Contents

1 Introduction to Finite-element-model Updating 1

1.1 INErOAUCHION ...ttt ettt e e e et ee e e eatrae e e arreeseearaeeeens 1

1.4 Domains Used for Finite-element-model Updating .............cccceevienienieniennnne. 6
1.4.1 Modal-domain Data (MDD)
1.4.2. Frequency-domain Data..........coceecuerenierienieneneniniieie e

1.5 Finite-element-model Updating Methods...........c.ccoveeurineiiiinccninicinieenne, 10

1.6 Computational Intelligence Methods

1.7 Outline of the BOOK........ccccceviniiniiiininiiiciciiicccccce
REfEIENCES .ottt

2 Finite-element-model Updating Using Nelder—-Mead Simplex and Newton

Broyden-Fletcher—Goldfarb—Shanno Methods 25

2.1 INtrodUCHION ......oviiiiiiciiiiiici s 25

2.2 Introduction to Structural Dynamics .........cccccevvervieriieriiennersiceiieeceeeeieeeen 26

2.3 Expansion/Reduction Methods...........cceevueeriiniiniiniinienienie e 28
2.3.1 Model Expansion and Reduction Procedures .............cccocevuiviniiiininnne 28
2.3.2 Model REAUCHION ....cueiiiiiirieeiieieicieeiectese ettt 28
2.3.3 Model EXPanSion ........ccceueeieiiniinieiniinieinicieeeiste s et 31

2.4 Methods for Comparing Data............cccccuviriiiiinicininiene e 33
2.4.1 Direct Comparison
2.4.2 Frequency-response Functions Assurance Criterion (FRFAC) ............... 34
2.4.3. The Model Assurance Criterion (MAQC) ......c.cccovveeeveienieeeiee e
2.4.4 The Coordinate Modal Assurance Criterion (COMAC)...

2.5 Optimization MethodS........cccoviiiiiiiiiiiiiiie et
2.5.1 Nelder-Mead Simplex Method...........cccceoceerviiiniiniiineiniencciecicceeieene
2.5.2 Quasi-Newton Broyden—Fletcher—Goldfarb—Shanno (BFGS) Algorithm38

2.6 Example 1: Simple Beam........ccoccevveiniinieinicninncee

2.7 Example 2: Unsymmetrical H-shaped Structure
2.8 CONCIUSION ....oviiiiiiiiictcec e




xii ~ Contents

2.9 FUIRET WOTK ....vviiiiiiiiiec ettt et et e e e e arneee s 44
RETEIENCES  ..eevieiieeeee e et e et e e e et a e e e araeeeeaes 44

3 Finite-element-model Updating Using Genetic Algorithm
3.1 INOAUCTION ....veeeiieeiiie ettt ettt et ettt e e be e st e enebe e sbeeenbeeenaseas
3.2 Mathematical Background
3.3 Genetic Algorithm........cccccecereeeennne.
3.3.1 Initialization..........ccceeeveeeveennnes
3.3.2 CTOSSOVET ..uvvreeerreeireeetreeeereesereassseeessseeesseeesseeessssessssesasseeasssesssseesssseenssens
3.3.3 Mutation
3.3.4 Selection
3.3.5 TEIrMINALION ..eeevuvreeereeeeiiieeeeeteeeieeeteeetreeseeesereesssseeeseeesaessseesssseenssens

3.4 Nelder—Mead Simplex Optimization Method ..........cccccoceevieniiniinicnienicnnen.
3.5 Example 1: Simple Beam .........cooceoriiniiniiniiniiiicicccce e
3.6 Example 2: Unsymmetrical H-shaped Structure....
3.7 CONCIUSION ..viiiiiiiiiiiiiiieie e
3.8 FUture WOrK .....oviiiiiiiiiiiiiiiiicc
REfEIreNnCes ....c.ccviiiiiiiiiiiiiiiiicicc
4 Finite-element-model Updating Using Particle-swarm Optimization .......... 67
4.1 INEFOAUCTION ...ttt st e st s et eee e
4.2 Mathematical Background
4.3 Particle-swarm OptiMiZation...........ccueirueieiienieinenieiee e 71
4.4 Genetic AlZOTIthm (GA) ...coiiuirieiiierieeeeeeeetet ettt 75
4.5 Example 1: A Simple Beam .......ccccooieiiiiieniiniinienieeee e 76
4.6 Example 2: Unsymmetrical H-shaped Structure ............coccooveiiiiniincnniincnnne. 78
4.7 CONCIUSION ...cviiniiiiiieiiiitict et 81
4.8 FULUIE WOTK ..ot 81
REfEIENCES  ...ovviniiiiiiiiiiiiic e 82
5 Finite-element-model Updating Using Simulated Annealing ............cc.ce.u.... 85
5.1 INrOdUCLION ...ttt 85
5.2 Mathematical Background ............ccccceoueiiiieiiiniiniiniiniieecececeecee e 87
5.3 Simulated ANNealing (SA) ...cooeerierierie et 87
5.3.1 Simulated-annealing Parameters...........c.cocecueevenieininiieicneiieneieeene 90
5.3.2 Transition Probabilities. .........ceccierierienieniieie et 91
5.3.3 Monte Carlo Method ..........cccceeieeieiieeieeie ettt 91
5.3.4 Markov Chain Monte Carlo (MCMO).......ccocoeeiveivieeeeiiee e 91
5.3.5 Acceptance Probability Function: Metropolis Algorithm.......c...cccccecueene 92
5.3.6 Cooling Schedule........c.c.couiiiiiiiiiiiie e
5.4 Particle-swarm-optimization Method
5.5 Example 1: Simple Beam ........ccooceeviiniiniiniiniiiiiciccceceee e
5.6 Example 2: Unsymmetrical H-shaped Structure ..........cccccocevviincnicnncnncennen. 97

