnel
liner and their cause is still unclear and studies have addressed the cause of liner crack
due to topography (in terms of overburden) on the stability of tunnel liner, especially
for the varying overburden. The research mainly aims at understanding the effect of
varying overburden on liner cracks. For this purpose, visual inspection was conducted
and cracks in the tunnel liner were mapped and quantified and numerical analysis was
performed to see the effect of varying topography (overburden) using parameter Stress-
Ratio (K) on the intensity of liner in terms of state of stress-displacement using Induced
Stress (IS) and Stress Concentration Factor (SCF) as a performance evaluation
criteria’s. The result from this study shows the shift in magnitude as well as position
of crack density along different portions of tunnel liner with varying overburden depth.
Moreover, based on the regional diversity of crack along longitudinal profile of tunnel
for advances in tunnel assessment, tunnel was divided into zones based on the varying
overburden with a view to identify varying intensity of crack on tunnel liner. The crack
density increased with increasing overburden depth such as shallow zone is ranging
from 0 to 96 m overburden depth with crack density (575 m to 628 m), while transition
zone has range from 97 to 160 m having density (650 m to 700 m) whereas the
overburden depth for deep zone with denser cracks at vertical wall and lower hance
portion ranges from 161 to 204 m with crack density (704 m to 724 m). On the basis
of results, the method applied for mapping and quantification of crack can serve
inspectors and owners of tunnels for technical guidance to conduct health assessment

of tunnel liner.
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ABSTRAK

Terowong, selepas suatu tempoh masa operasi, perlu diperiksa dan
diselenggara agar terowong ini dapat beroperasi tanpa kegagalan struktur dan tidak
menimbulkan bahaya kepada lalu lintas. Penilaian kesihatan struktural pelapik
terowong dilakukan untuk menyiasat dan mengurangkan punca kerosakan pada
pelapik terowong bagi memastikan keselamatan pengguna. Bersama dengan kecacatan
pelapik terowong lain, keretakan kapal didapati dianggap sebagai kecacatan paling
kritikal kerana berpotensi mencetuskan kecacatan berikutnya dan menyebabkan
ketidakstabilan terowong. Sehingga kini, hubungan antara anomali yang berkembang
pada pelapik terowong dan penyebabnya masih belum jelas dan kajian mengenai
penyebab keretakan pelapik terowong oleh faktor topografi (dari segi tanggungan atas)
terhadap kestabilan pelapik terowong, terutamanya untuk taggungan atas yang
berbeza-beza. Tujuan utama kajian ini adalah untuk memahami kesan tanggungan atas
pelbagai pada retakan pelapik terowong. Untuk tujuan ini, pemeriksaan visual
dilakukan dan retakan pada pelapik terowong dipetakan, diukur dan analisis numerik
dilakukan untuk melihat kesan topografi yang berbeza-beza (tanggungan atas)
menggunakan parameter nisbah tegasan (K) pada intensiti pelapik dari segi keadaan
tekanan-anjakan menggunakan Induced Stress (IS) dan Stress Concentration Factor
(SCF) sebagai kriteria penilaian prestasi. Hasil dari kajian ini menunjukkan perubahan
magnitud serta kedudukan kepadatan retakan di sepanjang bahagian pelapik terowong
pada kedalaman dan tanggungan atas yang berbeza-beza. Tambahan lagi, berdasarkan
kepelbagaian keretakan di sepanjang profil membujur terowong, terowong
dibahagikan kepada beberapa zon berdasarkan tanggungan atas yang bervariasi
dengan tujuan untuk mengenal pasti pelbagai intensitas retakan pada pelapik
terowong. Kepadatan retakan bertambah dengan peningkatan tangungan atas, di mana
zon cetek berkisar antara kedalaman 0 hingga 96 m tanggungan atas, dengan kepadatan
retakan (575 m hingga 628 m), sementara zon peralihan berkisar di antara 97 hingga
160 m dengan kepadatan (650 m hingga 700 m), manakala kedalaman tanggungan atas
untuk zon dalam dengan retakan yang lebih padat pada dinding menegak dan bahagian
hance yang lebih rendah berkisar antara 161 hingga 204m dengan kepadatan retakan
(704 m hingga 724m). Berdasarkan hasil kajian, kaedah yang digunakan untuk
pemetaan dan pengukuran retak ini dapat membantu pemeriksa dan pemilik terowong
sebagai garis panduan teknikal untuk menjalankan kerja-kerja penilaian kesihatan
pelapik terowong.

