AN INTEGRATED APPROACH FOR
STRUCTURAL HEALTH MONITORING

RAMA SHANKER

DEPARTMENT OF CIVIL ENGINEERING

INDIAN INSTITUTE OF TECHNOLOGY DELHI

NOVEMBER 2009



AN INTEGRATED APPROACH FOR STRUCTURAL
HEALTH MONITORING

By

RAMA SHANKER

Department of Civil Engineering

Submitted
in fulfillment of the requirements of the degree of

Doctor of Philosophy

to the

Indian Institute of Technology Delhi
Hauz Khas New Delhi- 110016
November 2009



CERTIFICATE

This is to certify that the thesis entitled ‘AN INTEGRATED APPROACH FOR
STRUCTURAL HEALTH MONITORING” being submitted by Mr RAMA
SHANKER to the Indian Institute of Technology Delhi for the award of the degree of
DOCTOR OF PHILOSOPHY in Civil Engineering is a record of bonafide research
work carried out by him under our supervision and guidance. He has fulfilled the
requirements for the submission of the thesis, which is best of our knowledge, has

reached the requisite standard.

The material contained in this thesis has not been submitted, in part or in full to any

other University or Institute for the award of any degree or diploma.

(Dr. Suresh Bhalla) (Prof. Ashok Gupta)

Assistant Professor Professor
Department of Civil Engineering Department of Civil Engineering
Indian Institute of Technology Delhi Indian Institute of Technology

Delhi



ACKNOWLEDGEMENTS

First and foremost, I would like to extend my sincere thanks and gratitude
towards my supervisors, Dr. Suresh Bhalla and Prof. Ashok Gupta, for their
continuous guidance, encouragement and strong support during the course of my
Ph.D. research. I am eternally grateful for their kindness, helpful guidance,
discussions, and dazzling sense of humor. They truly exemplify the role of advisors. I
am forever grateful for their kindness and contributions, not only towards my

research, but towards my professional growth as well.

I am grateful to my committee members of Prof. J.M.Kate, Prof Suneet. Tuli
and Dr. Alok Madan, who provided useful suggestion and valuable advice regarding
my research work. I thank my friend Satish Dandhole, without him, things would
have been very difficult. I am also thankful to B.Tech final year students, Mr Shishir
Chakroverty and Mr Moti Baba, to provide imminent helps to conduct the lab

experiments.

I express my special thanks to Mr Lal Singh, Mr Nitin Chaurasia, Mr Md
Sahid and other technicians, who provided their technical support generously during
the lab work. Without their support and practical tips as well as the good work
environment in the Structures Lab, it would not have been possible to finish the
experimental work so smoothly. I also express my gratitude towards my colleagues
and other supporting staff at the Indian Institute of Technology Delhi, who directly or

indirectly contributed towards my research.
A special thanks goes to my parents and my wife for their encouragement and
sacrifices. Their support and kind encouragements provided the essential foundation

to thrive and success. My thankfulness also goes to my brother for sharing my failure

and success with equal eagerness.

New Delhi, November 2009 (Rama Shanker)

ii



ABSTRACT

There is a phenomenal rise in construction activities in the field of civil engineering in
the recent years. Major structures like buildings, bridges, dams are subjected to severe
loading and their performance is likely to change with time. It is, therefore, necessary
to check the performance of a structure through continuous monitoring. If
performance deviates from the design parameters, appropriate maintenance is
required. The life of a structure depends on initial strength and the post construction
maintenance. It is for this reason that the necessity of structural health monitoring
(SHM) is emphasized worldwide. There are several techniques to monitor the health
of structures. These can be divided broadly into two types, global and local. The local
and global techniques independently cannot monitor the health of a structure
continuously in an autonomous manner. For example, the global technique, cannot
determine incipient damage. The local techniques, being localized in nature, can
identify damage only within a limited zone. Hence, a technique is required for
structural health monitoring (SHM), which should carry out continuous monitoring of
structure both locally and globally, should be sensitive and at the same time cost
effective. The primary objective of this research work is to develop a new technique

by integrating the global and local techniques based on piezoceramic sensors.

