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Réesumeé

La détection d’endommagements et de changementsprgsiétés élastigues dans des
structures, utilisant les variations des parametigsamiques, fait I'objet d’'une attention
particuliere depuis plusieurs années dans les d@mvau génie mécanique et du génie civil.

Le principe général repose sur le fait que la viarmades propriétés physiques (e.g. rigidité,
masse, module d’'Young, conditions aux limites) @& une variation des caractéristiques
dynamiques de la structure (e.g. fréquences denaése, amortissements modaux et
déformées modales).

La présence d’endommagement provoque ainsi unendiion de la rigidité de la structure,
c’est-a-dire une augmentation de sa flexibilit@éetson amortissement que I'on retrouve dans
la forme des modes et les valeurs des frequendiisablt le changement de ces informations
entre un état sain et un état endommagé, plusiméthodes non-destructives ont été
proposeées dans la littérature afin d’'identifiedetiocaliser ces endommagements.

Ces pratiques et ces activités sont d’'une impoetaonsidérable puisqu’elles permettent en
premier lieu d’anticiper et donc d'éviter des ruptl dans les structures, toujours
catastrophiques, et plus généralement de mettreplace des plans de maintenances
prédictives, en lien avec le suivi sur le long termbe leur intégrité (Structural Health
Monitoring). Ces méthodes de surveillance se poiseiat également du fait de la réduction
des codts des instrumentations, liés a I'appariiemouveaux équipements a bas codt, ayant
des performances satisfaisantes.

L'objectif de ce travail est de tester les difféemn solutions permettant la détection, la
localisation et la quantification des changemerassddes structures simples. Plusieurs
meéthodes ont été testées et une approche nouvéelee@oposée basée sur l'utilisation de la
méthode des perturbations. Trois approches onsuétées: une modélisation par éléments
finis (analyse modale), une simulation numeériquasgéments finis (analyse temporelle) et
enfin des analyses expérimentales sur des pouir®segiglas au laboratoire, les trois volets
de ce travail ayant permis de tester la sensibd#é méthodes non-destructives (NDE)
globales et locales pour la détection et la loati®). Les changements ont été associés a une
variation locale du module de Young (E), humérigaetrpour les solutions numériques et
par chauffage local sur des sections de la pouains t& volet expérimental. Dans tous les cas,
nous sommes en situations réelles afin de propbisientification des caractéristiques
modales par des méthodes opérationnelles (Opetdidal Analysis) telles que la méthode
du décrément aléatoire et la méthode de décommuosilians le domaine fréquentiel
(Frequency Domain Decomposition).

Les résultats d'identification ont montré une thdésnne corrélation entre les valeurs
numeriques et les valeurs expérimentales obtendiuences de résonance et déformeés
modale. Pour identifier I'endommagement, les métsodie localisation basées sur la
courbure des déformées propres, la matrice debflggj la courbure de flexibilité et enfin sur
la méthode d’inversion des modes ont été employBémpres les résultats obtenus, la
méthode d’inversion se montre efficace dans le dasvariations modales faibles et
transitoires, alors que la méthode de la courberdlexibilité donne généralement de bons
résultats et apparait robuste lorsque les varistsmmt plus prononcées.
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Abstract

The detection of damage and changes in elasticepiep of structures, using the variation of
dynamic parameters, has been the subject of sptealtion for several years in the fields of
mechanical and civil engineering. The general fppieds based on the fact that the variation
of physical properties (e.g. stiffness, mass, Y@ingpdulus, boundary conditions) leads to a
change in the dynamic characteristics of structueeg. resonance frequencies, modal
damping and mode shapes).

The presence of damage causes a decrease inithigy g structures, which give rise to an
increase in flexibility and damping, which can leeis in mode shapes and frequency values.
Using the change of this information between athgand damaged condition, several non-
destructive methods have been proposed in thatliter in order to identify and locate the
damage.

These practices and activities are of consideratp®rtance. They allow us to anticipate and
avoid breaks in structures, which are always catpkic, and more generally, they allow us
to establish the plans of a predictive maintenaalmg with monitoring of the long-term of
integrity (Structural Health monitoring). These ntoring methods are equally us popular
because of the low cost of instrumentation, relébetthe appearance of new equipment at low
cost, having the satisfactory performance.

The objective of this work is to test different wodns, allow for detection, localization and
guantification of changes in simple structures.e®alvmethods have been tested and a new
approach is proposed based on the use of the Ipatim method. Three approaches are
followed: finite element modeling (modal analysifhite element numerical simulation
(temporal analysis), and finally, experimental el of a Plexiglas beam in the laboratory.
These three scopes of work have allowed us tothestensitivity of global and local non-
destructive methods (NDE) for detection and loedian of damage.

Changes associated with a local variation of Yaungddulus (E) are tested numerically in
modal and temporal analysis, and shown experimgntallocal heating on the sections of
beam. In all cases, we are in real life situationisere we identify modal characteristics by
operational methods (Operative Modal Analysis) saglthe random decrement technique and
the method of decomposition in the frequency donffaiaquency Domain Decompaosition).

The results show a very good correlation betweennimimerical and experimental values
obtained: resonant frequencies and mode shapes.ideatifying damage, localization
methods based on the curvature of mode shapebifigximatrix, curvature of flexibility, and
finally on the method of inversion of modes are ywpd. According to the results, the
method of inversion proves effective in the casemhmodal variation is low and transient,
whereas, the curvature of flexibility (ULS methasjually gives good results and appears
robust when the changes are more pronounced.

Keywords: Finite element, modal analysis, time analysis, iantbvibrations, methods non-
destructive (NDE), detection, localization, quan#fion, experiences, damage.

Vi Alaa Hamze — PhD thesis — UJF Grenoble



t;%mafemme az:,ma %‘WZf

;% mna mére et mon Jaére

Vii Alaa Hamze — PhD thesis — UJF Grenoble



Remerciements

Je voudrais tout d’abord exprimer ma gratitude emsda région Rhéne Alpes. C’est assez
rare, mais c’'est grace a elle que j'ai pu étudieemant les trois ans dans des conditions
privilégiées.

Je voudrais remercier tous ceux qui m'ont aidé a mee ce travail de thése. Je tiens a
remercier chaleureusement les membres du jury deésdy Jean-Francois SEMBLAT,
Georges JACQUET-RICHARDET, Denis JONGMANS et JaapiHARB qui ont donné
de leur temps pour évaluer cette thése.

Je tiens a remercier particulierement mes encadraide thése : Philippe GUEGUEN et
Laurent BAILLET, pour leur temps, leurs contributios et de m’avoir encadré durant tout
ce travail de recherche.

Je voudrais aussi remercier Philippe ROUX pour cielees et sa participation active. Je
pense aux personnels techniques du laboratoire :eidae RICHARD et Benjamin VIAL
pour ses conseils et son soutien matériel.

Je remercie également le directeur de laboratoirdilppe CARDIN, le directeur de
I'équipe risque Pierre-Yves BARD et le directeur técole doctorale Jean BRAUN et le
secrétaire de I'école doctorale Christine BIGOT pazes conseils pédagogiques.

Merci a Vincent CLERC, Julie BECASSE, EYMARD, ThomaPLANES, Mathieu
PERRAULT, Pierre BOTTELIN, Johanes CHANDRA, JavedQBAL, Boumediene
DERRAS, Guénolé MAINSANT, Abbas SENOUCI, Christell SALAMEH, Nancy
SALLOUM, Sophie BEAUPRETRE, Walid KASSAB, Elias EHABER et enfin Rachid
ALOUANI.

Merci a I'accueil chaleureuse par I'lSTerre surtodtambiance familiale et amicale.

Un grand merci a Mona HAMZE, ma femme, pour sa patice et a qui je dédie ce travalil.

Mes sinceres remerciements s’adressent égalemenba beau pere, ma belle mere, a Ali
FARHAT et a Anji el ZEIN.

Enfin, je dédie ce manuscrit a mes parents, ma feearmon beau frére (Abou Hassan
KRAIKER), mes fréres et sceurs.

viii Alaa Hamze — PhD thesis — UJF Grenoble



Table des matieres

(O o I 1
INTRODUCTION GENERALE ....ctcrtrtressresessssesssssessssssessssesssssssssssssesssssssssssssssssssssssssssssssassssssssssssssssssessasses 1
CHAPITRE I5..oiiiiuiususnsnsasssssssssssssssssssssssssssssssssssssssssssssassssssssssssssssssssssssssssssssssssssssssssssssssasasassssssssss 10
METHODS FOR DETECTION AND LOCALIZATION OF CHANGES .......ooerreererreeseerenes 10
[1.1 INTRODUCTION...ctuttrtuetrerssrsresssesessssesessssessssssessssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssans 11
[1.2 THEORETICAL SOLUTION OF THE CANTILEVER BEAM......covuiureerersesssessesssssssessssssssssssesssssssesssssssensens 12
I1.3 EFFECT OF CHANGES ON THE MODAL PARAMETERS ....cvuniuimisnismsnssssssssssssssssssssssssssssssssssssssssssssssns 16
I1.4-GLOBAL METHODS FOR DETECTION ...ovuriuiuiunissessissessssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssnns 17
[1.4.1 FreQUENCY VATIALION ..coueerveireirseesiresirsesseisssasssasssssessessssssssasssssssssssssssssssssssssssssssssssssssssssssssssssses 17
11.4.2 Modal ASSurance Criterion (MAQC) ... wrossessssissssssssissssssssssssssssssssssssssssssssssssssssssssassees 22
I1.5-LOCAL METHODS FOR DETECTION wouucuutuuruessssssessesssesssssssssesssssssssesssssssssssssssssssssssssssssssssssssssssssssssssanes 23
I1.5.1 - Methods Based on Mode SRAPE CUTVALUTC......veevvreeereressrnssssssssisssisssisssssssssssssssssssssssens 23
11.5.1.1 - Mode Shape Curvature Method (MSC) ... eeeerseeeserseerserissesssrsssesssesssssssesassees 23
I1.5.1.2 - Mode Shape Curvature Squared Method (MSCS) ......ceeormeroneeesserneersserinsernesaneees 25
I1.5.2 - Methods Based on Changes in FIEXIDIlILY .........ccuroneonsrimsssssissesssssssssssssissssssssssssens 25
I1.5.2.1 - Change in fleXiDility MELNOA (CIF) .....eereerseeereirseeeserseerserassessssssssssesassssssssasseseess 26
I1.5.2.2 - Change in uniform load surface curvature (ULS) ......omsosesmssonsesssssissees 27
CHAPITRE ILucesisususnsnsssssssssssssssesssssssssssssssssssssssssssssssssssasssssssssssssssss s s sesesessssssssssssssssssssasasssssasas 29
DETECTION AND LOCALIZATION OF CHANGES: THE EFFICIENCY OF METHODS USING
EIGENMODES MODELING ...curteueureeessteseessessssssessesssssssssssssessssssessesssssssssssssessssssessesssssssssssssesssssssssesanes 29
II1.1-INTRODUGCTION ..ucueuseessessesessessssessessssesssssssesssssssessssessessssesssssssesssssssssssssssessssssssssssesssssssesssssssenssssssensens 30
II1.2-THE MODELS ...cutueueusesessessssessessssessessssessassssessssessessssessessssesssssssessssssstssssssssssssssssssssesssssssessssssessssssssnssns 30
[11.3- COMPARATIVE STUDY OF DAMAGE DETECTION ALGORITHM FOR BEAMS.....ocviumisnmsnmsnmssassssssnans 33
[11.3.1. — Global methods for detecting CRANGES .........ceeweeeererreeesrersserserissesssrisssissesssssssssassees 33
I11.3.2. - Local methods for detection and l0CAlIZALION ......vvevveersersreernsrsseesssssseissssssssissssssees 38
111.3.2.1 - Comparing the four methods for scenarios S2, S3, S4 and S5..........cccourrcrrvernnns 39
[11.3.2.2 - Comparing the four methods for scenarios S6 ANA S7 .......ocoeoreeesmeroneerssernnees 44
111.3.2.3 - Comparing the four methods for SCENATIO S8.....rvecrsrosresmsrissersssrssisssssisssissssssees 47
111.3.2.4 - Comparing the four methods for multiple damage location - scenarios S9,

R A 12 1o B O S O 48
111.3.3 — Performance of the ULS MELROM ........coveevvrrsrrsssrssiessssssisssssssssssssisssssssssssssssssssssssssassees 51
[11.3.3.1 - Frequency ratio versus ULS [0CALIZATION .......oceueeererereeererseerseriseerserisseissesasssassesaseees 51
111.3.3.2 = LV3 objective of the NDE-ULS MEtAOd..........couurcvvrrmersmrerssrissersssrssesssssissesssssssssssssassees 51
0 00001 L0 0] PN 54
CHAPTER IV s sssssssssssssssssssssssssssssasssssss s s s s s s s s s sssssssssssssssssssssasasassssssssss 56
DETECTION AND LOCALIZATION OF DAMAGE USING TIME DOMAIN MODELLING ..56
IV.1-INTRODUCTION ...oeueureueuresressessessessessessessessessessessessessessessessessessessessessesssssesssssesssssessesseseessssssssssssssssssnes 57
[V.2-NUMERICAL SIMULATION ...curiuiurismsisisssssssssssssssssssssssssssssssssssssssssssssbss s ssssss bbb bbb ssbsssssassns 57
IV.2.1-Finite element discretization for a 1-D clamped-free beam...........ccresrecrssrinsees 57
IV.2.2-Equations Of MOtION Of tNE BEAM.........eeeseeseerseeeseirseeesserissessssassessssssssssssassssssssassesnsss 58
JV.2.3-NEWMATK MEEROU .......cooereeeeerecrrerseeiseeriseessserissesssssissessssssssessssssssessssssssssssssasssssssassessnssasessness 59