vii



TABLE OF CONTENTS

TITLE PAGE

DECLARATION iii
DEDICATION iv
ACKNOWLEDGEMENT v
ABSTRACT vi
ABSTRAK vii
TABLE OF CONTENTS viii
LIST OF TABLES Xiv
LIST OF FIGURES XVi
LIST OF ABBREVIATIONS XXi
LIST OF SYMBOLS xxiii
LIST OF APPENDICES XXV
CHAPTER 1 INTRODUCTION 1
1.1  Background of Study 1
1.2 Problem Statement 2
1.3 Significance of Study 3
1.4 Research Aim and Objectives 4
1.5  Scope and Limitations 4
1.6 Structure of Thesis 5
CHAPTER 2 LITERATURE REVIEW 7
2.1 Introduction 7
2.2 Tunneling and Its Application 7
2.3 Construction Industry and Tunneling in Malaysia 8
2.4 Tunnel Anatomy 12
2.5  Construction Method 13
2.5.1 Cutand Cover Tunneling Method 13

2.5.2 Drill and Blast Tunneling Method 14

viii



2.6
2.7

2.8
2.9

2.10

211

2.12

2.5.3 Tunnel Boring Machine (TBM) Method
2.5.3.1  Shield Method

2.5.3.2 Earth Pressure Balance Method
(EPB)

2.5.4 New Austrian Tunneling Method (NATM)
In-situ and Induced Stresses in Rock Tunneling
Tunnel Support System
2.7.1 Types of Initial Supports
2.7.1.1  Pre-Cast Tunnel Liner
2.7.1.2  Steel Ribs
2.7.1.3  Lattice Girder
2.7.1.4 Reinforcements
2.7.1.5 Shotcrete
2.7.2 Shotcrete Tunnel Liner
Failure History of Tunnel Lining
Tunnel Lining Anomalies
2.9.1 Spalling/Delamination
2.9.2 Water Leakage
2.9.3 Efflorescence/Rust Staining
2.9.4 Exfoliation
2.9.5 Carbonation
2.9.6 Liner Cracks
Factors Causing Tunnel Lining Anomalies
2.10.1 Internal Factors
2.10.2 External Factors

Topographic Loading (Tunnels Constructed with
Varying Topography)

2.11.1 Effect of Varying Topography (Overburden) on
Tunnel Liner

Structural Health Assessment of Tunnel Liner
2.12.1 Initial Inspection (Visual)

2.12.2 Specific Inspection Followed by Non-
destructive Technique (NDT)

14
15

15
16
17
21
22
24
24
24
24
26
26
27
30
31
33
33
33
34
34
36
38
38

39

39
42
43

44



2.13
2.14

2.15

2.16

2.17

2.18

2.19
2.20

CHAPTER 3
3.1
3.2

2.12.2.1 Application of UPV in Shotcrete
Tunnel Liner

2.12.3 Application of Schmidt Hammer in Shotcrete
Tunnel Liner

2.12.4 Previous Study Related to Health Assessment
of Tunnel Liner

2.12.4.1 Assessment of Tunnel liner Due to
Damaged Induced by Topography

Crack Mapping of Tunnel Liner

Material Testing to Find Properties of Rock and Liner
2.14.1 Laboratory Testing for Rock Properties

2.14.2 Uniaxial Compressive Test

2.14.3 Direct Shear Test

2.14.4 Laboratory Testing for Concrete Liner
Properties57

Calculation of Elevation Data to Model Real
Topography

2.15.1 Software Used
Numerical Analysis Method
2.16.1 Benefits of Numerical Analysis Method

2.16.2 Applications of Numerical Methods in Tunnel
Engineering

2.16.3 Types of Modeling Methods in Rock
Mechanics

2.16.4 Overview of FEM

Failure Criteria Used in Numerical Model
2.17.1 Mohr-Coulomb Criteria

Software Used for Numerical Modeling
2.18.1 RS2 Software

Verification of Model

Summary

RESEARCH METHODOLOGY
Introduction

Research Procedures

46

48

49

52
53
53
54
54
55

58
58
59
60

60

61
64
64
64
66
66
67
68

69
69
69



3.3
3.4
3.5

3.6
3.7

3.8

3.9
3.10
3.11

3.12
3.13
3.14
3.15

CHAPTER 4
4.1
4.2

Description of Study Area

Geology of Area

Inspection of Multi-Arch Tunnel

3.5.1 Identification and Detection of Liner Crack
3.5.2 Evaluation of Identified Liner Crack

Crack Mapping and Crack Density Quantification
Material Testing Performed on Core Samples

