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ABSTRACT

In the recent past, there have been rapid advances in the development of
technologies for the evaluation of bridges. Advanced structural health monitoring
has fast become a growing field in which non-intrusive damage detection
techniques are integrated into a structure to monitor the complete bridge or
individual bridge members. These integrated computer-linked sensors systems
could subsequently alert the bridge engineers on the abnormalities inside the bridge
structure. These bridge structures could be aptly described with the phrase ‘smart
structure’. If properly maintained, it is believed that these smart technologies could
extend the useful life of bridges by allowing deterioration to be identified earlier
and thereby allowing relatively minor corrective actions to be taken before
deterioration grows to a state where major actions are required. In addition, smart
bridge technologies allow designers to learn from previous designs to improve the
performance of future bridges. While a number of smart bridge monitoring
technologies exist, a thorough compilation of these various technologies have not
been done in this country. A comprehensive database would allow easy
identification and review of smart bridge monitoring technologies and to facilitate
the selection of technologies for a specific application. With this database,
information on available monitoring technologies could be identified and their
applicability could be selected.
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ABSTRAK

Kebelakangan ini, berlakunya kemajuan yang pesat dalam pembangunan
teknologi penilaian jambatan. Pengawasan kesihatan struktur yang maju dengan
pantasnya telah menjadi satu bidang yang semakin meningkat di mana pengesanan
kerosakan yang tidak menerobos diintegrasikan ke dalam struktur untuk mengawasi
keseluruhan jambatan atau anggota jambatan tertentu. Penderia yang dintegrasikan
dan yang dihubungkan dengan komputer ini akan memberitahu jurutera jambatan
akan sebarang kemerosostan dalam struktur jambatan. Jambatan ini boleh
digambarkan sebagai struktur yang pintar. Jika disenggara dengan sepatutnya,
teknologi jambatan pintar ini dijangka dapat memanjangkan kebergunaan hidup
jambatan dengan membolehkan kemerosotan dikenalpasti lebih awal dan seterusnya
membolehkan tindakan pembetulan yang kecil diambil sebelum kemerosotan sampai
ke tahap di mana pembaikan kerosakan yang komprehensif diperlukan. Tambahan
pula, pengawasan kesihatan struktur yang pintar membolehkan pereka belajar
daripada pereka yang terdahulu untuk meningkatkan prestasi jambatan pada masa
depan. Walaupun terdapat pengawasan kesihatan struktur yang pintar, pengumpulan
teknologi ini belum dilakukan di dalam negara ini. Satu pangkalan data yang
komprehensif yang akan memudahkan pengenalpastian dan kajian pengawasan
kesihatan struktur pintar ini dan juga memudahkan pemilihan teknologi yang sesuai
untuk penggunaan. Dengan adanya pangkalan data ini, maklumat tentang
pengawasan kesihatan struktur yang ada dapat dikenalpasti dan penggunaanya dapat

dipilih dengan baik.



CHAPTER

TABLE OF CONTENTS

TITLE
DECLARATION
DEDICATION
ACKNOWLEDEMENTS
ABSTRACT
ABSTRAK
TABLE OF CONTENTS

LIST OF TABLES
LIST OF FIGURES
LIST OF APPENDICES

INTRODUCTION

1.1  Background

1.2  Problem Statement

1.3  Aimand Objectives

14  Scope

15  Significance of the Study
1.6  Research Methodology
1.7  Layout of Thesis

LITERATURE REVIEW

2.1 Introduction: The Need and Benefits of

‘Smart Structures' Application
211 TheNeed
2.1.2 The Benefits

2.2  Definition of * Smart Structures

Vii

PAGE

Vi
Vil
Xi
Xii

XVii

O~ DN W WN P PR

\]

14



2.3
24

2.5

viii

Smart Bridge Monitoring Technologies 15
Smart Bridge Technology Systems 15
2.4.1 Fiber Optic Sensor (FOS) based 16
Monitoring System
2.4.1.1 SOFO Monitoring 16
System
2.4.1.2 OSMOS Monitoring 18
System
2.4.2 Integrated, Internet-based On-line Monitoring 20
System
2.4.2.1 On-line Alerting of Structural Integrity
and Safety (OASIS) System 21
2.4.3 Real-time Kinematic GPS-based Monitoring 24
System
2.4.4 Robotic Total Station-based Monitoring System 27
2.4.4.1 Deformation Monitoring System 31
(Leica Geosystems Inc.)
2.4.5 Acoustic Emission-based Monitoring System 31
2.4.5.1 SoundPrint® 31
2.4.5.2 Sensor Highway Il System ™ 34
245 Analysisof Structural Responses-based Monitoring 35
2.4.5.1 Ambient Vibration-based Monitoring 36
(AVM)
24511 BRIMOS® 36
Other Smart Bridge Technology Components 38
25.1 Sensing Technologies 38
2.5.1.1 Fiber Optic Sensors (FOS) 39
2.5.1.2 Smart Sensors 40
25121 SMART FODS 40
251.2.2 Fiber Bragg 41
(FBG) Grating Sensors
2.5.2 Embeddable Corrosion Sensors 42