5.7 Conclusion
5.8 Future Work
References



Contents  xiii

6 Finite-element-model Updating Using the Response-surface Method........ 103
6.1 INtrOdUCHION ...ttt e e
6.2 Mathematical Background
6.3 Response-surface Method (RSM) .....cccoviiriiiiiniiniiniieicnieeeeec e
6.4 Neural NetWOrKS ......ccccciiviiiiiiniiiiiiiiiieiccce e
6.4.1 Multi-layer Perceptron (MLP)........cccccocerviiniinninncns
6.4.2 Training the Multi-layer Perceptron ...........cccccecevvenceneennen.
6.4.3 Back-propagation Method .........c.cccoceviiiieniinicieeceeee
6.4.4 Scaled Conjugate Gradient Method...........cc.cceeeeenene
6.5 Evolutionary Optimization
6.6 Example 1: Simple Beam.........coccoveiniininniiniiniiniiceee.
6.7 Example 2: Unsymmetrical H-shaped Structure
6.8 Conclusion
6.9 Future Work
References

7 Finite-element-model Updating Using a Hybrid Optimization Method..... 127

7.1 Introduction .........cceevevieiiienieiinicncenene

7.2 Introduction to Structural Dynamics

7.3. Hybrid Particle-swarm Optimization and the Nelder—Mead Simplex........... 129

7.4 Example 1: Simple Beam .........ccoceviiiiiiiiiiiiiiiicee e

7.5 Example 2: Unsymmetrical H-shaped Structure

7.6 CONCIUSION ...uiinieniiieiteet ettt ettt sttt e se e bbbt eseenne e

T.T FULUIE WOTK ..ttt e
REFEIENCES  ..oovvoiiiiiieiicieic e

8 Finite-element-model Updating Using a Multi-criteria Method ................. 143

8.1 INtrOdUCLION .....eviniiiiciiicicce e e

8.2 Mathematical Foundation..............ccccoceviviiiiininiiniiniiiiiicicieccccee
8.2.1 Frequency-response Function Method (FRFM)
8.2.2 Modal Property Method (MPM)........cocueviiniiiiiiiiicniicnceeee
8.2.3 Multi-criteria Method

8.3 Optimization...........cceeeeruvenneee

8.4 Example 1: Simple Beam .........ccccoociiniiiiiniiniiniinicnecneceececseccceceeeen

8.5 Example 2: Unsymmetrical H-shaped Structure ...........c..cccceveeveenenincnencne.

8.6 Conclusion

8.7 Future Work

REFEIENCES  ..oovvieiiniieiicieiccc e
9 Finite-element-model Updating Using Artificial Neural Networks ............ 161
9.1 Introduction
9.2 Bayesian Neural NetWorks.......ccoccooiiriiiiiniiniiiiiniiececnceeeee 164
9.2.1 Stochastic Dynamics Model ...........cocerieriiiniiniiniiniieneeeceeeeeeeee 167

9.2.2 Metropolis Algorithm
9.2.3 Hybrid Monte Carlo
9.3 Finite-element Updating Using Neural Networks and Control Theory ......... 172
9.4 Example 1: Simple Beam.........ccoceeviiniiniiniiniiiiicicecncee e 174