The global and the local techniques are studied to identify the advantages and
drawbacks of each technique. It is found that the global dynamic techniques work
only in low frequency range (typically < 200Hz) and can detect moderate to severe
damage. However, global techniques do not detect hair line cracks which develop at

an early stage. Opposite to this technique, a local technique called electro-mechanical
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impedance (EMI) technique, which is based on piezo-electric ceramic (PZT) sensors;
operates at higher frequency range and can typically detect damage at microscopic
level. Damage can be detected at a very early stage by the EMI technique. However,
the EMI technique typically fails to properly distinguish among severe damages. It is
proposed to integrate EMI technique with the global dynamic techniques to take

advantage of both the techniques

There are different types of sensors which can be used for SHM. In general, the
performance of PZT sensor is better than other sensors and are also very cost
effective. In this study, PZT patches have been used as sensors for both global and
local level damages. In addition, the possibility of an embedded PZT sensor has been
investigated. The PZT sensor is embedded in structure at the time of construction. It is
successfully demonstrated that the embedded patch acts as sensors for both the global

dynamic technique and the EMI technique.

Detection of incipient damage is quite critical for the challenging task for health
monitoring of structures. In this study, through artificial damage created in the
structures, it is found that the incipient level damage is very quickly detected by the
EMI technique. For moderate to severe damages, the same PZT is capable of serving
as the sensor of the global dynamic technique, and can suitably quantify such
damages as well as locate them. Hence, PZT patches, which have so far been used
largely with EMI technique, have been found suitable for global techniques in this

study.
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A simple low cost experimental technique has been developed to extract the
experimental strain mode shapes of the structures. Experimental mode shapes
extracted using the proposed technique require less interpolation and are obtained
using a single PZT sensor. Resolution of measurement can be adjusted as per desired
accuracy. The technique uses a surface bonded or embedded PZT sensor to extract the
experimental strain mode shape directly. Damage ranging from incipient to near
failure (severe) can be located and quantified using the EMI technique and the
experimental mode shapes with desired accuracy. Incipient damage is located using
extracted equivalent parameter from the admittance signature of different sensors.
Moderate to severe damages are located using extracted experimental mode shape.
Basic advantage of the combined technique is that location of damage can determined

out with desired accuracy.

The conventional methods, which differentiate the damage as incipient, moderate and
severe, are based on experience. A new algorithm has been developed to determine
the severity of damage using experimental mode shapes. The basic advantage of the
algorithm is that the severity of the damage can be computed in terms of the original
stiffness of structure.

It has also been shown that by suitable integration of the global dynamic and the EMI
technique with artificial neural networks (ANN), the issues of localization and
quantification can be addressed more appropriately. Hence, the integration of these
techniques leads to much more effective SHM and this forms the main contribution of

the thesis.



TABLE OF CONTENTS

PAGE
CERTIFICATE. ...ttt ettt et e e e e e e et an e es i
ACKNOWLEDGEMENTS. ... ettt et ettt et e e e e e eaee ii
FN S N N L X G L P il
TABLE OF CONTENTS.... ..ottt ettt et eeeeeeae e eee e aee e vii
LISTOF FIGURES ..ot ittt et et ee e e X
LISTOF TABLES .....octiiiiiete ettt ettt ettt et e eaeens xiii
LIST OF SYMBOLS. ...ttt ettt e et e e XV
LIST OF ACRONYMS. ...ttt ettt e e e Xviii
CHAPTER 1: INTRODUCTION
1.1 Structural Damages and Failures............ccooevuiiiiiiiiiniiiiiiic e 1
1.2 Recent Accidents due to Structural Failure..............cccoooviiiiiiiiiiiiiiiine, 2
1.3 Structural Health MONitoring ...........ceoeviiiiiiiiiiiiiiii i ie i eaeaae 4
T ANeed Of SHM. .....ooiuiiiiiiiiii e e 6
1.5 SHM TeChIIQUES. ... .vetenenieiinieeitiet et eeeeeeteeeeeaeeaeeeareaeeateareeneneenneans 8
1.5.1 SHM by Global Dynamic Techniques...........cccveeviiiiiiiiiiiiinineniinennens 9
1.5.2 SHM by Electro-mechanical Impedance (EMI) Technique..................... 9
1.6 Research ODbJeCtiVES. ....uvueenieieieeiiiee ettt e e et e e e eaene 10
1.7 Research Originality and Contributions. ............c.cooeviveieiiiiineiiiiiiienenannen. 11
1.8 Thesis Organization...........c.cuereeuiuiuirereient et eeee et eaeeneeeaieeaeenns 12
CHAPTER - 2: LITERATURE REVIEW
2.1 INtrOdUCHION. ..e ettt e 13
2.2 Global TeChNIQUES. .. .eueueieenenieeee et et e e e ereie e eeeeen e eannnas 13
2.2.1 Global Static Response Based Technique...........ccccovvviniiiiiiiiieienenns 13
2.2.2 Global Dynamic Response Based Techniques...........cocevueneniienininnnenn. 15
2.3 Techniques Based on Specific Structural Parameters...............c.cevevenennenen.. 23
2.3.1 Stiffness Changes. ........coeeueeineiieieieeie e eeee e e e enee e 23
2.3.2 Flexibility Changes..........cueueiiiuiueiiiiieieiei e evee e 24
2.3.3 Technique Based on Strain Energy...........ccccoveiiiiiiiiiiiiiiiiiienene, 25
2.4 Limitations of Global Techniques ............cccviviiiiiiiiiiiiiieiiiere e 27
2.5 Need for Further Research in Global Technique...........cocoeevviviiiiiiiininenan... 29