3.7.1 Laboratory Test Performed on Granite Core
Sample

3.7.2 Determining Friction Angle and Cohesion of
Granite Using RocData Software

3.7.3 Laboratory Test Performed on Concrete Core
Samples

Selection of Transverse Tunnel Section for Elevation
data and 2D Numerical Modeling

Extraction of Elevation Data Using Arc-GIS
Numerical Modeling Procedures in RS2
Constructing Simplified Numerical Model
3.11.1 Geometry of Tunnel

3.11.2 External Boundary of Model

3.11.3 Mesh and Discretization

3.11.4 Boundary Conditions

3.11.5 Assigning Material with Sequential Excavation
and Support Installation

Parametric Study
Assigning Monitoring Point on the Tunnel Boundary
Evaluation Criteria

Summary

RESULTS AND DISCUSSIONS
Introduction
Observation on Tunnel Inspection

4.2.1 Compressive Strength Results Obtained from
Rebound Hammer

Xi

72
74
75
76
79
82
86

86

90

91

96

96
101
102
102
103
104
105

106
108
108
109
110

111
111
111

111



4.3

4.4

4.5

4.6

4.2.2 Interpretation of Ultrasonic Pulse Velocity Test
(UPV)

Results from Material Testing Performed on Core
Samples

4.3.1 Engineering Properties of Granite

4.3.2 Engineering Properties of Tunnel Liner Core
Samples

Stress Ratio K and Average Elevation Calculated at
Chosen Sections

Consideration of Analysis Pattern from Numerical
Modeling

Results from Numerical Analysis of Tunnel Section at
Different Chainage

4.6.1 Induced stress and Stress Concentration Factor
at Chainage (01+35)

46.1.1 Topographic Effect on Total
Displacement

46.1.2 Validation of Results of Numerical
Model

4.6.2 Induced stress and Stress Concentration Factor
at Chainage (15+00)

4.6.2.1 Topographic Effect on Total
Displacement

4.6.2.2 Comparison of Results of Crack
Density and Numerical Analysis

4.6.3 Induced stress and Stress Concentration Factor
at Chainage (04+20)

4.6.3.1 Topographic Effect on Total
Displacement at Chainage (04+20)

4.6.3.2 Comparison of Results at Chainage
(04+20)

4.6.4 Induced Stress and Stress Concentration Factor
at Chainage (10+35)

46.4.1 Topographic Effect on Total
Displacement at Chainage (10+35)

4.6.4.2 Comparison of Crack Density and
Numerical Analysis Results at
(10+35)

Xii

114

117
117

120

121

123

124

124

127

129

131

134

135

137

140

141

143

146

148



4.6.5 Induced Stress and Stress Concentration Factor
at Chainage (08+00)

4.6.5.1 Topographic Effect on Total
Displacement at Chainage (08+00)

4.6.5.2 Comparison of Crack Density and
Numerical Analysis Results at
(08+00)

4.7  Discussion on Significant Findings from Results of
Numerical Analysis and Crack Density Quantification

4.7.1 Effect of Topography (varying overburden) on
Induced Stresses (IS) and Stress Concentration
Factor (SCF)

4.7.2 Effect of Varying Overburden on Total
Displacement

4.7.3 Effect of Overburden on Crack Intensity
4.8  Summary

CHAPTERS CONCLUSION AND RECOMMENDATIONS
51 Conclusions

5.2 Recommendations

References

List of Publication

Xiii

149

153

154

156

156

157
158
162

163
163
165

167

175



TABLE NO.
Table 2.1
Table 2.2
Table 2.3

Table 2.4

Table 2.5
Table 2.6
Table 2.7

Table 2.8

Table 2.9

Table 2.10

Table 3.1

Table 3.2
Table 3.3
Table 3.4
Table 3.5
Table 3.6
Table 3.7
Table 4.1

Table 4.2

Table 4.3

LIST OF TABLES

TITLE

General applications of tunnels, modified after [10]
Tunnelling construction project in Malaysia [12]

Advantages and disadvantages of tunnelling method,
modified after [19]

Advantages and disadvantages of different tunnel lining
supports, modified after [30]

List of major tunnel loses in the world [12]
Classification of causes of anomalies of tunnel [13]

Comparison of different NDT test with application in tunnel
lining, modified after [13]

Cause of inducement of liner crack with method of
assessment

Tools of Arc-GIS along with their functions, modified after
[105]

Comparison of different numerical analysis method,
modified after [114, 115]

Longitudinal tunnel sections (50 m) selected for crack
density quantification

Details of granite core samples

Details of direct shear test

Summary of concrete core samples

Tunnel sections chosen for 2D numerical modelling
Properties of granite rock

Properties of shotcrete tunnel liner

Compressive strength of cracked liner surface obtained
from rebound hammer performed at Tunnel 1 (T1)