2.5.3 Micro-electrochemical Sensors (MEMS) 43



DEVELOPMENT OF SMART BRIDGE TECHNOLOGIES

DATABASE
31
3.2
321
3.2.2
3.2.3
3.3
34

2.6

2.7
2.8

2.9

2.5.4 Piezoelectric Systems
255 Wireless Sensors
2.5.6 Smart Bridge Bearings
Data Acquisition and Processing
2.6.1 SmartComposite™ Software
Wireless Communication
Data Processing and Management
2.8.1 Artificial Neural Networks (ANNS)
2.8.2 Some Examples of Bridge Monitoring
Projects

Summary

Data and Information

The Database and Database Management System (DBMS)

Database

Database Management System (DBMYS)
Relational Database and the Relational
Database Management System (RDMYS)

The Merits of Microsoft® Access™ 2007

3.3.1 Introduction
3.3.2 IltsMgeits

| dentification of Monitoring Metrices

34.1
34.2
34.3
344
3.4.5
3.4.6
34.7
3.4.8
3.4.9

Corrosion of Steel

Fracturein Steel

Loose and/or Deficient Connections
Deformation

Cracks in Reinforced and Prestressed Concrete
Wire Breakage

Spalling

Corrosion of Reinforcement

Wear and Abrasion

3.4.10 Materia Deterioration

43

45
46

47
50

51

55

59
59
60
60
61
61
62
63
63
64
64
64
65
65



3.4.11 Delamination 66
3.4.12 Abnormal Vibration / Deflection 67
3.4.13 Tilt/ Settlement 67
3.4.14 Erosion/ Scouring 68
34.14.1 Case Study 68
3.4.15 Impact Damage 69
3.4.15.1 Case Studies 69
3.4.16 Abnormal Spacing at Bridge Joint 71
3.4.17 Abnormal Movement 71
3.5  Database Design using Microsoft® Access™ 2007 72
3.6  User Instructions for Smart Bridge Technology Database 77
3.7  Exampleson the Use of Database 79
CONCLUSIONSAND RECOMMENDATIONS 81
41  Generd 81
4.2  Outcome of the Study 82
4.2.1 Increase Awareness on Smart Structures and 82
Associated Technologies
4.2.2 Consolidated Information on Smart Monitoring 82
Technology Providers
4.2.3 Anaysisof Selected Case Studies 83
4.2.4 Development of Database on Smart Bridge 85
Monitoring Technologies
4.3  Recommendations for Future Works 86
REFERENCESAND BIBLIOGRAPHIES 87
AppendicesA - B 92-127



TABLE NO.

21

2.2

31

3.2

LIST OF TABLES

TITLE
Static and dynamic damage factors.

Sensor sengitivity for different number of
cracks.

Damage Table Records.

SmartComponents Table Records

PAGE

74

74

Xi



FIGURE NO.

21

2.2

2.3

24

2.5

2.6

2.7

2.8

29

2.10

211

212

LIST OF FIGURES

TITLE
Scenes of 1-35W bridge collapse.
One section of 1-35W bridge collapse.
Another view of [-35W bridge collapse
Close up view of 1-35W bridge collapse.

Wireless strain sensing installed at the Ben
Franklin Bridge

The Ben Franklin Bridge spans the Delaware
Rivers.

Aerial view of Hall’s Harbour.

Schematic of the E. 12th St. Bridge SHM
system.

High Performance Steel Girder Incorporated
in East 12th Street Bridge over 1-235 in Des

Moines, lowa.
SOFO monitoring system.

Surface mounted SOFO sensor measuring

flexure in the beam.

SOFO sensor mounted to measure shear

PAGE

10

11

12

13

14

17

17

17

Xii



2.13

2.14

2.15

2.16

217

2.18

2.19

2.20

221

2.22

2.23

2.24

2.25

2.26

2.27

2.28

strain.
OSMOS system schematic.
‘Dashboard’ display of measurement results.

Portage Creek Bridge SHM web page
integrating sensing data and web camera.

The Real-Time monitoring system flow
diagram

OASIS System installed at Namahe Bridge,
Korea

Namahe Bridge, Koreaz Dynamic sensor

|ocation.

Layout of the GPS monitoring system: one
base station at the Finger Pier (PSA Building),
two ‘rover’ stations on the Republic Plaza

building.

Model for on-line monitoring.