Alaa Hamze — PhD thesis — UJF Grenoble



IV.2.4-Description of numerical simulation with random noise excitation .................. 59

IV.3 - DATA PROCESSING WITH SIGNAL PROCESSING TOOLS (FFT, FDD, AND RDT) ..cvurerreereererneans 61
IV.3.1 - Fast Fourier Transform ANQLYSIS - FFT .. eroseeeeserssesssssissesssssssssssesssssssssassees 62
IV.3.2- Frequency Domain DecoOmMpPOSItiON (FDD) .....oeormironsessssissesssssssessssssssesssssssssssssassees 63
1V.3.2.1 — TheoretiCal DACKGTOUNG.........ccceeeeeererereerseeeseerseeisserissessesassesssssassssssessssssssssassssssssassesssess 65
IV.3.2.2 - Data processing description by Frequency Domain Decomposition (FDD)...68
IV.3.3- Frequency analysis using the Random Decrement Technique (RDT)........cccccou... 70
1V.3.3.1 — TheoretiCal DACKGTOUNG.........ccceeeeererereirseeeseerseeissariseesserissesssssasssssssssssssssssasssssssassesssess 70
1V.3.2.2 — Data processing deSCription DY RD T ... eooeeserssrssrssssssisssissssssssnssssssssssssssssens 72

IV.4 - DETECTION AND LOCALIZATION OF DAMAGES USING FFT, RDT AND FDD FROM

SYNTHETIC EXPERIMENTS...cuvcuetuseseeseessessssseessessssssessssssessssssessesssssssssssssessssssessesssssssssssssessssssesssssssssssasesnsanes 76
IV.4.1 - Global detection using the freqUeNCy ratio FR...... . rocsmsrossesssssssesssssssssissssssees 77
IV.4.2 - Global detection using the MAC VAIUE...........ceereeereerreeeserseerserisserseriserissesassssssesassees 77
IV.4.3 - Localization of damage using NDE MEtNOAS ..........coureuwvrmsrsseesmssinsessmssissesssssissssssssssees 78
IV.4.3.1 - Single damage detection and localization. Scenarios S2, $3, S4 and S5.......... 78
IV.4.3.2 - Single damage detection and localization. Scenarios S6 and S7..................... 80
IV.4.3.3 - Large and multiple damage detection and localization - Scenarios S8 and S9
............................................................................................................................................................................. 81
1V.4.3.4 - Multiple damage detection and localization - Scenarios S10 and S11............ 82

IV.4.3.5 - Conclusions on the NDE methods using mode shapes extracted from FDD...82
IV.5 - STRUCTURAL DAMAGE LOCALIZATION AND MONITORING THROUGH PERTURBATION THEORY 84
IV.5.1 - Theoretical approach for a one-dimensional clamped-free beam under

DEONAING w.vooveereriraseiserisssisssisssssssssissssssssssssssssssassssssssssssssassssssssss s assssssasssssssassasssassssssssssssssnsssnsssnssnssanssaness 85
IV.5.2 - Finite-element discretization for a one-dimensional clamped-free beam.........89
IV.5.3 - A synthetic experiment with ambient-noise eXCitatioN. .......c..c.cowenmeonseensrssrsneens 94
IV.5.4 — DiSCUSSION ANA CONCIUSIONS....oovvevsrsrrrssrssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssassses 97
IV.6 — CONCLUSIONS ....oieeeretreesesseeseessesseessessssssessesssssss s sssssssssses s s s s sssesssssssssssssssssssssassssssanes 99
00 5 0 N Sl 1 20 L 101
DETECTION AND LOCALIZATION OF DAMAGE USING THE EXPERIMENTAL RESULTS
....................................................................................................................................................................... 101
V.1-INTRODUCTION cottstrirssstssssssssssssssss st tss bbb s bbb s s bbb bbb s bbb bbb 102
V. 2= EXPERIMENTS ..oeeueueueusssessessssessessssessessssessessssesssssssesssssssesssssssesssssssessssssssssssssssssssssssssssssssssssssssssssssses 103
V.3 -~ DETECTION OF DAMAGE FOR EXPERIMENTS 1 AND 2 ....ovvinirninirnninsisssssnsssssssssssssssssssssssssssses 107
V.3.1 - Detection of changes using a single recording at the top - Experiment 1.......108
V.3.2 - Detection of changes using a single recording at the top - Experiment 2.......111
V.3.2 - Localization of damage using ULS and perturbation theory for experiment E1
.......................................................................................................................................................................... 113
V.4 - DETECTION AND LOCALIZATION OF DAMAGE FOR EXPERIMENT 3....coovmmmrnmsnssnnsnsssssssssssssssssns 117
RS 0004 0] (0] NP 123
CONCLUSION GENERALE ET PERSPECTIVES.......ccvunimmnssnsss s sssssssssssssssssssssssssssssssssssssssssseses 125
330300 (0T 2N 51 129

Alaa Hamze — PhD thesis — UJF Grenoble



Table des figures

Figure I. 1 : Types d’endommagements visés par la SHM (Structdealth Monitoring).
Source: Roach and Neidigk 2011 ... e eeene e eeeeen s 2
Figure I. 2 : Etudes des effets thermiques sur le pont Z-24 qte: d’étude Z-24; b :
Evolution de la premiere fréquence propre en famctle la température). Source : Peeters et

AL 2000, ..o ———— ettt e e e ettt e e e e e ottt et e anaa—teaee e e e nnaeaeeeeeanrereeeeeaaans 6
Figure 1. 3 : Evolution de la premiere fréquence propre avetetapérature sur le pont
d’Alamosa pendant une période de 24 heures. Sotaear et al.1997..............ccceeeee. 6.

Figure II. 1 : Clamped-free beam: coordinates and mechanicakeprep.m: the mass per
unit length,E: the Young’s modulus of elasticjtly: the moment of inertia of the cross
section,S : the section areaG, : the shear modulud.,: the length of beam. ........................ 13
Figure Il. 2 : First three vibration modes of a cantilever beam................cccovviiviiiiinnnnnn. 15
Figure Il. 3 : Evolution of two natural frequencies of the Milik Library, South California
from Clinton et al. (2006). Dashed lines are e@@s$t natural frequencies; dashed-dotted lines
are north-south natural frequencies, all from fdre#ration testing. Shaded area is the likely
region of natural frequencies taking into consitderaerrors in measurement, caused by
unknown shaker weight configuration and weathedaans for each test, and experimental
error. Crosses indicate the actual time of a forabcation measurement. Circles indicate the
natural frequency estimated from the strong matemording of the event, with the number in
italics giving the peak acceleration recorded fa ¢vent (Cm/sSec2). .........ccoovvvveviiiiiceenns 20
Figure Il. 4 : (a) Photo of Factor building taken from the noateside of the building, and
(b) diagram of Factor building sensor locationstafws show polarities of sensors on each
floor. (From Kholer et al. 2005). ........ouuviiiieiiiiiiiiee e e e e e e e e 20
Figure Il. 5 : Change in fundamental horizontal mode naturalueegy before and after the
Yorba Linda earthquake. The frequency peaks wergsuored from 100-second acceleration
segments from either 12th or 13th floor waveforrafole and after the earthquake, band-pass
filtered for frequencies between 0.45 and 0.65Adfeast-squares fit to a Gaussian was used
to find the central frequency peak. (From Kholeale{2005)). .........ccoeeiiiiiiiiiiiiiiiiiieeeenn. 21

Figure lll. 1: Clamped-free beam model in 1D with modal analysisg FEM by RDM6. 32
Figure 1ll. 2 : Sensitivity of the four first modes with the pamit of the damage varying
from the bottom to the top of the beam (Scenarip $he black curves correspond to the
frequency ratio (FR) normalized to the maximum, riag curve corresponds the square of the
curvature of the mode shapes (normalized) and And@ C correspond to the position of the
damage corresponding to scenarios listed in Tdb& &) Mode 1; b) Mode 2; ¢) Mode 3; d)
1Yo o [ ST TRPPPPPP 34
Figure lll. 3: The first eleven mode shapes (bending modes) riataby modal analysis
using RDM6. Blue curve: undamaged state; Red cudamage at A (S2); red, Black curve:
damage at B (S6); Green curve: damage at C (Si)dainage severity a=0.9. ..........cccce.... 35
Figure Ill. 4: Frequency ratio (FR) normalized versus four danssyerities at the bottom of
beam (point A - 30-33.5 cm) using modal analysEMIy — Scenario S2, S3, S4 and S5...... 37

Xi Alaa Hamze — PhD thesis — UJF Grenoble



Figure 1ll. 5: Global MAC value for four damage severities at blottom of beam (position
A - 30-33.5 cm) using modal analysis (FEM) and abersng several number of modes. ..... 37
Figure lll. 6: Example of the theoretical and estimated posittbdamage along the beam
(node), using the ULS method for the S2 scenari...........ccceeeevveviveeeiiiiiicce e 39
Figure lll. 7: Theoretical (in blue) and estimated position ahdge along the beam (node),
using the MSC method for the scenario S2 (a), $35% (c) and S5 (d) using the first mode

shape (red curve) and the first eight mode shdpask curve). ..............ccoounenn.. .. 40
Figure Ill. 8 : same as Fig. l11.7, for the MSCS method. .....ccccoeviiiiiiiiii, 41
Figure lll. 9 : same as Fig. l11.7, for the CIF method. ... 41
Figure Ill. 10: same as Fig. lI.7, for the ULS method. ....cccoeeeovveeeeiiiicieee e 42

Figure Ill. 11: Correlation values £z for the four methods (a: MSC; b: MSCS; c: CIF; d:
ULS) considering the four damage severities attosiA (scenario S2, S3, S4 and S5) and
several NUMDErS Of MOUES. .........uuuuuuun e e ettt e e e e e e eees 43
Figure 1ll. 12: Peak values of the Normalized Damage Index (ND§lwated by the four
methods (green: MSC,; yellow: CIF; blue: MSCS; r8il'S) and considering the four damage
severities at position A (scenario S2, S3, S4 &@)d.S........ccccceeiiiiiiiiii s 44
Figure Ill. 13: Theoretical (in blue) and estimated position ahdge along the beam, using
the MSC (a), MSCS (b), CIF (c) and ULS (d) methéaisthe S6 scenario using the first
mode shape (red curve) and the first eight modpeshéblack curve). .........cccoevviiiiinnnnnns 45
Figure Ill. 14: Same as Fig. ll1.13, for the S7 SCeNario. ...ccccccvvvvveeiiiiieeeeeeeeeeeeeeeeiiiinns 54
Figure 1ll. 15: Correlation values £g for the four methods (blue: MSC; red: MSCS; green:
CIF; black: ULS) considering a=0.9 damage seveitposition B (scenario S6, upper row))
and at position C (SCENAIO S7, IOWEI FTOW). eeeeaerrrrniiiiiaieeeeeeeeeeeeeeeeeeitie s 46
Figure 1ll. 16: Theoretical (in blue) and estimated position ahdge along the beam, using
the MSC (a), MSC (b), CIF (c) and ULS (d) methoaisthe S8 scenario using the first mode
shape (red curve) and the first eight mode shagask( curve). ......... .. A7
Figure 1ll. 17: Correlation values £g for the four methods (blue MSC red MSCS green:
CIF; black: ULS) considering &9 damage severity at position D (scenario S8, wide
(0 F= 10 0= To =) PP PPTTURRURUPTR 48
Figure 1ll. 18: Theoretical (in blue) and estimated position ahdge along the beam, using
the MSC (a), MSC (b), CIF (c) and ULS (d) methoaisthe S8 scenario using the first mode
shape (red curve) and the first eight mode shagask( curve). ......... .. .. 49
Figure 1ll. 19: Correlation values £g for the four methods (blue MSC red MSCS green:
CIF; black: ULS) considering &9 damage severity at positions A, B and C (scerta®io 50
Figure 1ll. 20: Estimated position of damage along the beam, ub@d@JLS methods for the
S10 (blue) and S11 (red) scenarios (multiple damveigfe different a coefficient) using the
five fIrSt MOAE SNAPES. ...ttt e e e e e e e e 50
Figure Ill. 21: Amplitude and localization of damage using ULS moelt (multi-color legend)
and the local method based on the frequency dhifigliency Ratio FR, blue thick curve)
considering damaged sections sliding along the eahone (upper), three (middle) and five
(lower) modes for the deteCHiON. ............ueeeeemr i e 52
Figure 1ll. 22: Estimated position of damage along the beam, andtion of the amplitude
of the ULS damage value for the S2 (blue), S3 (r&d) (black) and S5 (green) scenario
considering the five firSt MOAES. ........ccooeeiie e 53
Figure 1ll. 23: Summary of the performance of the ULS method atrsg the first five
modes, for Scenarios S2 (orange), S6 (black), SGgémia), S8 (yellow) and S9 (green),

keeping the same damage SeverYA.9). ........coeei i 53
Figure Ill. 24: Correlation values £ for the four methods (a: MSC; b: MSCS; c: CIF; d:
ULS) considering all the scenarios of Tab. Ill.8ggigures for legends). ..............ovvvvieen 55

Xii Alaa Hamze — PhD thesis — UJF Grenoble



Figure IV. 1: (a) Finite element model of the 1-D beam discegtiby j=1, nb Euler-
Bernouilli finite elementsui is the transverse displacement &idhe rotation of node (b)
The global stiffness matriK is obtained by assembling the contribution of la#l hb element
stiffness matriceg=1,nbfrom Baillet et al. (2013). .......eevrrririiicerereeeeerr e 58
Figure IV. 2: Sketch of the clamped-free beam model with sepssitions. ....................... 60
Figure IV. 3: Time-history of the beam motion recorded at tleenged (a) and free end (c)
extremities of the beam, with frequency responseslamped; d, free). The eleven peaks

correspond to the modal frequencies of the beam.a.......cccceeiiiiiiiieiiiiiieeeee, 62
Figure IV. 4: Evolution of the spectral amplitude of the syniteetomputed at the 29 sensors
and representing the shapes of the 11 first mobiggonitial (undamaged) beam. .............. 63

Figure IV. 5: (a) Modal analysis results using ambient vibratest on City Hall of Grenoble
by FDD method (b) numerical modeling on City HafllGrenoble. from Michel et al (2010).