Compressive strength of cracked liner surface obtained
from rebound hammer performed at Tunnel 2 (T2)

Location of UPV test performed in Tunnel 1

Xiv

PAGE

11

17

23
28
37

45

51

59

63

85
88
90
92
96
107
107

112

113
114



Table 4.4
Table 4.5
Table 4.6
Table 4.7

Table 4.8

Table 4.9
Table 4.10

Table 4.11
Table 4.12

Table 4.13
Table 4.14

Table 4.15
Table 4.16

Table 4.17
Table 4.18

Location of UPV test performed in Tunnel 2
Mechanical properties of granite obtained from UCS test
Results of direct shear test

Parameters of concrete obtained from testing of core sample

Varying stress ratio K-value and average elevation obtained
at different section of tunnel along tunnel length

Estimated Induced major principal stress at K= 1.55

Stress concentration factor (SCF) around boundary of
tunnels at K=1.55

Estimated Induced major principal stress at K= 1.81

Stress concentration factor (SCF) around boundary of
tunnels at K= 1.81

Estimated Induced major principal stress at K=1.12

Stress concentration factor (SCF) around boundary of
tunnels at K=1.12

Estimated Induced major principal stress at K= 0.88

Stress concentration factor (SCF) around boundary of
tunnels at K=0.88

Estimated Induced major principal stress at K= 0.75

Stress concentration factor (SCF) around boundary of
tunnels at K=0.75

XV

115
118
119

121

122
124

125
132

132
138

138
144

144
150

151



FIGURE NO.

Figure 2.1
Figure 2.2
Figure 2.3
Figure 2.4
Figure 2.5

Figure 2.6
Figure 2.7
Figure 2.8
Figure 2.9
Figure 2.10
Figure 2.11

Figure 2.12

Figure 2.13

Figure 2.14
Figure 2.15
Figure 2.16
Figure 2.17
Figure 3.1
Figure 3.2

Figure 3.3
Figure 3.4

LIST OF FIGURES

TITLE

Construction output (1991-2010) [2]

Construction sector share to GDP [11]

Cross section of horseshoe tunnel

Distribution status of different construction methods [4]

The Demonstration of In-Situ and Induced Stresses in a
Rock Mass Surrounding a Tunnel [23]

Types of tunnel support system [1]

Components of tunnel support

Cross section of shotcrete liner [33]

[llustration of structural defect in tunnel lining [46]
Types of cracks in tunnel lining

In-situ stresses at a point under varying ground surface at
depth “z”

Comparison of In-Situ stress ratio (K) obtained by Shorey
and others [68]

Transducer arrangement (a) direct method, (b) semi-direct
method, (c) indirect method [82]

Measurement of UPV by Indirect-Transmission method
Schematic diagram of sample

Cross-Section of Core Sample

Graphical representation of Mohr-Coulomb failure criteria
Flow chart of Research Activities

General map of Meru and Menora Tunnel with study area
underlain by granitic rocks box [124]

Layout of Meru-Menora tunnel, modified after [126]

Geological cross section across Kledang Range,
Menglembu, Simpang Pulai and Main Range, from West to
East (Source: Peta Geologi Semenanjung Malaysia, 2014)

XVi

PAGE

10
12
13

20
22
25
27
32
35

40

42

46
48
56
56
66
70

73
74

75


file:///F:/Formatting%20Work/Amber%20Thesis/FINAL%20THESIS%20DRAFT%20for%20submission.docx%23_Toc64302313

Figure 3.5
Figure 3.6
Figure 3.7
Figure 3.8
Figure 3.9
Figure 3.10
Figure 3.11
Figure 3.12

Figure 3.13
Figure 3.14
Figure 3.15
Figure 3.16
Figure 3.17
Figure 3.18
Figure 3.19
Figure 3.20

Figure 3.21
Figure 3.22
Figure 3.23

Figure 3.24
Figure 3.25

Figure 3.26
Figure 3.27
Figure 3.28
Figure 3.29
Figure 3.30
Figure 3.31

Diagrammatical representation of Meru-Menora tunnel

Illustration of schematic diagram of tunnel cross section

Capturing photo of liner crack using sky lift
Establishing chainage along tunnel

Crack measurement by microscope

Marking of points for indirect method

UPV performed on cracked liner in T1

curve to

Schmidt Hammer conversion

compressive strength

Rebound Hammer used with vertical position
Rebound Hammer test performed using grid
Hand operated drill machine