Testing tall span.

Leica TCA 2003 set up for Load Testing.
Reference point.

Target (Prism) on bridge.

The oscillator 2D and the standard prism
positioned on the industrial pillar.

Rio Pelotas Bridge.
Monitoring points.

Acoustic Emission

19

19

21

22

23

23

26

26

27

28

28

28

30

31

31

32

Xiii



2.29

2.30

231

2.32

2.33

2.34

2.35

2.36

2.37

2.38

2.39

2.40

241

242

243

31

3.2

3.3

34

Sensors attached to cable.
Data acquisition system.
Sensor Highway 1l System ™.

Measurement grid of accelerometers along the

bridge structures.

BRIMOS® Recorder applied for anayzing
dynamic structural behaviour of bridge deck.

BRIMOS® Recorder applied for anayzing
dynamic behaviour of a stayed cable.

Optical Strand

Optically encoded sensors.

Embedded Corrosion Instrument (EC-1).
Self powered piezoelectric.

Extensive bulging to elastomeric bearing pad

Abnormal displacement of elastomeric
bearing pad.

Walking of bearing pads at viaduct, Middle
Ring Road I1.

Deformation of rubber bearing.

Real -time data acquisition and simutaneous
wireless transmission of buffered sensor data.

Widespread medium level of corrosion to
steel and buckle plates.

Very severe corrosion to steel beam. Total
loss of steel section at the web.

Fracture at splice connection.

L oose connections.

33

33

34

38

40

41

42

46

46

46

46

48

61

61

62

62

Xiv



3.5

3.6

3.7

3.8

3.9

3.10

311

3.12

3.13

3.14

3.15

3.16

3.17

3.18

3.19

3.20

321

3.22

3.23

3.24

Deformation of buckle plate.

Very severe crack at pile columns dueto
bending.

Very severe spalling of concrete deck slab.

Very severe corrosion of exposed
reinforcement with heavy rusting and pitting.

Medium level wear and abrasion of pile
column.

Concrete deterioration of post-tensioned
beam.

Severe delamination at deck soffit due to
corrosion of reinforcement.

Abnormal deflection of steel girder.

Abnormal deflection with vertical sag at top
chord.

Differential settlement of pier.

Single span steel plate bridge failed due to
scouring of abutment.

Badly-damaged piles after collision at Kuala
Kedah Bridge.

Partial failure of pedestrian bridge.
Very severe cracking at buried joint.

Movement of bridge pier from its original
position.

Company Entity and Attributes
Product Entity and Attributes.
Damage Entity and Attributes.
Entities Relationships.

Splash Screen

63

63

64

65

65

66

67

67

67

68

69

70

71

71

72

73

73

73

76

7

XV



3.25

3.26

3.27

3.28

Main Menu
Monitoring Option Menu

Abnormal Deflection Damage Description
Menu.

Record

77

78

78

79

XVi



XVii

LIST OF APPENDICES

APPENDI X TITLE PAGE
A Companies and Products Record 93
B Smart Bridge Technologies Database Examples 100



CHAPTER 1

INTRODUCTION

1.1  Background

Bridges are not merely amajor, long term investment but they are the
flagship or in fact, vital link in highway transportation network. Inspection and
evaluation of the structural health of bridge structures has been traditionally based on
“hands-on” visual inspection by experienced personnel. The US Federal Highway
Administration’s (FHWA) Nondestructive Evaluation Validation Center recently
completed the first comprehensive and quantitative study of reliability of visual
inspection and the US National Bridge Inspection Program (NBI) condition rating
system [1]. The study reported that arange of condition ratings of 3 or 4 categories
can be expected routinely with different inspectors reporting results for same bridge
in the same condition. Coupled with this variability isthe inherent limitation of
visual inspection that fails to detect invisible deterioration, damage or distress.
Many of the aforementioned are difficult or impossible to detect visually unless they

are severe.

Non-destructive Testing and Evaluation (NDT / NDE) has facilitated the
examination of in-situ behaviour members and behaviour not ascertainable through
traditional visual inspections. But this still does not resolve the problems of
subjectivity and periodic nature of inspection. Therefore, continuous monitoring is

the best way to resolve the aforementioned problem.



In recent years, there has been an increase in the applications of advanced
structural health monitoring in bridge evaluation. Damage detection techniques are
integrated into the structure to monitor the complete bridge or individua structural
members. These integrated computer-linked sensors systems could subsequently
alert the bridge engineers on the abnormalities inside the bridge structure. These
bridge structures could be aptly described with the phrase ‘ smart structure’. If
properly maintained, it is believed that these smart technol ogies could extend the
useful life of bridges by alowing deterioration to be identified earlier and thereby
allowing relatively minor corrective actions to be taken before deterioration grows to
a state where major actions are required. In addition, smart bridge technology alows
designersto learn from previous designs to improve the performance of future
bridges[2].