........................................................................................................................................ 65
Figure IV. 6: Singular values of the PSD matrix of the respafabe S1, S2, S3, S4 and S5
K11 0 =T 0T PSPRT 70
Figure IV. 7: First eleven mode shapes for Scenario 1 extrdated FDD method. ........... 71
Figure IV. 8: Changes in normalized frequency for mode 2 tor8usetime and tracked by
the RDT method for Scenario 1 and 5. 74
Figure IV. 9: Variation of the frequency assessment for modepkding on the length of
the time windows used for computing the RDT methods.........cccccoeeiviiiiiiiiiiiiiiiiiieee, 75

Figure IV. 10: Accurate of frequency measurements by random denretechnique (RDT)
depending on the length of the recording on seveudtlings of Grenoble (after Dunand,
2005 . et e e ———— 11ttt £ttt ettt a e e e e e e e e e e aeeaeaa e nnnan—ateaeeeeeeeeeaaeaaaaannnnanrrrnees 75
Figure IV. 11: Optimization of RDT tested using SDOF responsantbient vibrations. .... 76
Figure IV. 12: Frequency ratio (FR) normalized versus four damsmeerities for the first
eleven mode shapes using modal analysis (blue xana time analysis (red curve) at the
bottom of beam at position A (30-33.5 cm) Scen82a0 S5. ..........coovvviiiiiiieiiiiiie e, 77
Figure IV. 13: (a) Global assessment of MAC with four damage $#®® using time
analysis aposition A (S2 to S5). (b) Comparison between modal amabysd time analysis.

........................................................................................................................................ 78
Figure IV. 14: Damage detection process for testing the NDE meathod..............ccccceee.. 78
Figure IV. 15: Variation of theCAB for a single and narrow damage (Scenario S2 to S5)
according to the number of modes. (a) MSC; (b) MSEBCIF; (d) ULS..........ccoeviiiiiiinnnnns 80

Figure IV. 16: Variation of theCAB for a single and narrow damage (Scenario S6, upper
row; Scenario S7, lower row) according to the nundfenodes and the NDE. methodsMSC,;
(D) MSCS; (C) CIF; (d) ULS. oo e e e e e e e e e e eeae e 81
Figure IV. 17 : Variation of theCAB for a large (Scenario S8, upper row) and multiple
(Scenario S9, lower row) damage scenarios accotdirtige number of modes and the NDE

L1011 1 T T L PO P TP 83
Figure 1V. 18: Estimated position of damage along the beam, ubiedJLS methods for the
case # 10 (blue) and # 11 (red) scenarios (witketkifferent damage severity a)............. 3..8

Figure IV. 19: Summary of the relevancy of the ULS methods adplising modes and
frequencies extracted by FDD like experimental rodth A) LV3 of the NDE objective,
evaluating the amount of damage (Scenarios S2582and S5). B) Performance of the ULS
method considering the first five modes for S5, $B, S8 and S9 scenario, keeping the same
severity of damage (a=0.9). C) Comparing €#B values computed considering the ULS
method with modal and time analysis consideringsh,S7, S8 and S9 scenarios of damage,
keeping the same severity of damage (8=0.9). couuuureeuirriiireee i 84

xiii Alaa Hamze — PhD thesis — UJF Grenoble



Figure IV. 20 : Representation of (a) the modal deformatrx, and (b) the sensitivity
kernel of the relative frequency chan‘sg(‘)él-, for the first five modes and the 10-m-long

n
clamped—free beam. In (b), the gray arrow corredpoto the position of the stiffness
perturbation at x = 2.3 m (see Fig. IV.21). The td@ashed lines show the stiffness
perturbation interval scanned step-by-step in Edut27, between x = 2.25 mand x = 7.5 m.

........................................................................................................................................ 91
Figure 1V. 21 : Relative frequency shi%% of the natural frequencies of the beasrsus
mode number for a stiffness perturbatffiY at X = 2.3 M. ... e 91

Figure IV. 22: Inversion result obtained with the perturbatiopra@ch for a local stiffness
perturbatiomEl, (a) at x = 2.3 m (gray arrow), and (b) at both .3 m and x = 4.3 m (gray
o0 1T ) SRR 92
Figure IV. 23: Model-based deconvolution result obtained for @latiffness perturbation
6El, (a) at x = 2.3 m (gray arrow), and (b) at both2.3 m and x = 4.3 m (gray arrows). ... 94
Figure 1V.24: Model-based deconvolution result obtained for attersded stiffness
perturbation between x =1 m and x = 3 m (grayvasjaand for (a) the first 10 modes and (b)
the fIFST S MOUES. ...ttt e e e e e e e e e e e e e e e e e bbb e e s 95
Figure IV. 25: Relative chang& G/G of the inversion kernel matrix G for a stiffses
perturbation associated to (a) a local perturbaf@nx = 2.3 m), and (b) an extended
perturbation (between x = 1 m and x = 3 m). Thengleain G is clearly associated with the

higher-order modes for an extended perturbation..................uuiiiiiiii e 95
Figure 1V. 26: Signal recorded at the top of the beam for syithetise excitation generated
At the DEAIM DASE. ...ttt et e ettt ettt s e e e e e e e e e e e e e e e eeeeeenanee 96

Figure 1V. 27: Continuous track of the frequency change fromRBE algorithm for modes

1 to 6 [panels (a) to (f)] in response to a stegstap perturbation of the stiffness beam from t
=3476 St0ot=12524 SN INEIVAIS OF 476 S.eeiiiiiiiiiiiiiiiiiiieeeee e 97
Figure IV. 28: Representation of the spatial-temporal (a) ineersatnd (b) model-based
deconvolution in response to step-by-step pertiohsitof the stiffness beam. In both panels,
the red line corresponds to the localization oftthee-evolving perturbation. The color bar in
(a) is the estimation of the stiffness perturbatibime deconvolution is normalized in (b)..... 98

Figure V. 1 : Experimental bed test for detection and localizaidd changes used in this
work (a) Clamped-free beam set up tested in therdédbry. (b) Sketch diagram with

geometric dimensions and accelerometer layOuUL.................ovvvviiiiiiiiiie e eeeeeeeeeeeeeee, 104
Figure V. 2 : Time-history of the beam motion recorded at the (teft) and its Fast Fourier
B = U150 T (T ) RSP PURRRRR 105

Figure V. 3 : Evolution of the spectral amplitude of the expemtal data computed at the 29
sensors and representing the shapes of the 9nfiwgies of the initial (undamaged) beam
(excepted for the fundamental mode). The black isi¢he numerical mode shapes from

(@4 = o T | P PPEPUPPPRPRR 106
Figure V. 4 : Example of a random decrement signature correspgrid mode 5, obtained
by RDT from recording at the top of the beam. ..., 107

Figure V. 5 : RDT applied to the beam considered for the expamirk1, with three positions
of changes (A, B and C) tested successively. The uksed for this experience is provided by
the sensor located at the top Of the DEAM. weeevevviiiiiiii e 108
Figure V. 6 : Time variation of the normalized frequencies ofde® 4 to 9 computed by
RDT using sensor located at the top of the beaee (ondition) for experiment E1. A, B and

Xiv Alaa Hamze — PhD thesis — UJF Grenoble



C mark the time when the heat flow was applied 30rseconds at positions A,B and C
1SS 0= od 11V YRRt 109
Figure V. 7 : Example of fitting curve applied at points A, Bda@ after stopping the heat
flow. The data corresponds to the vibration recdrdethe top of the beam; the frequency is
tracked with RDT and normalized by the averageueagy of the undamaged state. ......... 110
Figure V. 8 : RDT applied to the beam considered for the expearire2, with one position
of change (position A) and 6 amounts of damageodkpred by the time duration of the heat
flow exposure (from 10 to 60 seconds). Data usedHis experience are provided by the
sensor located at the top of the beam. ... 112
Figure V. 9 : Time variation of the normalized frequencies ofde® 4 to 9 computed by
RDT using sensor located at the top of the beae® (ondition) for experience E2. The heat

flow was applied for 10 to 60 seconds at POSItION. A..........ovvvivviiiiiiiiieeeeeeee e eeeeeeae 112
Figure V. 10 : Frequency ratio (FR) of the 9 first modes for 19®$0 seconds of heat flow
exposure, applied at the bottom of the bepasifion A)...........cveiiiiiiiiiiiiiiie e 113

Figure V. 11 : First five singular values (upper row) and modepsisa(lower row) of the
beam extracted from ambient vibrations recordedhenbeam using the 29 accelerometers,
corresponding to the undamaged and damage (pasifip8 and C) of the experiment E1.

...................................................................................................................................... 114
Figure V. 12 : Localization of the damage at position A, B andsihg the ULS method and
considering modes 2 t0 5 for eXperiment El..oooriiiieeiiiiiiiin e eeeeeeeeeeeeee e 115

Figure V. 13 : Results of the damage localization method apglethe experimental data
(experience E1) for the three cases of changet @osation A; b: at position B; c: at position
C), where the heat flow applied at 2, 4 and 6 hdwos the beginning of the experiment
corresponds to the numbers of recording followiAg0, 480 and 720 respectively (each
record duration is 10 s, a total of records iS 960)...........uiiiiiiiiiieiiiiiiiieeeeeieeeeeeeeeeieeeees 117
Figure V. 14 : Experimental setup with faster prototype. .. ooeeeeeeeeeeeeeeeeiiiiiiiiieeeennn 117
Figure V. 15 : Evolution of the spectral amplitude of the expenmal data computed at the
29 sensors and representing the shapes of thet9rfodes of the initial (undamaged) beam
(excepted for the fundamental mode). The black isi¢he numerical mode shapes from
(@4 0= T o TR | | P PPPPPPPPPPPPPR 118
Figure V. 16 : Time variation of the normalized frequencies ofde® 2 to 9 computed by
RDT using sensor located at the top of the beaee (¢ondition) for experience E3. The heat

flow was applied for 12 minutesS BEA0.5 CM ..euuveeiiiiiiieeee e 120
Figure V. 17 : Singular values of the PSD matrix of the recordimpgovided by the 29
accelerometers along the height of the beam cordghteugh the FDD methods.............. 121

Figure V. 18 : First five mode shapes of the beam extracted fnaient vibrations recorded
using the 29 accelerometers, corresponding tortdamaged (A) and damaged (A*) states of
the EXPEIMENT ES. ... e srre e e s s e e e e e e e e e aeeeeeeeennnes 122
Figure V. 19 : Summary of the performance of the ULS method®tate the damage at the
bottom of the beamx£40.5 cn) using modes and frequencies extracted by FDD fiioen
experiment E3. (a) Mode 2; (b) Mode 3; (c) Modéd};Mode 5; (e) Modes 2t0 5. ........... 122

XV Alaa Hamze — PhD thesis — UJF Grenoble



Liste des tableaux

Table Ill. 1 : Geometric and material properties of cantilevembe.................ccccceeeeeeeeennnn. 31
Table Ill. 2 : Comparison of theoretical modal frequencies vensadal analysis using Finite
element modeling by RDM6 of the clamped-free beam............cccoovvviiiiiiiiiiii e, 32

Table Ill. 3 : Damage scenarios applied to the clamped-free hesing Finite element
modeling. The values of the table correspondatothe damage severity parameter; the

position of damage (POD) along the beam are predemt the first column......................... 33
Table Ill. 4 : Frequency ratio (FR) for four damage severitieerario S2, S3, S4, S5) at
point A (30-33.5cm) / () is the value Of MAC . .ccc..uueeiiiiiie s 36

Table IV. 1 : Damage scenarios applied to the clamped-free besing time domain
L0 T = 1T T PRSP 61
Table IV. 2 : Natural Frequencies (Hz) by modeling (RDM6) ancheucal simulation ..... 63
Table IV. 3 : Natural Frequencies (Hz) corresponding to Sceadriand 5 extracted by the
FDD and RDT MENOGAS. .......iiiiiiiiiii ettt e e e e e e e e e aaa s 74

Table V. 1 : Geometric and material properties of cantilevame..............cccccoeeeveeennnnnn. 103
Table V. 2 : Natural Frequencies (Hz) obtained by numerical@querimental analysis. .. 106
Table V. 3 : Variation coefficient (CV %) of the frequency valwf the first 9 modes
obtained using the RDT and considering the first pa the experience (unchanged beam
condition before heating). ........oooiiiiiiiiieiee e 108
Table V. 4 : B value of the time recovery of the modal frequesn@emputed using the RDT
and observed after stopping the heat flow at pwsith, B and C, using the same time of
heating Of 30 SECONAS. .......iiiiii e e e e e 110
Table V. 5 : Variation coefficient (CV %) of the frequency valwf the first 9 modes
obtained using the RDT and considering the first p& the experience (unchanged beam
condition before heating). .........vvviiiiiiccreee e 111
Table V. 6 : Natural Frequencies (Hz) obtained by experimeatellysis for experiment 1
and 3 respectively before applying the damage (tea) in both cases correspond to intact
oT< =T o O PP 119
Table V. 7 : Variation coefficient (CV %) of the frequency valwf the first 9 modes
obtained using the RDT and considering the first p& the experience (unchanged beam
condition before heating). .........ovveiiiiiccreee e 120
Table V. 8 : Natural frequencies of undamaged and damaged bmatine first five modes.
Frequency ratio (FR) calculated by Eq. Ill.7 and ddb Assurance Criterion (MAC)
calculated DY EQ. 11.30. .....cooiiiiiiiiiiit ettt e e e e e e e e e e e e e ne e e e e e e e ebb s 121

XVi Alaa Hamze — PhD thesis — UJF Grenoble



XVii Alaa Hamze — PhD thesis — UJF Grenoble



Introduction générale

CHAPITRE |

Introduction générale

La surveillance de l'intégrité des structures (&iV5 pour Structural Health Monitoring) en

lien avec l'identification des dommages structurglsst particulierement développée de la
part des communautés scientifiques et techniquesoats des derniéres décennies. Cette
situation a concerné la conception, le développ¢retimplémentation de techniques pour
la détection, la localisation et I'estimation deminagements ou de changements dans une
structure existante. En effet, cette surveillanse ceuciale car une défaillance structurelle
imprévue peut causer aussi bien une catastropmeiigue qu’'une perte de vies humaines.