2.6 Major Developments in Global Technique during Recent Years.................... 30

2.7 Local TeChNIQUES. ... euueeentieeeieee ettt et e e eaeee e eaeneaanenenes 32
2.7.1 Conventional TechniqUeS. ..........vueueieiuieiiiieeieneee e eneee e 33
2.7.2 Techniques based on ‘Smart Materials and Smart System...................... 37

2.8 PieZOCLIECHICILY . .. v eueeeeeieeee et ettt ee et e e e eare e enee e 38
2.8.1 APPLCALIONS. .. ..eueeneeieiet et ettt e e e e e e e e e e e e aanaaas 39

2.9 Problems in Application of Piezoelectric Material
for Structural Health Monitoring ............cccocvieiiiiininenenienincnenseseneee e . 41

29,1 AGING. .. et a e 41
2.9. 2 Electrical LImitations ...........ccotveiuiiiriininiiiniiiiieeeneieee s eeeseneees 41
2.9.3 Mechanical Limitations. ..........coevuiuiiiiiiiiniiiiiiiiiiiinee et eeieneenas 42
2.9.4 Thermal Limitations and Temperature Fluctuations ............................. 41
2.10 Geometric Details of PZT Patches...........cooooiiiiiiiiiiii s 42
2.11 Electro- Mechanical Impedance (EMI) Technique...........ccccevvieineniinnnn... 43
2.12 Method of APPLCAtION.....c.ceeiereieierterienteretreeeseesseereesseestessaseseeseessesseesen so s s snes 45
2.13 Selection of Frequency Range ...........cocoviiviiiiiiiiiiiiiiiiiiien e 46
2.14 Sensing Zone of Piezo-Impedance Transducers...........c.cceveviviiiveineneenen.. 46
2.15 Advantages of EMI Techniqu...........coooveiniiiiiiiiiiiiiiiiiiie e, 46
2.16 Limitations of EMI Technique..........cccoiviiiiiiiiiiiiiiiiiiiirece e eeceeee s 47
2.17 Major Developments during Recent Years...........ccoevviiiiiiiniiiiiiinniinennn 49
2.18 Needs for Further Research in EMI Technique...........cccovieiiiiiiiiiiiinnn.., 54
2.19 Hardware/ Technology Considerations...........c.cveevieiiiiieiiiiiieiininneiiinnens 55
2.20 Integrated APpProach...........o.eieiiieertiiie it eee e eea 56
2.21 Artificial Neural Network ..........c.cooviiiiiiiiiiiii e 57
2.21.1 Basic Unit Of ANN . ....uiiitiitiiiii et 57
2.21.2 The Back-Propagation Neural Networks............c.ccoeeievieiiiiiiinninn. 58
2.22 Advantages of Neural Network...........cooeviviiiiiiiiiiiiiiiiiiiiiie e 62
2.23 Limitations of Neural Network...........cooviiiiiiiiiiiiiii e 62
2.24 Concluding Remarks. ........ccoueieiiiiiiiiiiiiiiiiie e eee s evee e 65