Core drilling on liner

Recovered core sample

Inside view of drilled hole

Division of peripheral length liner into grids

determine

Mosaicking of images obtained from visual inspection in

fast lane Tunnel 1
Layout of tunnel liner with past and new crack

Schematic diagram of one construction unit

Tunnel sections of 50 m span chosen under varying

overburden depth for crack mapping

Prepared core samples along with strain gauges attached

Sample loaded in the 3000 kN Times Olsen Testing

Machine

Failed sample after being tested
Sample mounted in shear box

Direct shear test performed on granite
Core sample cutting

Grinding of core surface

Capping of core samples

Xvii

77
77
78
78
78
79
79

80
81
81
81
81
82
82
83

83
84
85

86
87

88
88
89
89
91
91
93


file:///F:/Formatting%20Work/Amber%20Thesis/FINAL%20THESIS%20DRAFT%20for%20submission.docx%23_Toc64302346

Figure 3.32
Figure 3.33
Figure 3.34
Figure 3.35
Figure 3.36
Figure 3.37
Figure 3.38
Figure 3.39

Figure 3.40

Figure 3.41
Figure 3.42
Figure 3.43
Figure 3.44

Figure 3.45
Figure 3.46
Figure 3.47
Figure 3.48
Figure 3.49
Figure 3.50
Figure 4.1

Figure 4.2

Figure 4.3

Figure 4.4

Figure 4.5
Figure 4.6

Completed core samples with capping material
Strain gauges attached on the core sample
Sample prior to testing

Failed sample after the compression test

Flow chart to extract elevation data using Arc-GIS
Cross-sectional profile marked on Google Earth
Conversion of cross sections to shape file

Georeferenced topographic map (scale 1: 50 000) with
study area highlighted (JUPEM)

Digitized contour lines with elevation showing area of
study

Generating Dem using "topo to raster 3D analyst tool"
DEM of clipped required area
Equidistance points generated from cross sections

Adding cross-sections points over DEM to extract
elevation data

Workflow of numerical modelling in RS2

Geometry of Meru-Menora tunnel

Discretization of 2D finite element model in RS2
Boundary conditions applied in model in RS2
Multi-Stage excavation sequence with support installation
Reference points assigned on each tunnel boundary

Compressive strength calculated from rebound hammer
results on different section of tunnel liner in T1 and T2

Comparison of UPV performed on sound and cracked
portion of Tunnel 1

Comparison of UPV performed on sound and cracked
portion of Tunnel 2

Comparison of wave path in (a) sound concrete (b) cracked
concrete

Internal friction angle and cohesion from RocData

93
94
95
95
97
97
08

99

99
100
100
101

101
102
103
104
106
108
109

113

115

116

117
120

Induced stress (o1 - ¢°) around boundary of T1 and T2 at chainage

(01+35)

Xviii

125


file:///F:/Formatting%20Work/Amber%20Thesis/FINAL%20THESIS%20DRAFT%20for%20submission.docx%23_Toc64302363
file:///F:/Formatting%20Work/Amber%20Thesis/FINAL%20THESIS%20DRAFT%20for%20submission.docx%23_Toc64302363

Figure 4.7
Figure 4.8
Figure 4.9
Figure 4.10

Figure 4.11
Figure 4.12

Figure 4.13
Figure 4.14
Figure 4.15
Figure 4.16

Figure 4.17
Figure 4.18

Figure 4.19
Figure 4.20
Figure 4.21
Figure 4.22

Figure 4.23
Figure 4.24

Figure 4.25

Figure 4.26
Figure 4.27
Figure 4.28
Figure 4.29

Figure 4.30

SCF around boundary of T1 and T2 at chainage (01+35)
Total displacement of T1 at section (01+35)
Total displacement of T2 at section (01+35)

Crack mapping at shallow depth. (a, b, c, d) Layout of liner
crack in T1 and T2 at Ch: 01+00-02+00

Crack density plot at Chainage (01+00 - 02+00)

Induced stress (o1 - ¢°) around boundary of T1 and T2 at
chainage (15+00)

SCF around boundary of T1 and T2 at chainage (15+00)
Total displacement of T1 at section (15+00)
Total displacement of T2 at section (15+00)

Crack mapping at shallow depth. (a, b, ¢, d) Layout of liner
crack in T1 and T2 at Ch: 15+00-16+00

Crack density plot at Chainage (15+00 - 16+00)

Induced stress (o1 - ¢°) around boundary of T1 and T2 at
chainage (04+20)

SCF around boundary of T1 and T2 at chainage (04+20)
Total displacement of T1 at section (04+20)
Total displacement of T2 at section (04+20)