Les systemes SHM sont développés pour répondreenjeal "SHM is the key technology to
enable the transition from traditional schedulevdm maintenance to Condition-Based
Maintenance'(Chang, 2011).

Les 10 derniéres années ont vu une augmentatiaherdp la quantité de recherches portant
sur la SHM (Structural Health Monitoring) a cause ldhugmentation des données et des
moyens de calculs. Une vaste revue sur les méthamiesrveillance peut étre trouvée dans la
littérature (Doebling et al. 1996,1998 ; Hemezle2@01).

L'objectif de la SHM est de surveiller en tempslréeal-time) ou a intervalles réguliers
I'intégrité d’'une structure, au travers de la détecde fissures ou de corrosion des éléments
constituant la structure. Parmi les systemes etolegages nécessitant une inspection
réguliere et une surveillance fréquente, on pdert ¢eés plateformes pétrolieres, les ponts et
les batiments, les avions ou les véhicules spatapius récemment les parcs d'éoliennes.

Ces ouvrages sont constamment soumis a des agessivironnementales ou des
événements extrémes (tremblement de terre, Tsumnami,violent, houle, augmentation et
diminution de la température, trafic autoroutiegntrainant un vieilissement de leurs
éléments (fatigue) ou de leurs matériaux condstusous l'action de leur fonctionnement
normal, de I'évolution de leurs conditions d’expdtion ou des chargements exceptionnels.

Pres de 60 % des applications de Structural Héatthitoring (SHM) dans le monde sont
utilisée pour la surveillance des ponts en tempbk Bepuis peu, aux Etats-Unis, un nombre
important de ponts a été remplacé car la survedlanpermis de découvrir que ces derniers
étaient structurellement défectueux a cause dilisseiment (Chase. 2001).

Dans l'industrie aéronautique, 14% des accident dos a des problémes de maintenance,
4% sont liés a la présence d’endommagements (Beda?@06). Roach and Neidigk (2011)
ont effectué une enquéte statistique en collalmratvec la Federal Aviation Administration
(FAA) aux Etats-Unis.

Cette mission s’est basée sur les réponses deetS6mmes travaillant chez des constructeurs
aéronautiques, compagnies aériennes et compagniesidtenance. 61% de ces participants
trouvent qu’il est tres important de développer dastemes SHM dans lindustrie
aéronautique.
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D’apres la figure 1.1, nous voyons que les paréinig a cette enquéte sont tres intéressés par
la détection des endommagements de types fissal@nohage, décollement, corrosion et
impact.
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Figure I. 1 : Types d’endommagements visés par la SHM (StrucHealth Monitoring).
Source: Roach and Neidigk 2011.

D’une maniére générale, il y a deux types de tephes d’'inspection des dommages utilisés :

les techniques non destructives et celles destrgctiia premiére est généralement la plus
utilisée pour surveiller l'intégrité des structureal des matériaux sans les dégrader
(contrairement a la deuxieme technique). On peet [@s techniques les plus connues comme
les contrbles par rayons X, les techniques a Haseasons, les émissions acoustiques, les
courants de corrosion, etc.... Les méthodes de SHM généeralement divisées en deux

catégories: les méthodes locales et globales.

La premiere catégorie comprend des méthodes desténdournir des informations sur une
région relativement petite du systeme analysé éisaunt des mesures locales. De plus, il est
nécessaire que les capteurs soient situés a ptéximi lieu d’'endommagement. Dans la
littérature, il est possible de trouver certaingvaiux portant sur une application

expérimentale. Ce travail utilise la thermograpméarouge (IR-thermography) comme

technique non destructive (NDT).

La thermographie infrarouge (IR-thermography) pdtemt d’échauffer le matériau a partir
des méthodes optiques telles que les lampes ftashalogénes, sans contact avec la piece et
en temps réel. Elle peut étre utilisée pour suendommagement lors d’essais mécaniques
mais également en contréle non destructif. La tlgnaphie est donc utilisée pour détecter la
présence de défauts dus a la fabrication, a desahoau service, a la fois dans les matériaux
homogeénes et les composites (Meola, 2004 ; Ge2@39).

L’analyse des contraintes thermo élastiques (thelastic stress analysis : TSA) a l'aide de la
thermographie infrarouge a été confirmée commeel'wes techniques efficaces non
destructives d'évaluation des contraintes. Lesuffes peuvent aussi étre détectées et évaluées
a partir des champs de contraintes singulieres aue$issures.

Une autre application plus quantitative de la mé¢hpar thermographie, proposée dans la
littérature, a été faite dans le but de surveideréponse thermique de différents matériaux
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pendant des chargements statiques ou en fatigudesurancs expérimentaux et de la relier a
leur vie en fatigue (Risitano, 2010).

Récemment, la détection des dommages a travemntlss ultrasonores guidées, telles que
des ondes de Lamb, a été appliquée souvent em rdgsta possibilité d'inspecter de grandes
structures composites.

La détection des dommages par la propagation ddesode Lamb avec des capteurs de
plaguette piézoélectrique active (PWAS) est l'unes dechnologies émergentes de

surveillance de la santé structurale. Les PWAS nagent étre des bons candidats pour
détecter la corrosion des éléments métalliquesrditiu, 2008). Une nouvelle technique a

base de titane-zircon de plomb piézoélectrique jPZdmme capteurs semble avoir le

potentiel pour améliorer significativement la sultaace de la santé structurale (SHM). Ces
capteurs sont petits, légers, peu colteux et péudea produits avec des géométries
différentes. lls peuvent étre ensuite collés auldase des structures, placés a l'intérieur des
structures et ils peuvent méme étre intégrés éedreouches structurales et non structurales
d’une construction compléte (Giurgiutiu, 2008).

La deuxieme catégorie consiste généralement elséitibn des modes a basse fréquence.
Elle utilise des mesures réalisées a partir d'semble de capteurs dispersés dans la structure
pour obtenir des informations globales sur I'étatsgsteme. Il n'est pas nécessaire que les
capteurs soient situés a proximité du site d’endagement.

Evidemment, ces deux approches (locale et glokal®) complémentaires et le choix optimal
de la méthode dépend fortement de la nature dugmebet de la configuration des réseaux
de capteurs utilisés. L'inspection réguliere ddakédes structures permet de détecter des
défauts éventuels et d’assurer la fiabilité deazegsages pour 'usage quotidien. Le besoin de
méthodes globales d’évaluation quantitative dedéanmagement d’un ouvrage complexe a
conduit au développement et a la recherche de me&shexaminant les changements des
caractéristiques vibratoires en continu.

L’accroissement des activités de recherche dam®o®ine pour le génie civil est le résultat

de plusieurs facteurs. En premier lieu, le besdassdis, de contrbles et d’évaluations pour
s’assurer de la sécurité des structures et deénsgstutilisés est un enjeu sociétal fort et
I'expertise dans ce domaine ne peut étre baségesuapproximations ou des simplifications.

La mesure permet ainsi de lever pas mal d’ambig@t@pporte une représentation physique
d’une situation, limitant l'interprétation et legament d’expert.

En second lieu, le vieillissement des parcs d’ogeseet I'importance des colts de réparation
militent en faveur du développement de techniquesddtection de changements et de
dommages ou de détériorations précoces afin dercdll mieux les renforcements ou
réparations.

Enfin, les avancées technologiques des matérielnadeire et d’informatique ont largement
contribué aux récentes améliorations dans la détegtar analyse vibratoire. Le colt des
capteurs a toujours été une limite au nombre ddeuep déployés. Il y a trente ans,
l'utilisation d'un a trois accélérometres sur umnecsure était une pratique courante considérée
comme acceptable. Aujourd'hui, le prix des captpersnet de placer pres d'une centaine de
capteurs sur une seule et méme structure.
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La technique non destructive d’évaluation (NDE)ddenmages via des capteurs intégrés (cas
de fibres optiques dans des composites par exempledllés (accélérométres acoustiques ou
sismiques) a la structure, permet une surveilldiadde et efficace en continu. Par ailleurs,
'un des grands avantages des méthodes vibratmpmsse sur la possibilité d'utiliser des
vibrations ambiantes comme source d’excitation,sgmées en condition réelle sur les
batiments, ponts et les versants instables (fataidguse).

Ces dispositifs de surveillance (capteurs et chdlaequisition) simplifiés permettent un
suivi plus rapide et plus automatisé de la stragtaans la solliciter (mesure de la vibration
ambiante de la structure en temps réel).

L’idée générale du SHM est que la variation degppétés physiques (rigidité, masse et
amortissement) entrainent une variation des carstfgles dynamiques de la structure
(fréquences de résonances, coefficient d'amortisséet déformées modales). De ce fait, les
modifications pouvant intervenir sur les propriés/siques ou mécaniques doivent étre
détectables au travers des changements des pazametdaux.

La présence d’endommagement ou d’une fissure pt@oge variation locale de la rigidité
de la structure, qui se reporte sur I'ensembleatoportement mécanique de la structure. La
réduction dans la rigidité réduit les fréquenceaftdcte des déformées modales, c’est-a-dire
augmente la flexibilité (UIm et al. 1993). A partle la réponse dynamique mesurée sur le
systéme, l'extraction de caractéristiques est lecgssus d'identification des propriétés
sensibles permettant de distinguer entre les états et endommageés du systeme (Farrar et
al. 2001).

Une définition générale de I'endommagement est @orpar Sohn et al. (2003) comme
“...changes introduced into a system that advera#igct its current or future performance.
Implicit in this definitionis the concept that damage is not meaningful witlaotomparison
between two different states of the system, onehmih is assumed to represent the initial,
and often undamagesitate.”

Les vibrations ambiantes sont utilisées pour liifieation des structures de génie civil depuis

les années 30 en Californie (USA). Carder (193@atis€ un grand nombre de mesures dans
les batiments californiens et il a proposé ensuite relation entre hauteur et période de
vibration des batiments, relation encore utiliséengd les codes de génie parasismique
americains.

En France, on peut citer notamment les travauxniéage C. Michel (Michel et al. 2008 ;
Michel et al. 2010a), d'autres de Farsi (1996),tBoet al. (1999) et Dunand (2005), études
ayant pour but d'utiliser ces mesures ambiantes @aoalyser la vulnérabilité des batiments
existants. De nombreuses études ont été décrites ldalittérature sur le changement de
fréequence dans la structure (Farrar et al.1997tePeet al.2001 ; Clinton et al.2006 ; Mikael
et al.2013). D’apres ces études, les auteurs onsidéré que la fréquence est un bon
indicateur d’endommagement.

Récemment, Clinton et al. 2006 ont étudié I'évalntides deux premieres fréquences de
résonance de la Millikan Library, un grand batimentCalifornie du Sud. La diminution de

ses fréquences de résonance a été causée pargfiignes qui ont endommageé le batiment
entre 1967 et 2003. Une baisse permanente desefréesi (21.4 % sur la composante Est-
ouest et 12.1 % sur la composante Nord-sud) aliéreee. Etant donné que la masse de la
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structure reste a peu prés constante au coursnthsiecette décroissance des fréquences de
résonance (la perte en rigidité de la structuré)éainterprétée comme une diminution de la
rigidité du systeme provoquée par lI'endommagement kfitiment. Pour que les
endommagements soient détectés avec un seuil fi@remmimportant dans les structures, il
faudrait que les fréquences propres varient d'ansr (Creed, 1988).

Il existe de nombreuses sources autres que les dgemcausant des variations dans les
caractéristiques dynamiques d'une structure et ldamsiit mesuré, telles que la non-linéarité
dans le systeme, les variations de températuresofption d’humidité, les interactions
structure-sol, le vent, etc.... Elles peuvent pragluime modification significative des
parameéetres modaux des structures (Guo et al. 2007).