CHAPTER 3: SENSOR SYSTEMS FOR SHM
3.1 INtrodUCHION ....uvieeei e e 66
3.2 Sensor Systems for Structural Monitoring...........cccoevveiiiiiiiiiiiiiiiiiieiennn.. 66

vii



3.3 Experimental Evaluation of Sensors...........cccoeiviiiiiiiiiiiiiiiiceeeee, 69

3.4 Comparative Assessment 0f SENSOTS.........oivvieriiiiiiiiiiieieeeeeeeeeenn 71
3.5 Embedded SenSOTs. .......ouiueneiiiieie e e 73
3.6 Comparative Study of Sensors in RC Beam..............cccoeieviiiiiiiiiiinennnn.. 76
3.7 Limitations of Embedded PZT Sensors ...........ccceveuvininiiiieiiieiiiiiicnee 80
3.8 Concluding Remarks.........  ..ooiiiiiiii e e 81

CHAPTER -4: DETECTION OF INCIPIENT AND SEVERE DAMAGE
USING PZT PATCHES

4.1 INtrodUCHION. ....euitniiti e e 82
4.2 Ca8 StUAY .. e ueeeetee ettt ettt et et e e e e 85
4.3 Presence of Incipient Damage ...........ceoveieiiiiiiiiiiiii e e 98
4.4 Experimental Set-Up........ceevuiiiiiiiiiiiieiitiieaee et eieeiraereneeerieee e 101
4.5 Consistency of Damage Index Based on Equivalent-“k.................ccoceeennnine 109
4.6 Concluding Remarks.........ccevieiniiiiiiien e ene e e 109

CHAPTER 5: DETERMINATION OF DAMAGE LOCATION
5.1

INtrOAUCLION.. . ..ottt et et eere s eeeesreeee e 111

5.2 Location of Incipient Damage............c.covuiiiiiiiiiiiiiiiiiiieceeeeeee 112
5.3 Experimental Set-up to Detect the Initial Damage...............ccooevveivininnnennne 113
5.4 Evaluation of Experimental Mode Shape ...........cccooviiiiiiiiiiieiceeceeenens 117
5.5 Location of Moderate to Severe Damage............cccoeveieiiiiiiiininieiniienanene. 122
5.6 Extractions of Strain Mode Shapes...........coviveiiiiieiiiiiiiiii e eaaes 125
5.7 Location of Damage. ........c.vuiueieeniniiieieiiiieieeeeie e et vie e e e aes 130
5.8 Concluding Remarks. ..........ccoviiiiiiiiiiiii e e 138

CHAPTER 6: PREDICTION OF SEVERITY OF DAMAGE

6.1 INtrodUCtiON. ......oceiiiie i e e e e e 134
6.2 Formulation for Severity of Damage...........cc.cccecviiiiiiiiiiiiiiiiiieieeeeen, 135
6.3 Experimental Validation and Result................ccoooiiiiiiiiiiiiiiiiii e, 139
6.4 Concluding Remarks. ..........ccoviiiniiiiiiiii e 140

viii



CHAPTER 7: INTEGRATION OF PZT’S GLOBAL AND LOCAL

RESPONSES WITH ANN
7.1 INtrOdUCHION. ..cetieeiei e e 147
7.2 RC Frame: Details of Specimen, Instrumentation and Testing..................... 147
7.3 Application of ANN for Damage AsSesSment. ..........eeuernieernennenernennnene 158
7.4 DISCUSSION. ... cetueeiteienee ettt ettt et e et e e e e e e e ea e eeeenaneneaennes 162
7.5 Limitations of Proposed ANN........cocuitiiiiiiiiiiiii e 163
7.5 Concluding Remarks. ..........ououeiiiiieiniiiiiiieeeee e eee e 163

CHAPTER 8: CONCLUSIONS AND RECOMMENDATIONS

8.1 INtroQUCHION. ... .eeee ettt e e e 164
8.2 Research Conclusions and Contributions............cocvviiiiiiiiieiiienieiienan... 165
8.3 Recommendations for Future Work............c.coiiiiiiiiiiiiiiiiiiiiiene e, 167
AUTHOR’S PUBLICATION. ...ttt et e e e eae e 169
REFERENCE. ...ttt ettt eeeees 171

ix