Crack mapping at intermediate depth. (a, b, ¢, d) Layout of
liner crack in T1 and T2 at Ch: 04+00-05+00

Crack density plot at Chainage (04+00 - 05+00)

Induced stress (o1 - ¢°) around boundary of T1 and T2 at
chainage (10+35)

SCF around tunnel boundary of T1 and T2 at chainage
(10+35)

Total displacement of T1 at section (10+35)
Total displacement of T2 at section (10+35)
Crack density plot at Chainage (10+00 - 11+00)

Crack mapping at intermediate depth. (a, b, ¢, d) Layout of
liner crack in T1 and T2 at Ch: 10+00-11+00

IS (01 - ¢°) around boundary of T1 and T2 at chainage
(08+00)

XiX

126
128
128

130
131

133
133
134
135

136
137

139
139
140
141

142
143

145

145
147
147
148

149

152



Figure 4.31
Figure 4.32
Figure 4.33
Figure 4.34

Figure 4.35
Figure 4.36

Figure 4.37

SCF of T1 and T2 at chainage (08+00)
Total displacement of T1 at section (08+00)
Total displacement of T2 at section (08+00)

Crack mapping at high depth. (a, b, ¢, d) Layout of liner
crack in T1 and T2 at Ch: 08+00-09+00

Crack density plot at Chainage (08+00 - 09+00)

Cumulative crack density of (T1, T2) against varying
average overburden depth and stress ratio (K) value at
different section along tunnel

Different zones of Tunnel along its longitudinal profile
based on crak density of tunnel liner along with crak layout
under different zones

XX

152
153
154

155
156

160

1561



NATM
2D
ASTM
BEM
BS-EN
CCD
CIRIA
DEM
DEM
DFN
DXF
EPBM
ER
ESRI
FDM
FEM
FHWA
FL
GCP
GIS
GPR
GSI
H-d
H-u

ISRM
JUPEM
KML
KMZ
NDT

LIST OF ABBREVIATIONS

New Austrian Tunnelling Method
2-Deimentional

American Society for Testing and Material
Boundary Element Method

British Standard European Norm
Charge-coupled Device

Construction Industry Research and Information Association
Digital Elevation Model

Discrete Element Method

Discrete Fracture Network

Drawing Interchange Format

Earth Pressure Balance Machine
Electrical Resistivity

Environmental System Research Institute
Finite Difference Model

Finite Element Modelling

Federal Highway Administration

Fast Lane

Ground Control Point

Geographical Information system
Geological Point Radar

Geological Strength Index of Rock
Lower Hance

Upper Hance

Induces Stress

International Society of Rock Mechanics
Jabatan Ukur Dan Pemetaan Malaysia
Keyhole Marked-Up Language

Keyhole Marked-Up Language Zipped
Non-Destructive Test

XXi



RQD
SCF
SCL
SL
T1
T2
TBM
ucs
ucT
UPV
UTM

VW

Rock Quality Designation
Stress Concentration Factor
Sprayed Concrete Lining
Slow Lane
Tunnel 1
Tunnel 2
Tunnel Boring Machine
Uniaxial Compression Strength
Universal Compression Test
Ultrasonic Pulse Velocity
Universal Testing Machine
Vault
Vertical Wall

xxii



Oy

o1
03

02

oc
En

Erm

Ei

u

D

C

@

Kis, cyl
A

I:is corr, cyl

fem
fck

Eem

Ly
P

LIST OF SYMBOLS

Vertical In-situ Stress
Horizontal In-situ stress

Major Principal Stress

Minor Principal Stress
Intermediate Stress

Normal Stress

Shear Strength

Unit Weight of Rock
Overburden Depth

In-situ Stress Ratio

Intact Compressive Strength of Rock
Deformation Modulus of Rock
Rock Mass Modulus

Intact Rock Modulus

Poison’s Ratio

Blasting induced Disturbance Factor
Cohesion Strength

Internal Frictional Angle
Correction Factor

length to Diameter Ratio
In-situ Concrete Strength

Core Strength

Mean Compressive Strength
Characteristic Cylindrical Strength
Young’s Modulus

Compressive Strength

Failure Load

Shear Load

Horizontal Pressure

XXiii



Vertical Pressure
Avrea of Piston

Gross Contact Area
Cross-Sectional Area
Pulse Velocity

Time Travel by pulse
Post-Excavation Stress
Pre-Excavation Stress

XXiv



APPENDIX
APPENDIX A

APPENDIX B

APPENDIX C

APPENDIX D
APPENDIX E

APPENDIX F

APPENDIX G

APPENDIX H

APPENDIX |

LIST OF APPENDICES

TITLE
Tunnel Visual Inspection Form
Geographical Index Strength Summary and
Chart by Independent Laboratory