Trifunac et al. (2001) rappellent que la chute mégdience observée au cours des séismes ne
peut pas seulement étre due a lI'endommagementiaatsicture elle-méme. Elle est aussi
influencée par l'interaction sol-structure et lan+#ioéarité du sol. Les vibrations causées par
le vent, peuvent modifier le comportement dynamiglien ouvrage en altérant ses
caractéristiques d’amortissement (Fujino & Yosii0a2).

Clinton et al. (2006) ont aussi étudié 'effet dent et des précipitations de pluie sur le méme
batiment ML (Millikan Library). Cette étude montgeie la fréquence chute de 3 % lors de
fortes rafales de vent, et que des précipitationsnses de pluie augmentent la fréquence
fondamentale Est-ouest et la fréquence de torediodire de 3% pendant quelques heures.

Li et al. (2010) montrent des écarts de 3% messuéde pont haubané Tianjin Yonghe en
Chine sur une durée de deux semaines. Des etugésimgntales ont été effectuées sur le
pont Z-24 en Suisse (Figure 1.2.a), ces étudesétmtréalisées par 'EMPA (laboratoire

Fédéral d’Essai des Matériaux et de Rechercheumivérsité de Louvain (Peeters et al.

2001).

Les résultats de cette étude (pont Z-24) ont mendes informations intéressantes et
complémentaires sur la sensibilité des parametredaox dus aux variations climatiques

(augmentation de la température). En particulier,té noté un changement de I'ordre de 10
% sur la premiere fréquence propre (Figure |.2durune variation thermique variant de -5 a
35 °C.

D’autre part ils ont montré qu'un changement dep@rature de I'ordre de 15 °C (entre 15 et
30 °C), peut causer un changement de fréequence5d#.2Ce changement est expliqué par
une variation du module d’élasticité de I'asphatedessous de 0°C, et peut également étre
expliqué par une modification des conditions destias consécutives aux variations
dimensionnelles du tablier lorsque les joints dataiion ne fonctionnent pas correctement.

Cette diminution de la fréquence en fonction deidimentation de la température trouvée
(Figure 1.1.b) sur le pont Z-24 n’est pas une régiesoi. Ainsi, a titre de contre —exemple,
Farrar et al. (1997) ont étudié le pont d’Alamosangdn au Nouveau-Mexique (USA), le
résultat montre une augmentation de la premiérquénéce avec l'augmentation de la
température (Figure 1.3), et une variation de IFerde 5 % pendant 24 heures de surveillance.

Récemment, Mikael et al. (2013) ont montré sur dasments différents des relations
fréquences/températures fluctuantes, ne permettadéfinir des généralités sur la réponse de
ces ouvrages aux conditions environnementales.
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Fox (1992) a montré que les changements des frégsqmropres sont des indicateurs peu
sensibles dans le cas d’'une poutre fissurée aida Sdnivasan and Kot (1992) sont arrivés
aux mémes conclusions dans le cas des plaques erat@as.

En général, les effets d'un endommagement danstineture peuvent étre classés comme
linéaires ou non linéaires. Une situation d’endomgemaent sera dite linéaire, si la structure

initialement élastique linéaire reste élastiqueédine apres I'endommagement. Les

changements des propriétés modales sont causksghamgement des géométries et / ou des
propriétés matérielles de la structure, mais laomép de la structure peut étre toujours

modélisée en utilisant les équations linéaires duvament.

L’endommagement sera non linéaire, si la strudgnitelement élastique linéaire se comporte
de facon non linéaire aprés qu'un endommagementsase produit. Un exemple
d'endommagement non linéaire est la formation dfissre de fatigue qui s'ouvre et se
ferme sous I'environnement normal de vibration.
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Le suivi de I'état de santé des structures (SHM)défini par 'ensemble du processus
suivant :

La définition des objectifs du systéme de suiviu@ure ou ouvrage), la détermination des
caractéristiques du systeme (parameétres modaus§clgération d'informations, I'extraction
d’indicateurs pertinents sur I'état de santé, dgdostic (évaluation de I'état présent), et enfin
le pronostic (prédiction de I'état futur).

Il existe différents niveaux d’exigence sur lesfpenances du dispositif de surveillance.
Rytter et al. (1993) ont défini, la surveillanceldetégrité des structures comme un processus
a quatre étapes:

— Détection (niveau )

- Localisation (niveau Il)

— Quantification (niveau Il1)
- Prédiction (niveau V)

Le niveau | fournit uniquement I'information connant la détermination de I'existence d’un
endommagement dans la structure. Pour de nombreyg#@iations pratiques, cela est
suffisant. Le niveau Il consiste a déterminer |'Emopment ou la localisation de
I'endommagement. Le niveau Il consiste a quantifiesévérité d’'un endommagement. Cette
étape fait appel a des modeles d'endommagemeatiégtiocalisés et classes, dont le but est
de décrire 'endommagement par des parameétress gied la longueur de la fissure, le
diamétre d’'un impact, la taille d'un délaminage laudiminution de la rigidité sur le
comportement dynamique de la structure (Chang €08l7).

Le dernier niveau (IV) a pour objectif de prédi@vblution future de 'endommagement et
d’estimer la durée de vie résiduelle de la strict@ette étape nécessite une combinaison du
modele structurel global avec des modéles de Iédamales (Inman et al. 2005).

Sohn et al. (2003) et Worden and Dulieu-Barton £aiht ajouté une étape supplémentaire
c’est la classification de 'endommagement entsenigeaux Il et IIl.

Selon eux, la surveillance de lintégrité des dtriees doit s'effectuer selon la procédure en
cing étapes. L'objectif principal de ces cing nineast de prédire efficacement la durée de
vie restante de la structure ainsi que linfornratmoncernant le type de dommage. La
classification devient alors une étape importareant I'estimation de la sévérité des
endommagements.

Quand les endommagements se présentent dans ucturgty la rigidité en flexion aux
endroits des endommagements est réduite tandis quéene temps la courbure de forme de
modes augmente (voir I'équation 11.31), cette demmiest calculée par I'intégration numérique
de la forme du mode (voir I'équation 11.32). De @luChance et al. (1994) ont proposeée
d’utiliser les déformations au lieu de la mesumeate de la courbure, parce que le calcul de
la courbure obtenu par des déformées propres peutina des erreurs inacceptables. Avec
cette nouvelle facon d’obtenir la courbure, lesiitdss sont beaucoup améliorés.

Ho and Ewins (2000) ont étudié d'autres variatides caractéristiques basées sur des formes
de modes comme la pente des formes des modesatréede la courbure des formes des
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modes. lls ont conclu que la caractéristique baséde carré de la courbure des formes des
modes donne des meilleurs résultats.

Une autre méthode de détection d’endommagemeré préposée par Stubbs et al. (1992),
basée sur le rapport entre I'énergie de déformatiodale des éléments avant et aprés
'endommagement. Les formes des modes mesuréebatnoird été différenciees pour obtenir

des courbures des formes des modes et ensuitpdlites pour obtenir la courbure, afin de

calculer I'énergie de déformation modale.

Le point fort de cette méthode est que la déteadibla localisation de 'endommagement
peuvent étre obtenues avec un petit nombre de maelesbration (Humar et al. 2006),
lorsque cet indicateur est négatif, cela indiquebdence de I'endommagement dans la
structure.

Farrar and Doebling (1999) ont réussi a utilisamdrgie de déformation modale pour localiser
les endommagements d'un pont. lls ont constatd'gilesation de cette caractéristique est
meilleure que la comparaison directe des courbdesedormes des modes pour la localisation
des endommagements.

Cependant, Worden et al. (2001) ont prouvé quedsgltats de la localisation dépendent de
I'emplacement des capteurs et I'échantillonnagentmtes. Parc et al. (1998) ont comparé
trois méthodes pour obtenir la matrice de flexi®ilpour la détection de 'endommagement
structural : une méthode de sous-structuration,mméode basée sur la déformation et une
méthode basée sur la contrainte. Ces méthodest@rap@liquées sur un batiment de dix
étages, un pont et un moteur. Les résultats onggsagque ces techniques pourraient
correctement localiser les endommagements.

Enfin une combinaison des méthodes de courburel@esmées modales et de flexibilité est
effectuée par Zhang et Aktan (1995). L'idée géreest que la perte de rigidité locale produit
une augmentation de courbure au méme point. Legema@nt de courbure s’obtient alors par
la flexibilité au lieu de déformées modales.

Certains chercheurs ont conclu que les déforméekale® sont plus sensibles a la présence de
'endommagement que les fréquences propres (Biswad. 1990 ; Salane and Baldwin,
1990; Mazurek and Dewolf, 1990). Par contre, Adalh et al. (1995) et Salawu and
Williams (1995) mettent en évidence dans certaass que les changements des déformées
modales sont moins sensibles aux endommagementsgjcieangements fréquentiels.

Une autre difficulté est qu'en pratique, les frémas et leurs fluctuations peuvent étre
facilement suivies dans le temps, avec une précities élevée, tandis que les formes
modales sont plus sensibles aux erreurs de mestrégxpérimentations. Par ailleurs, la
surveillance de la santé structurale nécessitenaaissance de I'état initial pour détecter des
changements dans le systéeme ou bien de supposavdéie théorique de comportement.
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L’objectif global de cette these est de testerrdéthodes de suivi de l'intégrité des structures
(SHM), pour révéler et détecter les changements pilepriétés mécaniques dues a une
diminution locale du module d'Young (E).

Les principaux objectifs sont :

» Etre capable de détecter 'endommagement danstwotuse
» Etre capable de localiser 'endommagement danstineture

» Etre capable de quantifier la sévérité d’un endagement

Ce manuscrit est divisé en cing chapitres :

» Le chapitre I, constitue brievement un état det Itlrs méthodes de surveillance de
I'intégrité des structures (SHM).

» Le chapitre Il rappelle quelques notions théorigsiasla poutre encastrée-libre. Puis
les descriptions des algorithmes non-destructifsvadiation (NDE) avec leurs
applications dans la littérature pour détecter aaaliser I'endommagement sont
présentées. Ces méthodes seront utilisées datrsiteshapitres suivants, en gardant
a I'esprit la volonté de tester des méthodes aféisasur le terrain.

» Le chapitre lll présente la modélisation d’'une pewtncastrée libre en dynamique
linéaire (analyse modale fréquentielle) sur lagueBt testée I'efficacité des méthodes
NDE en prenant en compte plusieurs modes pour téétdocaliser et quantifier
'endommagement. La position de 'endommagemennsdifférentes configurations

5" sz

(unique, large et multiple) avec différentes séeérde dégats est testée.

* Le chapitre IV est consacré a la simulation num&iqanalyse temporelle) en
dynamique non-linéaire (Eléments Finis), en se gugcette fois en conditions
expérimentales (excitation avec du bruit). Lesatans fréquentielles en fonction du
temps dues a un endommagement local sur la pauttebtenues par la technique du
décrément aléatoire (RDT), et on vérifie la caggade la méthode FDD (Frequency
Domain Decomposition) a extraire les parametresaawdLes informations extraites
de ces deux méthodes sont ensuite utilisées panddsodes NDE afin d’évaluer leur
faisabilité sous I'effet des vibrations ambiantes.

» Enfin, le chapitre V porte sur l'application expéentale de la surveillance de
l'intégrité (SHM) d’'une poutre encastrée libre eexmglas, pour atteindre les trois
principaux objectifs définis précédemment: détectéocaliser et quantifier
'endommagement avec les méthodes NDE sur desswilaienées.
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CHAPITRE Il

METHODS FOR DETECTION AND LOCALIZATION OF
CHANGES

Abstract: In this chapter, several methods for the detectiod localization of changes or
damage in structures are presented and discusséatgé panel of methods exists in the
scientific literature, several being applied anstéd on numerical modeling that give access
to some information not available using experime@gaproaches. By consequence, only
methods applicable to field-testing are presentek,hconsidering the global methods for
detection of damage and local methods for locabmatMost of the methods are based on the
modal parameters variations of the structure. Afeaminding the main goal of the non-
destructive evaluation methods, the theoretical ehodsed for representing the
building/structure behavior is discussed first tilgio the continuous beam principle, for the
bending/cantilever beam case. Then the effectshahges on the modal parameters are
presented and the general methods (local and ¢loisald in this work are discussed and
presented.
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1.1 Introduction

[1.1 Introduction

For the last two decades, several researches hege bonducted on non-destructive
evaluation of damage (NDE), based on monitoringcin@nge of the dynamic response of a
structure. They have received considerable attentianechanical industries, aerospace and
civil engineering. The basic idea is that changing characteristics of stiffness, mass or
energy of a system can alter its dynamic respobDselfling et al, 1996; Farrar et Worden,
2007). Modal parameters (frequencies, damping aodenshapes) are sensitive to changes,
resulting from changing boundary conditions (e.gaqil-structure interaction), design
properties (e.g., strengthening) or elastic propef the material (e.g. the Young's modulus)
(Maeck et al., 2000). Moreover, changing the plalgicoperties of a system (e.g., stiffness,
attenuation or mass) causes a variation in the mpaeameters of the structure. These
variations can then be directly related with dansageloss of integrity, a decrease in the
stiffness resulting in a decrease of frequencythatefore an increase in its flexibility.

Rytter (1993) classified the NDE methods into Zele\based on their objectives: level 1 is the
detection of damage, level 2 corresponds to thetiftzation of the damage location, level 3
is the quantification of the damage severity, aatl 4 is the prognosis of integrity of the
structure.