xiv  Contents

9.5 Example 2: Unsymmetrical H-shaped Structure ..........cccceoeevenienicnicneennen. 176
9.6 CONCIUSION ...ovviiviiiiiiiiiiiiiiec e
9.7 Future Work
References .......cccocveoiiiiiiiiiiiiiiiicc e
10 Finite-element-model Updating Using a Bayesian Approach.................... 183
10.1 Introduction ........ccceeeeeeenieeenennene.
10.2 Mathematical Foundation
1O.2.1 DYNAMICS +enttentieniieniietietiei ettt sttt e st sie e st e st ste st e sbeeseeesbeenaeens
10.2.2 Bayesian Method ..........oocueiierieniiiienieteeeeeee e
10.2.3 Markov Chain Monte Carlo Method ............ccceevieviieniiiieeieeieeeee 189
10.2.4 MCMC: Genetic Programming and Metropolis Algorithm................. 191
10.3 Example 1: Simple Beam ........ccccceoiiiiiiiiiiiiiiiiiiieeeee e 194
10.4 Example 2: Unsymmetrical H-shaped Structure ..........c..ccoceeviencrienncnnenne 196
10.5 CONCIUSION. c..viiiiiiiiiiiiti ittt 198
10.6 FULUIe WOTK ..c..oiiiiiiiiiiiiiee ettt 198
RefErenCes .......ccoieiiiiiiiiiiiiiiicc e 199
11 Finite-element-model Updating Applied in Damage Detection................. 203
111 INtrOdUCHION ...ttt 203
11.2 Data Used for Damage Detection............ccoeeruierienienienieniieniesee e 205
11.2.1 Time Domain
11.2.2 Frequency DOMAain ......coeeeeieieniiniieinienieneniceieetente e s
11.2.3 Modal DOMAIN ......ccuiiiiiiieiieiieieie ettt ee et st eeeeesseesaeens

11.2.4 Time—Frequency Domain
11.3 Model Identification Methods....................
11.3.1 Neural Networks..........ccveeeenee

11.3.2 Support Vector Machines

11.3.3 FUZZY LOZIC ..uveeiiiiiiiiiiiieieeece ettt

11.3.4 Rough Sets
11.4 Finite-element-model Updating Approach.........c..cceceeeveeneeneeneniinicnecneens 211
11.5 Example 1: Suspended Beam ..........ccccecuieiiiiiiininninniinieiececcneceecneee 213
11.6 Example 2: Freely Suspended H-shaped Structure ..........ccccceveeveiieninnnenne 215
11.7 CONCIUSION. ...c.viiuiiiiiiiiiiiiiciicictcc e 219
118 FUtUIe WOTK ...couiiiiiiiiiiic et e e 219

REFEIENCES ...eeoviieiiieiiieieeeee ettt st sreesreenbeens 219
12 Conclusions and Emerging State-of-the-art 225
121 TNIOAUCHION ...ttt 225
12.2 Overview of the Previous Chapters.........cc.cceoeerierienienienienienceneeseeeeene 226
12.3 Outstanding Issues

12.3.1 Model Selection.........ccccveiiieiiiniiniiiiiiiieneiieeciesee e
12.3.2 Objective FUNCHION ....cc.ovvieriirieiieiienieciesceseeeee et
12.3.3 Data Used for Finite-element-model Updating.........
12.3.4 Local Versus Global Optimally Updated Model
12.3.5 Online Finite-element-model Updating....................
12.3.6 The Issue of Damping........cccceeeveruieiinieneneiinieieseee et



Contents  xv

12.3.7 Dealing with NOnlinearity ........cccccoeceeveenieneeneinieniecnienecienieeee 230
12.3.8 NONUNIQUENESS. ...ccuveeneienieeiieeieenteeniienitesieeettentsenieesieenit et st sieeseeesbeenns

12.3.9 Parameter Selection
REfEIENCES oo e e

A Finite-element Modeling

AL INroduction ......c..c.eeveveueeuenieieenieine e

A.2 Discretization and Shape Functions

A.3 Estimation of Mass and Stiffness Matrices ..........cccoeceverereninerereneeeennenn 235
A.4 Multi-degree-of-freedom Mass-spring SyStem..........cocceeuerienienenieiiennenne. 237
A.5 Damping

A.6 Eigenvalues and Eigenvectors.........coocueviirieriiiienienienienicecne e 239
A.7 Frequency-response FUNCHIONS ......c...cocuevieriinieniiniieienireee e 240

A.8 Modal Property Extraction
References .......ccoeveeriiniiniinicniciiecceceece

B Introduction to Vibration Analysis 243
B.1 INtrodUCHION .....covouiiiiiiiiiiiiiiiiccccc e 243
B.2 Excitation and Response Measurements...................
B.3 AMPLTIETS eeeiiiieiiiiiiieeee et e e
BUA FIIEr e e
B.5 Data-logging System ....
B.6 Signal ProCessing.........ccoeueieuirieniiiiniiniciniesieieicseeeee et

REEIENCES  ....eioiiieiieiiee ettt sttt enee s

Biography .o 247

INAEX e e et e e a e e e e aaees 249



2 Springer
http://www.springer.com/978-1-84996-322-0

Finite Element Model Updating Using Computational
Intelligence Techniques

Applications to Structural Dynamics

Marwala, T.

2010, XV, 250 p., Hardcowver

ISBN: 978-1-84996-322-0