Strength and Deformation Characteristics for Concrete
(Ref. Section 3: MS EN 1992-1-1: 2010)

Topographic Map of IPOH
Stress-Strain Relationship of Granite Core Samples

Lateral Strain vs Axial Strain Relationship for
Poisson’s Ratio

Overburden depth Data in (m) Along Transverse Direction
of Chosen Sections of Meru-Menora Tunnel

Stress Distribution Around Tunnel Boundary
Generated from RS2 at 3" Stage

Contours of Total Displacement at Different Chainage
with Varying Overburden

XXV

PAGE
177

178

179

180
181

183

184

187

189






CHAPTER 1

INTRODUCTION

1.1  Background of Study

The role of construction industry in the development of any country cannot be
ignored. A nation’s competitiveness can be seen and realized in terms of its
infrastructure. Being a developing nation Malaysia has realized the role of construction
industry not only from economic perspective but also in the quality-of-life standard of
its people. The increasing interest and inevitable need of construction industry is due
to vision 2020. According to which, Malaysia must maintain GDP of 6% by the end
of 2020 to be recognized one of the developed nations. The main purpose of vision
2020 is to turn Malaysia into developed, strong, economically healthy and vigorous
nation by the end of 2020, which has resulted in the execution of many civil

infrastructures including tunnels in Malaysia [2].

Since construction industry depends on the development of new infrastructure,
but the condition of existing aging structures cannot be overlooked in terms of loss of
revenue and disruption to industry and life of people. In addition, construction of new
structure will cost more than that of reinstatement of already built structure. Tunnel is
one of the major structures of civilization and an attractive civil infrastructure because
of its advantage of providing better transportation facilities. After providing services
over years, deterioration or other defects in the tunnels especially on the tunnel lining
can be seen due to lack or improper maintenance, delay in repair or mainly due to
aging, which results in decrease in the integrity of tunnel lining caused by the
deterioration which may leads to tunnel collapse [3]. Hence the collapse of tunnel will

seriously damage the socio-economic development and life quality of people in the
city [4].



The deterioration of tunnel lining which is manifested in lining anomalies such
as: crack, water-leakage, spalling or delamination, rusting of re-enforcement etc.
Among them the most serious and damaging anomaly is liner crack. To avoid these
unwanted situations to happen a monitoring system is required to identify, monitor,
and determine the types of anomalies and cause of their development in the tunnel
lining. Therefore, to ensure the durability of the tunnel the structural health assessment

of tunnel lining is needed during its service life [5].

For the abovementioned problem, many approaches have been established in
the past regarding finding the cause of development of liner cracks and their respective
effects on tunnel liner for the health assessment of tunnel such as movement of
neighbouring slope, difference of temperature in environments, geological condition,
construction deficiencies and topography [6-9]. Among them effect of varying
topography, in terms of overburden especially in tunnels buried under shallow
overburden, has widely been studied for development of crack to ensure stability of
tunnel [7]. Many researchers have studied effect of varying topography on liner in
terms of subsidence or settlements of crown mostly in shallow tunnels, but no study is
available on effect of varying overburden on the intensity of crack along the

longitudinal profile of tunnel.

Numerical modelling is best way to demonstrate real life physical phenomenon
in an idealized and simplified conceptual model. Although, result generated from
numerical simulation are not exactly accurate, but they give approximation and aids
knowledge in the understanding of solution of existing problem. Contrary to the
previous studies constructing numerical model using horizontal ground surface to see

the effect of topography, better result can be achieved using real topography.

1.2 Problem Statement

The realization of vision 2020 mentioned above shows the importance of
development of new and maintenance of the existing civil infrastructures. Since tunnel

is one of the significant underground structures which support transportation of goods



and people, but tunnel deteriorate over period of time. And out aging of existing
tunnels are inevitably expensive in terms of loss to national asset and life quality of
people. The main reason of tunnel deterioration is the development of liner cracks
which may leads to tunnel collapse if not properly addressed. Therefore, to avoid
disruption to industry the health condition of existing tunnels needs to be maintained
for which we need health assessment system. Usually, concept of topography is used
to know the inducement of crack but there is lack of understanding about the effect of
varying topography on behaviour of crack in terms of its intensity on tunnel liner.
Therefore, novel approach is needed to understand the influence of varying overburden
on crack with a view to use it as a practical tool to facilitate health assessment of tunnel

liner.