The first level (LV1) is to detect if changes haezurred. The analysis of the damage related
to the variation of the fundamental frequency of thuildings was a common practice in
earthquake engineering since, as supported byrFaira. (2001), frequencies are certainly
the modal parameter most sensitive to changesciefigebecause the loss of stiffness
directly impacts the frequency values. Data wakectdd and processed for understanding the
variations of the modal parameters during and aftmthquakes, in correlation with the
shaking level and the damage observed (Celebi,et1@33; Ivanovic et al., 2000; Dunand et
al., 2006; Clinton et al., 2006; Michel et al., P)1The second level (LV2) is to detect if
changes have occurred and simultaneously deterthenéocation of damage. For example,
variation of frequencies may only reflect a globlahnge of the system properties and it is not
often sufficient to locate the origin of changinghin the structure. For that reason, damage
detection methods have been developed based andtie shape analysis. The experimental
assessment of mode shapes is sometimes insuffyciergcise to detect and locate small
variations, compared to the sensitivity of the mddequencies analysis. The third level
(LV3) is to detect if changes have occurred, deteemhe location of damage as well as
estimate the severity of damage. Few applicatidris/8 are available in practice, while the
estimate of the severity may contribute signifibamd the action of the decision makers in
case of an emergency after an extreme event.

In the most cases, structural damage detectioacigséd of a compare among the response
from an undamaged and a damaged state. Severabdsetiave been described in the
literature to identify and locate damages, mosthem are based on comparisons between a
damaged and an undamaged condition and efficiemevere damage. Structural Health
Monitoring application using vibration techniquesctised on mode shape derivatives as
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indications of damage. For instance, the changiexbility method (Pandey and Biswas,
1994), the curvature methods of mode shapes (Paetley., 1991) and the method of
curvature flexibility (Zhang and Aktan, 1995) angagtitative methods. Farrar and Doebling
(1999) presented the change in curvature of théotmiLoad Surface (ULS) to determine the
location of damage. Wahab and De Roeck (1999) egh@i curvature-based method to the
Z24 Bridge in Switzerland successfully. They codeld that the use of modal curvature to
locate damage in civil engineering structures seeprtemising. Ho and Ewinx (2000) state
that higher derivatives of mode shapes are morsitsento damage. Hamey et al. (2004)
assessed several damage algorithms in composit@sbeath several possible damage
configurations using directly measured curvaturelenshape. Just-Agosto et al. (2007) used
the mode shape curvature data and a properly traiearal network scheme to implement
successfully damage detection for composite saridbgéam.

After describing the theoretical solution of thentl@ver beam used in this thesis, several
methods found in the scientific literature will peesented, based on the variation of the mode
shapes and frequencies between damaged and undhroagditions. Local and global
methods will be discussed and then applied to #ieal and experimental analysis, shown in
Chap. lll and IV.

[1.2 Theoretical solution of the Cantilever beam

The theoretical dynamic properties of the cantitdveam are described herein. In the case of
a slender structure or a continuous beam of unifsegtion, the mass and stiffness can be
distributed over the length of the beam and theatgrs of motion, for an Euler-Bernoulli
beam system under free vibration, can be expressédlough & Penzien, 1993):

0%u , 82 0%u
where the transverse displaceme(t, t) is function of timet and the positior along the
length of the beam (Figure Il.2n(x) is the mass per unit length,is the Young’s modulus,
I is the moment of inertia of the cross section adolz", EI and m being considered as
constant according to directian

A general solution of this equation has the follegvform:

u(x, t) = p(x)q(t) (11.2)

whereg(x) is a function of the mode shapes, atid) is the amplitude in the time.
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> u(x, t)

4
177 rrrr7

Figure 1. 1 : Clamped-free beam: coordinates and mechanicakpiep.m: the mass per
unit length,E: the Young’s modulus of elasticjty: the moment of inertia of the cross
section,S : the section areas, : the shear modulud.,: the length of beam.

The above governing equation Il.1 can be re-writen

m)p(x)G(t) + qOEI)e ()] =0 (11.3)

Separating the two variables in the above partiieréntial equation will lead to two
ordinary differential equations, such as:

Ggi) + w?q() =0 (11.4)
[EI() e ()] = w?m(x)p(x) = 0 (1.5)

wherew is the angular frequency of the beam, suchhéas k/m.

Eq. Il.4 is governing by the time functigr{t) which has the same form as the equation
governing the free vibration of a single-degredreédom (SDOF) system, with natural
frequencyw, and Eq. II.5 defines the eigenvalue problem togetwith the boundary

conditions of the beam.

For a beam with uniform mass and stiffness (Chd@85), the second equation can be
simplified as

00 _ pay(x) =0 (11.6)

dx*
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where

w?m

pr =" (11.7)

The general solution of the aforementioned padii®érential equation can be expressed as
@(x) = Cy sin Bx + C, cos fx + C5 sinh fx +C, cosh Bx (11.8)
where(C;, C,, C; andC, are four constants to be determined.

In the case of a cantilever beam, the boundaryitiond at the fixed support and the free end
can provide the following four extra equations:

p(x)=0
ax
M(x) = EI f’?gx) ~0
63;@ at the free end far= L (11.10)
V(x) = EI =0
Fi) 3

wherelL is the length of the beam,(x) is the bending moment at locatirf¥ (x) is the base
shear force at locatiorn Substituting the boundary condition equations. (E§ and 11.10)
into the general solution (Eq. 11.8), we obtainkd tollowing equations:

Co=—C, (11.12)
C; =—C (1.12)
C,(sin BL + sinh L) + C,(cos BL + coshBL) = 0 (1.13)
Cy(cos BL + cosh BL) + C,(—sin BL + sinh fL) = 0 (1.14)

Equations (11.13) and (I1.14) can be further tramsfed into a matrix form, i.e.:

sin L + sinh L cos L + cosh SL ] Cl] _ [O]
o

cos BL + cosh BL  —sin L + sinh BL| [C, (11.15)

For a non-trivial solution, the determinate of thatrix must be zero. This leads to

1+ cosPBL-coshfL=0 (1.16)

14 Alaa Hamze — PhD thesis — UJF Grenoble



[1.2 Theoretical solution of the Cantilever beam

The numerical solutions which satisfy the equafibd4) are as follows:

BnL = 1.8751,4.6941,7.8548, and 10.9960 , forn = 1,2,3,4 respectively (1.17)

Bl =~ (2n — 1)%, forn >3 (1.18)

Finally, by substituting equations (I11.17) and 18) into equation (I11.7), the natural
frequenciesw, of a cantilever Euler-Bernoulli beam with uniformass and stiffness
distribution can be determined from the followirgguation:

2
Wy = L2 \/% n=123,.. (11.19)

The expression of mode shape corresponding torestanal frequency can also be developed
by combining equations (11.8) and (11.11) — (ll.14&)jnally, the shapes of the different modes
are given in the following equation (Chopra, 2007):

cosh fpL+cosfy L

p(x) =Cy [cosh P X — COS B X — S f Lot fo L (sinh B,, — sin B, x)] (11.20)
where(; is a constant equal to the vibration amplitudnist specific frequency.

i —— " Mode1
@-/’—\‘—X,? Mode 2
S - Mode 3

Figure 1l. 2 : First three vibration modes of a cantilever beam.

As indicated in equation (11.19), the natural freqay of each mode is proportional to the
inverse of the squares of the length of the camildbeam and to the stiffness and mass
values. Then the frequencies have the followinges

_ (Bal)* |EI

=00 /m (1.21)
_ 05595 [EI fa _ Pty

fi== /m 3 =072n-1)% forn >1 (11.22)

The ratio of the frequencies divide by the firgduency is:

f2 _ fs_ Ja _
£=63 =175 =343 (11.23)

This distribution (6.3, 17.5, and 34.3) of frequescis a characteristic of a clamped-free
beam in bending.

15 Alaa Hamze — PhD thesis — UJF Grenoble



11.3 Effect of changes on the modal parameters

When a civil engineering structure is damagedmiéshanical properties are affected. This is
the case for example of seismic damage for whiehetements of the structure (walls, roofs,
columns and beams) suffered cracks, changing tbeablYoung’'s modulus (El) of the
structure. This is also the case when the connebitween beams and columns or walls and
roofs are damaged, reducing then the global stnesugtl stiffness of the structure. A decrease
in stiffness will result in a change of modal claegistics, namely frequencies, mode shapes
and damping. Indeed, considering the case of aampdd cantilever beam, frequencies and
mode shapes of the deformed beam are governect hgltbwing equation:

(K- AM)¢p =0 (11.24)

That is the eigenvalues formulation of the globgaion of the Cantilever beam (Eq. I1.5).
In this equationK is the discrete multi DoFs system stiffness magretated withEl), M is
the mass matrix antland ¢ the eigenvalues and eigenvectors of the systétmAw= w?.

Considering the same system after changing ohiysipal properties, Eq. 11.24 becomes:
(K*— A*M*)¢p*=0 (11.25)

We can rewrit&k” as function oK, by introducing the variation of stiffnes& between the
undamaged and damaged states sudh asK+JK. The same expression can be used for the
mass, the eigenvectors and eigenvalues. Considénmgact that the damage does not
produce variation of massNI=0), and finally substituting into Equation I1.24 tkariations

of the physical properties, we obtain the equation:

[(K+6K)— (A+8)M)]|(¢p+6¢p) =0 (11.26)
and
(K—MA)(¢p + 6¢) + 6K¢p + SKS¢p — 6AMp — SAMEP = 0 (1.27)

From the Equation 11.24, for a given non-triviallgmn of ¢, we haveK — AM = 0.
Moreover, by neglecting the second order term andmiltiplying by ¢7 the left part,
Equation 11.27 becomes:

T
S1=—2K _ _ 5(»?) = 206w (11.28)

T ¢TMP+pTMED

Finally can be expressed @ough & Penzien, 1993) and Perrault (2013):
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_1_ ¢Teke
bw = 20 ¢TMP+pTMSEP

(11.29)
For a multi-degree of freedom (MDOF) system, tregjfrency vector and stiffness and mass
matrices are:

6k, .. O my .. O]

0 e

dwq
(Sw:{ : }; PT6KP =
0 .. 6k, 0 .. my,

dwy,

Equation 11.29 traduces that a stiffness changsngdjriectly related with a frequency and mode

shape variations, and a decrease of stiffness {Ke< 0) produce a decrease of frequency.

Almost all NDE methods for detecting and localizitige changes (or damage) use these
fundamental properties by tracking the variationnafde shapes and frequencies between
before and after an extreme event such as an eakbgThese methods will be applied for

this work.

[1.4-Global methods for detection

[1.4.1 Frequency variation

Natural frequency-based methods use the natugliérecy change of structures as the basic
feature for damage detection. The choice of tharakfrequency change is attractive because
the natural frequencies can be conveniently medduen just a few accessible points on the
structure and are usually less contaminated by rewpatal noise. However, several
limitations must be accounted for such as compjeritstructural modeling and damage and
non-uniqueness of the solutions. The frequency gémmcaused by damage may be usually
very small and may be buried in the changes cabiye@nvironmental and operational
conditions (Clinton et al., 2006; Todorovska andRjdub, 2006; Mikael et al., 2013) or by
the wandering of the building motion in the modeah bell, producing variation of
frequency related to input signal (Michel and Gleagu2010). For this reason, the greatest
success in the use of natural frequency shiftel&mnage identification of very small changes
is in small simple laboratory structures with osipgle damage locations, under controlled
experimental condition. Nevertheless, in case wingt damage such as those produced by
earthquake, the frequency shift is a simple andratpe marker that can be used (e.g.,
Dunand et al., 2004; Celebi et al., Clinton et2006).

Most of new developments were supported by theafisembient vibrations AV. AV are
produced by the wind (low frequencies <1 Hz), in&grsources (machinery, lift at high
frequencies) and seismic noise (broadband). AV Haeen commonly used to monitor
structures in civil, mechanical and aerospace @sging communities for a long time. The
use of AV methods provides relevant informations the elastic characteristics of the
17 Alaa Hamze — PhD thesis — UJF Grenoble
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building at reducing cost. AV modal analysis basexthods provide also an effective tool for
short- and/or long-term health monitoring of builgls, such as those due to ageing effect or
after an extreme event, mainly by comparing iniéiall final values of frequencies, damping
and mode shapes (Dunand et al., 2004). Most ofptbeious studies conducted in civil
engineering structures (e.g., Clinton et al. 20Déraemaker et al., 2008; Hua et al., 2007;
Nayeri et al.,, 2008; Mikael et al., 2013) have shotkat the temperature is the most
significant cause of variability of modal frequessi Most of scientific papers dealing with
experimental and in-situ data are focused on theddmental frequency tracking. For
instance, experimental and numerical analysis stidte efficiency of frequency analysis for
damage detection considering fundamental mode aedames (e.g., Kim and Stubbs, 2003;
Xu et al., 2007). Nevertheless, the variation & pgarameters of each mode will not be
affected in the same manner, depending on theigosthe amplitude and the nature of the
damage (Balllet et al., 2013). Moreover, a majfiialilty to overcome is that the damage can
be very localized and it may not significantly udhce the overall response of a structure
evaluated only with the fundamental frequency.