While anumber of smart bridge technologies are available, athorough
compilation of these various technol ogies have not been donein this country. This
short study will attempt to compile information on the various smart bridge
technologies and carry out comparative assessments of their merits. This study will
also develop a database to assist practising engineers in selecting the technologies
relevant to their respective needs. Such a comprehensive database would alow easy
identification and review of smart bridge technologies and to facilitate the selection

of technologies for a specific application.

1.2 Problem Statement

At present, various smart bridge technologies are available, yet the
knowledge and level of awareness regarding them in this country is still quite low.
A contributory cause for the low awareness is that information regarding these
technologies is not readily available and not consolidated. Thereisaneed for bridge
engineers to be made aware of the significant benefits and working principles of
these smart structure technologies. Hence this short study will consolidate

information on them and conduct relative evaluations of their virtues. Besides that,



this study will also build a database to aid practising engineers in choosing the
technol ogies appropriate to their respective requirements.

1.3  Aimand Objectives

Generaly, this study aim to identify and compile bridge monitoring

technol ogies which have smart attributes.

The related objectivesin achieving the aim of this study are as follows:

a) To identify information that must be gathered to effectively monitor a bridge
structure.

b) To identify criteriafor selection of appropriate approach and technologies for
bridge monitoring.

C) To carry out comparative and qualitative assessments of the ability of each
technology to measure the metrics for bridge monitoring.

d) To develop a searchable database to provide easy identification and review of
smart bridge monitoring technologies

14  Scope

The study will focus on identifying and assembling bridge monitoring
technology with smart attributes. A user friendly database will be developed to
provide practicing engineers with means of easy identification and appraisal of smart
bridge monitoring technologies using Microsoft© Access™. Subsequently, prior to
this development, criteriafor selection of appropriate technology have to be
identified.



15  Significance of Study

The study will provide consolidated information on smart structures
attributes where details of smart structures technologies are compiled and analyzed
to help increase knowledge and awareness about them. A user friendly database
system developed in this study will be useful for engineersto identify, evaluate and
select the most appropriate smart bridge monitoring technology for their structural
health monitoring purposes. The database will serve as a starting point for the
development of a more comprehensive information system on smart structures

technologies.

1.6  Research Methodology

The methodology will be itemised as below:

Problem I dentification

After the problem statement has been identified, the next step is definition of the

objective and scope of study. At this stage, planning and scheduling are undertaken.

Literature Review

A background study on Smart Bridge Technologiesis carried out. Besides that,
information on Smart Bridge Technology is compiled and the requirement for
database development is studied. A ssmple and brief review will aso be carried out

on database management system software.

Task 1
Under Task 1, the information (Monitoring Metrices) that must be gathered to

effectively monitor a bridge structures and facilitate the selection of the appropriate
technology isidentified. Summary of the capability and applicability of soon-to-be
identified Smart Bridge Technologies are also carried out.



Task
The focus of Task 2 isto collect and compile information on Smart Bridge

N

Technologies currently used through review of technical reports and literature

review.

Task 3

The collected information will be summarized and synthesis. Next, a searchable
database aiming at providing easy identification and review of Smart Bridge
Technology isdeveloped. Thiswork has been reported in Chapter 3.

Conclusion and Thesis Prepar ation

Lastly, isthe preparation and compilation of thesis for submission.

1.7  Layout of Thesis

This section generally categorizes the thesis contents in terms of defined and
systematic chapters. Thethesisisdivided into four (4) chapters and a summary of

each chapter is presented as follows:

Chapter 1 Introduction

This chapter outlines the purpose of the study, the problem statement,
and aim and objectives. Apart from aforementioned, it includes scope of the study,

the significance of the study, and lastly the arrangement of each chapter in the thesis.

Chapter 2 Literature Review

This chapter discusses the needs and benefits of smart bridge

structures applications. The discussions are relevant because they demonstrate the



reason for the task of identifying, compiling and synthesis of bridge monitoring
technologies with smart attributes. In this chapter, bridge monitoring technologies
with identified smart attributes were not only highlighted but also description on

working principles of these smart technologies shall be carried out.

Chapter 3  Development of Smart Bridge Technologies Database

This chapter will start off with a brief description of the database management
system aiming at providing conceptual understanding. The reasons behind the

selection of Microsoft© Access™ 2007 are presented.

Included in this chapter is a concise description on the design development of
the database. Prior to that the monitoring metrices are identified and presented.

Chapter 4  Conclusion and Recommendations

This last chapter concludes the study carried out and describes the

outcomes of it. It also includes a few recommendations for the database devel oped.