1.3 Significance of Study

This study has given fair amount of understanding about the crack intensity
along with their cause of inducements on tunnel liner for which health monitoring has
received significant attraction. Especially, the effect of real topography on the tunnel
liner was limited in previous literature with respect to behaviour of crack in terms of
intensity along longitudinal profile of tunnel. This study validates and illustrates the
application of proposed diagnostic approach in health assessment of tunnel by
considering the effect of real topography on tunnel liner. The methodology presented
and finding from this study may kick start serious efforts in providing technical
guideline to the tunnel inspector and tunnel owners for the subsequent technical and
maintenance program to increase the lifespan of tunnel. The results from numerical
analysis may also give fair amount of idea to designers and engineers, keeping role of
varying overburden in mind, during design and construction phase of tunnel. The
outcome of this research will provide comprehensive knowledge and idea that can be

pursued for future study.



1.4 Research Aim and Objectives

The aim of this study is to gain understanding of crack density at shotcrete
tunnel liner by incorporating the influence of varying overburden factor on the
intensity of crack. To achieve this aim, following objectives were needed:

To identify the cracks on tunnel liner.
To quantify intensity of cracks mapped from visual inspection.

To validate the effect of varying overburden on crack intensity using

numerical simulation.

1.5  Scope and Limitations

The multi-arch tunnel Meru (T1) and Menora (T2) located at Jelapang, Perak,
Malaysia on the North-South Expressway was chosen as case study. They are situated
in the Kledang Range which comprises of granitic igneous rock. The tunnels are 800
m long in length. Different section of tunnel along tunnel length were chosen
depending upon the crack intensity. The tunnel was constructed employing New
Austrian Tunnelling Method (NATM) and liner of tunnel was built out of shotcrete.
Among different types of anomalies in tunnel, cracks were chosen focusing on the
intensity of these cracks on different portions of shotcrete tunnel liner such as wall,
hance and vault. Moreover, the effect of varying overburden is studied on the intensity
of cracks along the length of tunnel. Arc-GIS software was utilized to get elevation
data to construct real topographical surface. Effect of varying topography in terms of
induced stresses, stress concentration, and total displacement was studied
incorporating two-dimensional (2D) Finite Element software RS2, used for 2D

numerical simulation using Mohr-Coulomb failure criteria.

Required data for research was gathered by conducting series of field

inspection i.e., visual and technical, as-build drawing, previous reports, liaising with



project contractors and project owners, personal contact to government departments
and related professionals for topographic map, literature review and laboratory testing.
Serious constraints were faced conducting tunnel inspection and getting design data
pertaining to construction of tunnel due to confidentiality which resulted in
unavailability of some data. In these cases, some assumptions were made based on

engineering judgement during numerical analysis.

1.6 Structure of Thesis

The thesis has been structured and organized in five chapters as:

Chapter 1: gives the background of study and outlined the research problem. It
also discussed the objectives needs to achieve the aim of study. And then it illustrates
the significance of study as well as scope and limitations. It also provides overview of

forthcoming chapters.

Chapter 2: This chapter aims at providing previous literature review regarding
general concepts, theories, procedure, standards, and overview of software utilized in
this study. In this chapter overview of tunnel application, anatomy, types of tunnel
based on construction method along with tunnel supports and failure history of tunnel
is also presented. Moreover, understanding of stresses around opening during
underground excavation is also given. And then types of anomalies on tunnel liner as
well as cause of their inducement is presented focusing on varying topography. And
then this chapter discussed the background studies of health assessment, laboratory
testing procedure and different method of numerical analysis along with software

employed.

Chapter 3: In this chapter flow chart of research activities is demonstrated.
Brief description of geology and study area is also provided which is chosen as case
study. Then this chapter explains technical procedures, descriptions adopted to conduct
field inspections and further discusses laboratory testing conducted on core samples.

This chapter also illustrates the method employed to extract elevation data using Arc-



GIS. And it puts forward the input of collected data and then explains the step-by-step
procedure adopted to develop numerical model at different section of tunnel along its

length.

Chapter 4: This chapter discusses results obtained from field inspection,
material testing in laboratory and 2D numerical modelling of tunnel at different section
along tunnel length. Moreover, this chapter elaborate effect of varying overburden on
the intensity of crack by comparing and validating results from field observation and
numerical analysis. In addition, this chapter also shed light on the findings of this

study.

Chapter 5: The chapter summarize the conclusions derived from findings and
results of numerical analysis and field inspection. Moreover, this chapter briefs
practical applicability of the study conducted. And at the end recommendations for

further study and future work is stated.
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