As aforementioned, the presence of damage, i.eaek or a diminution of the Young's
modulus, in cantilever-type structures causes lgaahtion in the stiffness and results in a
decrease in the natural frequencies of the streiciline natural frequency is proportional to
the square root of stiffness, thus a relativelygdasstiffness change is required before
significant frequency change can be detected. Xteneof the drop in the natural frequency
depends on the location and position of damage megpect to the mode shape of a particular
mode of vibration (Moradalizadeh, 1990).

Askeegard and Mossing (1988) investigated seasdmahges of modal parameters of a
reinforced concrete (RC) footbridge over a peribdhoee years. They observed about 10%
changes in frequency and concluded that this wamlynadue to variation of ambient
temperature. Farrar et al (1997) found that thet igenfrequency of the Alamosa Canyon
Bridge was subjected to changes of approximatelydb¥tng a 24 hour time period. They
also attributed it to the variation of temperature.

Peeters and de Roeck (1998) reported changes ifirshéour eigenfrequencies of the Z24

Bridge are in the range of 14-18%. These changes wainly due to the increased elastic
modulus of the asphalt at temperatures below zetsi@s degrees. Alampalli (1998) reported
that the second and third eigenfrequencies of dl ¥mdge were subjected to an increase of
40-50% due to freezing of the supports.

From their observations of forced and ambient vibratests on the Hakucho Bridge, Fujino
et al (2000) identified that the natural frequewntyhe first vertical bending mode decreased
noticeably as the wind speed increased. In conpmolvith temperature changes, other
ambient conditions such as cloud cover, humidiiseation of temperature change, etc. were
observed to affect bridge boundary conditions $icgmtly (Aktan el al 1997).
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Morassi (2001) presented single crack identificatim a vibrating rod based on the
knowledge of the damage-induced shifts in a pamatfiral frequencies. The analysis is based
on an explicit expression of the frequency sengjtio damage and enables non uniform bars
under general boundary conditions to be consideBedhe of the results are also valid for
cracked beams in bending. Messina et al. (1998\ditichms and Messina (1999) presented
a technique capable of tackling multiple damagatioa and identification based on natural
frequency shifts. The method was based on usimggarized sensitivity of frequency shifts to
damage and assumed changes in stiffness only. [Hoeithm was successfully verified
experimentally on three beams in laboratory withapyvo damage locations. Surenetzal
(2000) proposed that frequency shifts be used ffedipting the fatigue life of a structure by
correlating the rate of decrease of the first ratirequency with the fatigue life.

In buildings, considered before as less sensitovehe wandering, few publications are
focused on the frequency shift due to boundary itimmd Recently, Clinton et al. (2006)
studied the evolution of the first two resonanamtrencies (East-West and North-South) of
the Millikan Library in south California since itonstruction in 1967, putting in evidence a
drop of frequency due to the seismic events mordess strong. Clinton et al. (2006)
processed continuous ambient vibration recordsudysthe drop in the natural frequency of
buildings, resulting from a decrease in systenfing#s with the progressive damaging during
earthquakes.

Figure 1.2 shows the reduction of the two natudraljuencies in the Californian building
observed by Clinton et al. (2006) for various egutikes, forced experiment and ambient
vibrations analysis since 1967. The two frequenclesrease 21.4% on the East-west
component and 12.1% on the North-south componleistjdss of the two natural frequencies
indicates the loss of stiffness of the structure amas interpreted as an indicator of structural
damage, being given the mass of the structure rentainstant over time.

In the same study, Clinton et al. (2006) have shdwnanalyzing two-year-long continuous
records from the Caltech’s Millikan Library, whit¢he natural frequencies of a building can
change significantly due to environmental factossich as rainfall, wind speed, and
temperature.

Dunand et al. (2006) showed the same trend comsgleeveral Californian buildings and

they also concluded on a decrease of at least J08tfimess during the co-seismic time,

without producing permanent shift related with dgmarhe physical reason explaining this
recovery after extreme event is related to the imgeand closing process of the pre-existing
cracks, producing a temporary shift of frequency.

This has been also observed during the Yorba Lieahquake recorded at the Factor
building (Kholer et al., 2005), a 17-story momeesisting steel-frame structure with an
embedded 72-channel accelerometer network. Thasriginly the most heavily and densely
instrumented building in North America (Figure )L.3
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Figure II. 3 : Evolution of two natural frequencies of the MillikdLibrary, South Californi
from Clinton et al. (2006). Dashed lines are aeestt natural frequencies; dashadatied line
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Figure 1. 4 : (a) Photo of Factor building taken from the norgtesde of the building, and (b)
diagram of Factor building sensor locations. Arr@hsw polarities of sensors on each floor.
(From Kholer et al. 2005).
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This local earthquake recorded by the Factor hugjdiensors occurred on 3 September 2002
near Yorba Linda, California, with local magnitu@d,= 4.7 ). For example in Figure 1.4
observed by Kohler et al. (2005), the frequenctheffirst mode of deformation decreases by
about 10%, but the frequency recovers the pre-gaalke ambient vibration levels within 5
minutes after the Yorba Linda earthquake has oedurr

0.62 L 1 1 | sl iy I | | il il 1 1 L
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Yorba Linda earthguake
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Figure Il. 5 : Change in fundamental horizontal mode natural feeqy
before and after the Yorba Linda earthquake. Tleguency peaks we
measured from 100-second accelerasegments from either 12th or 1
floor waveforms before and after the earthquakendieass filtered fc
frequencies between 0.45 and 0.65 Hz. A legsiares fit to a Gaussian \
used to find the central frequency peak. (From Khet al. (2005)).

The results showed that measurable softening sfeeet occurring for small earthquakes due
to changes in the stiffness of the building or sdien amplitudes get larger as reported by
Kohler et al. (2005). In fact, the variation obsatwduring this earthquake may have several
origins, since the frequency measured at the tapestructure is the apparent frequency of
the soil-structure system, i.e. the flexible-bastdcture including soil-structure interaction.
It is well known that the apparent frequency iatedl to the shear-wave velocity Vs of the
soil. The same building resting on a stiff or at sofil has two different apparent frequencies.
We can also imagine that during an event (even natelevent), slight decrease of Vs can be
observed, producing a decrease of the soil-strecfoequency and then the apparent
frequency recorded at the top of the building. Kaltfrequencies of a soil-structure system
are known to vary under different levels of exettatand recent researches (Clinton et al.,
2006; Kohler et al., 2005) indicated that duringairshaking events, there is a measurable
change in recorded natural frequencies of varigpes of structures.

This observation has been reported by TodorovskhTaifunac (2007) who analyzed the
shift of the fixed-based and the flexible-basedquencies during the lifetime of one
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Californian building, showing the soil-structurdesfts on the frequency shift. Also reported
by Michel et al. (2011) who analyzed the decredsh@ apparent frequency with respect to
the fixed-based frequency at the City-Hall buildingGrenoble, concluding the soil-structure
influence on the frequency shift even for smallioderate earthquakes; and by Todorovska
and Al Rjoub (2006) who interpreted the frequencgndering of the Milikan Library in
California being influenced by the rain falls ahe tvater content variation of the soil.

Recent initiatives started, taking advantage ofréticed cost of new instruments (such as
MEMS sensor, Micro-Electro-Mechanical Systems),inorease the number of buildings
monitored. For example, the Quake Catcher Netw@Q®&N, Cochran et al., 2009) employs
existing networked laptops and desktops to formemsd, distributed computing seismic
network installed in buildings, schools etc... TREN capitalizes on the main advantage of
distributed computing—achieving large numbers obcpssors with low infrastructure
costs—to provide a dense, large-scale seismic meiwWdhile MEMS accelerometers are less
sensitive than typical broadband or short-periodsses, a higher number of stations is
advantageous for both the study of earthquakas;tatal health monitoring and, potentially,
earthquake crisis management.

In fact, Dunand et al. (2004) contributed to assgsthe building post-seismic integrity using
single AV recording at the building top shaken hg Boumerdes (Algeria) Earthquake of
May 21, 2003. They showed how the frequency shiftileated using AV could be used to
complement and improve seismic survey of damagédibgs.

In conclusion, the focus on the use of frequen@nge-based damage identification method
can be successfully applied to simple structuregl small cracks (typically, a slender beam-
type structure with an artificially induced crack) a controlled laboratory condition.
However, its applications for real complex struetior multiple/ severe damage detection are
promising, the accuracy of the frequency value nd®d by ambient vibrations being a key-
point for recording small changes. Mikael et aDX2) on real buildings and Balillet et al.
(2013) on models showed how small frequency slufisld be detected (less than 0.1%)
using the Random Decrement Technique.

[1.4.2 Modal Assurance Criterion (MAC)

Compared to using natural frequencies, the advasatafj using the mode shapes as a basic
feature for damage detection are obvious. Firgt,nmiode shapes contain local information,
which makes them more sensitive to local damagdseaables them to be used directly in
multiple damage detection. Second, the mode shapedess sensitive to environmental
effects, such as temperature, than natural fregeeRarrar et al. (1997).

A Modal Assurance Criterion (MAC) sometimes refdrte as a modal correlation coefficient
is calculated to quantify the correlation betweei tmode shapes (Allemang and Brown,
1982). It is often utilized to compare mode shapesved from analytical models and
measurements as quality criterion.
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The MAC value is a global index of damage detecaod gives information about which
modes have been changed the most. Thus, the r@dwéta MAC value may be an indication
of damage. Let us suppose thay] and[¢pg] are matrices made-up of, andmz mode
shapes measured mmmeasurement points. These are thus matrices oindiore nx m, and
nx mg. Forthei = 1,2,...,my and j = 1,2,..., mz mode shapes, the MAC is defined as:
DHRCACI AN

MAC;; = e _
Rea(10ali)” Sea (10514 )

ij

(11.30)

Where,[¢4]% and[qu]{; are thek®™ component of mode shapfs, ]’ and[¢z]’. The MAC

coefficient presents the correlation degree betw&eand;* mode shapes in A and B, and

the diagonal value of MAC matrix varies from O toThe MAC value can be considered as a
measure of the similarity of two mode shapes. A M¢dlue of 1 is a perfect match and a
value of 0 means they are completely dissimilausTtthe reduction of a MAC value may be

an indication of damage.

Ewins (1985) points out that, in practice, correthimodes will yield a value greater than 0.9,
and uncorrelated modes will yield a value less h@b. Salawu and Williams (1995) tested a
reinforced concrete bridge before and after regdthough the results show the first seven
natural frequencies shifted by less than 3%, betMAC values showed substantial change
leading the authors to argue that comparison ofevstdhpes is a more robust technique for
damage detection than shifts in natural frequenddgambi et al. (2002) presented a
comparative study of damage detection methods basdaboratory tests of two cracked RC
beams. Among several methods for detecting dantagg, used the frequency and MAC
values. The results show that (1) the eigenfrequenmlutions can follow the damage
severity but are not influenced by the crack danlagations; (2) the MAC factors are, in
contrast, less sensitive to crack damage compaiteceigenfrequencies.

11.5-Local methods for detection
[1.5.1 - Methods Based on Mode Shape Curvature

[1.5.1.1 - Mode Shape Curvature Method (MSC)

Following Allemang et al (1982), Pandey et al. (Ip®Ratcliffe (1997) used the change in

mode shape curvature (MSC) as an indicator of damagsuming that structural damage
affects the structure’s stiffness matrix (Equatibg9). It has been reported that damage of
the structure causes a change in mode shape awvatd can be considered as a good
indicator for detecting and localizing the damagecording to elementary beam theory, the

curvature at a locationalong a beamy(x), is:
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" M(x
p' =20 (11.31)
whereM(x) is the bending moment at locatignE is the Young’s modulus of elasticity ahd
is the moment of inertia of the cross sections levident from Eq. (11.31) that any reduction
in flexural rigidity El) due to damage will lead to an increase in curegtand that the
difference between pre- and post-damage curvatodershapes will be largest at the location
of damage. The curvatures, usually calculated byarical differentiation of displacement
mode shapes at equally spaced measurement psietqressed as

" bli+1)j~ 20 i+ Pl-1),)
b = h‘zl (1.32)

wheregblf:j represents the modal curvature, first subsdriggpresents node number, second

subscript] represents the corresponding mode shape nuinliepresents element length as
the beam is discretized with elements of equal ttrer{gistance between the nodes) and
¢:; represents the mass normalized modal value faif'thede in the'f mode.

The location of the damage is assessed by thestacgemputed absolute changes in MSCs of
the damaged and undamaged structure as given by:

MSC; = X)L A = Zal(¢i;) — (i) (1.33)

where ¢"and¢”" stand for the mode shape second derivative ofraadad and damaged
state, respectivelyy is the number of measured mode shape curvaturergeandexi
represents the measured point numberjaadhe mode shape number.

By plotting the difference in MSCs between the ¢hi@and the damaged case, a peak appears
at the damaged element indicating the presencehahges. The curvature values are
computed from the displacement mode shape usingeheal difference operator from Eq.
(11.32). For example, Pandey et al. (1991) fourat the modal curvature is far more sensitive
damage indicator than the MAC (Modal Assurancee@ioh). The most popular approach is
the utilization of only a few lower order curvatumdes to identify the damage location.
Result showed that the difference of curvature n&ftpes from undamaged and damaged
structure can be a good indicator of damage. Paedaly (1991) used a finite element model
(FEM) for a cantilever clamped-free beam model @ndnstrate the applicability of the
method, with a reduction in Young’s modulus (E)50P6 at one third of the span. MSC has
been successfully used so far for identificatiorvafious damages in the isotropic beams by
Maia et al (2003), Palacz et al (2002), laminatechposite beams by Lestari et al (2007),
Hamey et al (2004), or wooden beam by Parloo €2@0D3). Salawu and Williams (1994)
compared the performance of both curvature andlatisment mode shapes for locating
damage, which confirmed the advantage of curvatnwde in locating damage as compared
to the displacement mode.
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An important remark could be observed from the ltesaf Pandeyet al. (1991) that is, the
difference inMSCsbetween the intact and the damaged beam showezhlyoa high peak at
the fault position but also some small peaks deiht undamaged locations for the higher
modes, introducing some false detections. This camse confusion to the analyst in a
practical application in which one does not knownadvantage the location of cracks or
damage. One conclusion is the value of MSC usingrge number of modes is strongly
dependent on the position of the damage. Hencerdar to reduce the possibility of false
alarms, Pandey et al. (1991) concluded that a fewber of the first curvature mode shapes
must be used for damage identification.

The sensitivity and the effectiveness of MSC methegle also questioned by several
researchers with experimental evidence showing tth@tmodal curvature by itself cannot
locate small damages (Ratcliffe, 2000). For exampladel Wahab and De Roeck (1999)
investigated the accuracy of using the centrakdiffice approximation to compute the MSC
based on finite element analysis. The authors stgdehat a fine mesh is required to derive
the modal curvature correctly for the higher moded that the first mode will provide the

most reliable curvature in practical applicatioreda the limited number of sensors needed.

[1.5.1.2 - Mode Shape Curvature Squared Method (MSG)

Ho and Ewins (2000) stated that higher derivatigesnode shapes are more sensitive to
damage and they proposed the mode shape curvatuumesd (MSCS) method for improving
the localization of the damage. This method is mprovement on the MSC, and it is
mathematically expressed as

" oxN 2 p
MSCS; =TI, Ay ) = B |(00,) = (90))°) (11.34)

In this case, in the same manner as MSC method|ottaion of damage by MSCS is
identified as the place where the absolute diffeedmetween curvatures of the damaged and
the undamaged structure is maximum. The changd®iourvature mode shape increase with
the increasing size of damage and this informat&m be used to obtain also the amount of
damage in the structure. Pandey, et al. (1991)ndidpresent a means to quantify when
changes in curvature are indicative of damage, éyesmme engineering judgment is required
when examining plots of the change of curvatureadsinction of position. For multiple
modes, the absolute values of change in curvatsgecated with each mode can be summed
to yield a damage parameter for a particular locati

[1.5.2 - Methods Based on Changes in Flexibility

Change in flexibility matrix (CIF) and change inifanm load surface curvature (ULS) are
two basic algorithms based on changes in flexjbdita beam.
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The basic advantage of the methods is that danwagdization requires only the first few
modes of the structure (typically the lowest fragmemodes). Typically, damage is detected
using flexibility matrices by comparing the flediby matrix computed using the modes of
the damaged structure to the flexibility matrix qmrted using the modes of the undamaged
structure or the flexibility matrix from a FE mod@&ecause of the inverse relationship to the
square of the modal frequencies, the measuredifligximatrix is most sensitive to changes
of the modes in the lower frequency range. Theilfiety matrix converges rapidly with
increasing values of frequency, an advantage ofguexibility instead of stiffness.

[1.5.2.1 - Change in flexibility method (CIF)

As an alternative for using changes in the modaarmpaters of a structure for detecting

damage, the modal flexibility matrix includes tméluence of both the mode shapes and the
natural frequencies. Pandey and Biswas (1994) piesea damage detection and location
method based on changes in the measured flexibilithe structure. This method takes into

account the flexibility of the structure before aafler damage. Only a few numbers of

resonant frequencies and modes are needed. Tltsdui@ is tested with numerical examples
and then with experimental data collected on a widage steel beam. Results of the

numerical and experimental examples show that astsnof the damage condition and the
location of the damage could be obtained from tust first two measured modes of the

structure (Pandey and Biswas, 1995).

Raghavendrachar and Aktan (1992) also calculatexibility using the mode shapes and
conclude that it is a superior indicator to exantime raw mode shape data. They noted that
higher modes would reveal local damage but thatethegher modes are more difficult to
identify experimentally on a real case structurehsas a bridge. Toksoy and Aktan (1994)
computed the measured flexibility of a bridge am@meine the cross-sectional deflection
profiles with and without a baseline data set. Thbgerve that anomalies in the deflection
profile can indicate damage even without a baselata set.

For the undamaged structure, the flexibility matixa structure [F] can be approximated
using the unit-mass normalized modal data as:

[Fl~ [91I01 91" = iy 7 (9" (1135)

wherew; is the I angular natural frequencfg;} is the I unit-mass normalized mode shape,
{¢} is the mass normalized modal vectagsis the modal stiffness matrix (= dia@Z)), and

N is the number of measured or calculated modesfl&kibility matrix, [F], in Eq. (11.35) is
an approximation because it is generally calculateidg the lower measured modes only.
Similarly, for the damaged structure, the same&sgion can be used:
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[F] =~ [¢7][2] 7' [¢"]" = Zﬁlﬁ{wi}{cpﬁ (11.36)

where the asterisks mean that the flexibility nxand mode shapes correspond to the
damaged structure. From the pre- and post-damagéifity matrices, a measure of the

flexibility change caused by the damage can beirddafrom the difference of the respective

matrices, i.e.

[AF]= [F*] — [F] (1.37)

Theoretically, and as shown in Equation 11.31, cintal damage reduces stiffness and
increases flexibility. Increase in structural fleity can therefore serve as a good indicator of
the degree of structural deteriorationsjfis an element of the matriX\F], then the absolute

maximum vaIueSj, of the elements of each column ixH] is defined as:

6 = max[&ij] i=1,..,n (11.38)

The position corresponding to the largest valuefjdé taken to indicate the location of
damage.

[1.5.2.2 - Change in uniform load surface curvature(ULS)

Zhang and Aktan (1995) combined certain aspectseoMSC method and flexibility method
to develop the change in uniform load surface durea(ULS) method by considering the
flexibility matrix as the translational displacememder a unit load al'jDOF. The basic idea

is that a localized loss of stiffness will produgecurvature increase at the same location.
Since the flexibility matrices, before and aftenmdae, can be approximated by the modal
parameters (Eq. 11.35 and 11.36), the quantifigghroughkF, (with and without the asterisk)
correspond to columns of the flexibility matrix. &g and Aktan (1995) stated that the
change in curvature of the uniform load surface banused to determine the location of
damage. In terms of the curvature of the uniforradlsurface, the curvature change at
locationi is evaluated as follows

AF, = §V=1|{Fi*” } — {Fl.”} | (11.39)

whereF;*" and F/ are the damaged and undamaged curvature of tfermnioad surface at
thei™ degree of freedom, respectivel{F," represents the absolute curvature changeNand
represent the number of the degree of freedomd@nmtified number of mode shapes). The
elements ofAF, that have comparatively large values correspondatnage location. Note
that the absolute change in curvature is firstueatald for each unit load flexibility shape and
then summed. The curvature of the uniform loadam@fcan be obtained with a central
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difference operator as suggested by these authbis. method requires mass-normalized
mode shapes.

Zhang and Aktan (1995) studied the modal flexipiland its derivative ‘uniform load
surface’ (ULS) to identify damage in a numericahslation of the Cross County highway
bridge near Cincinnati, OH. Results from impact &rded vibration modal tests were used
to benchmark a numerical model of the bridge. Damags introduced in the numerical
model by changing the stiffness of one elementa rhodel. The change in uniform load
surface (ULS) was shown to be a sensitive indicatdhis local damage. Consequently, it is
less sensitive to noise compared to the mode shesesl methods.

Wu and Law (2004, 2005) applied the ULS curvatuseptate structures for damage
localization and quantification. The numerical exdes considering different support
conditions, measurement noises, mode truncatiod, sensor sparsity were studied to
evaluate the effectiveness of the proposed method. found that the ULS curvature is
sensitive to the presence of local damages, evén the truncated, incomplete, and noisy
measurements, making this method a good candidaexperimental damage assessment on
real structures.
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DETECTION AND LOCALIZATION OF CHANGES: THE EFFICINCY OF METHODS
USING EIGENMODES MODELING

CHAPITRE 1l

DETECTION AND LOCALIZATION OF CHANGES: THE
EFFICIENCY OF METHODS USING EIGENMODES
MODELING

Abstract - In this chapter, we will focus on testing severathods using the variation of the
mode shapes and frequencies between a damageadamaged condition. Several methods
found in the scientific literature will be appli¢adl a theoretical bending beam, modeled using
Finite Element Method. In order to test the efintg of the method for the three first levels
LV of NDE methods, different position and sevenfydamage, including single and multiple
damage position are tested. After describing tle®rétical beam used in this chapter, the
global and local methods will be presented

29 Alaa Hamze — PhD thesis — UJF Grenoble



I1l.1-Introduction

[11.1-Introduction

In this chapter, we propose a study based on menulsis using finite element modeling
(FEM) using numerical analysis resuming on actugdeeimental conditions, for applying
non-destructive damage evaluation (NDE) to detedtlacate the damage of a clamped- free
beam.

Since the final goal of this work is to provide eimental analysis of the damage, two main
objectives are pursued. Since the non-destructareagie evaluation (NDE) methods listed
before do not use the same number of modes, steohjectives of this analysis is to test the
influences of higher modes for improving or not tbealization. As often, the experimental
modal analysis does not provide accurate higheresioand the choice of the NDE method
will be conditioned by its in-situ feasibility. Theecond objective of the numerical analysis is
to evaluate the efficiency of the NDE methods fetedting and localizing the damage, by
comparing several configurations (single or mu#tidamage, extended or narrow damage
and small or strong damage), modeling providingaecurate estimate of the mode shapes
and the frequencies. In all cases, we will keemiind the final goal of this work, i.e. applying
these methods for in-situ analysis.

[11.2-The models

The modeling done in this study with finite elengentodeling in 1D is made of a structural
continuous Plexiglas beam anchored at the bottadrfrae at the extremity (i.e. clamped-free
beam). The software used is RDM6, was developed.bgbard (IUT du Mans, Department
of Mechanical and Production Engineering). Finitemeent analysis package is used to
perform an eigenvalue analysis to generate theralafiequencies and mode shapes of the
undamaged and damaged beam. The 1D model is irdporte RDM6 and the modal
analysis is carried out to estimate the eigenvadneseigenvectors. Then, the theory of elastic
dynamics is used for determining the natural fregiess and the corresponding mode shapes
of an undamped system.

The general governing equation of motion for fré@ation can be written as:
[M]{ii} + [K]{u} =0 (11.1)

where[M] is the structural mass matrix afid] is the stiffness matrixf the displacement
u(x,y,t) is written in terms ofn eigenvectorsp;(x,y) and the time dependent modal
coordinateg; (t) as:

u(x:y’ t) = ?:1 ¢i (fo)CIl(t) (|“2)

then the eigenvalues and the corresponding eigtargecan be calculated from the
equilibrium equations:
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[K1{¢:} = wf[M]{e:} (I1.3)

Based on the orthogonal properties of the eigenvecive obtain the expressions for modal
frequencies and corresponding mode shapes:

{p"[K1{¢:} = wf {9} [MI{:} (I1.4)

Let {¢;}"[K1{¢:} = K; and {¢;}" [M]{¢;} = M; . Then we get

w? =t (I11.5)
whereM; andK; are the mass and stiffness of the beant"imode corresponding to the
eigenvectokp; and the resonant frequenoy.

The software RDM6 calculates the eigenmodes ofbiem by iterations. For an angular
frequencyw, w;_;and w; are the values of frequency obtained during twocsssive

iterations. The iteration stops when the amé&tiat=2l is smaller than the chosen precision.

wi

The precision used for the calculation of naturadjfiencies in this study is 0.01 Hz.

All of the modeling analysis using finite elementdysis developed in this work is based on a
Plexiglas beam with properties displayed in Tahlé.|

Material Plexiglas
Length 1m

Width 0.05m
Depth 0.01m
Poisson's ratio 0.4

Mass density 1165kgn3
Modulus of elasticity 5.4 GPa
Moment of inertia | 4 - 107°m*

Table 1ll. 1 : Geometric and material properties of cantilevarhe

The mesh consists of beam finite element and timebeu of elements is 200, obtained by a
Delaunay triangulation. The beam is divided inteemiy-eight sections having 29 nodes
spread along the entire length of the beam with5acs interval. Figure lll.1 shows the

modeling setup used to study the bending vibraitiothe 1D plane of the beam. Boundary
conditions are clamped-free configuration used &bdate the performance of damage
detection methods aforementioned.

31 Alaa Hamze — PhD thesis — UJF Grenoble



[11.2-The models

I; -7
Figure lll. 1: Clamped-free beam model in 1D with modal analysisg FEM by RDM6.

Each intermediate node has three degrees of freettamslational (along andy) and
rotational (w.r.tz), used at each node in the finite element anal$ige in any experimental
approach (in laboratory or in-situ for real strues) rotations are not measured, only the
translation degree of freedom along thaxis was considered in this study. Moreover, since
we are interested only in flexural modes of vilmatitranslation along thgaxis will be also
neglected. The comparison between the theoretioaipated from equation 11.19 and
modeling estimate of frequencies are given in Tdbl2, showing a good estimate of the
frequency, with a very small numerical dispersiémally, the mode shapes are extracted
from the 29 nodes spread along the beam length.

Mode | Theory| Modal analysis | Difference
No. | [HZz] using FEM [Hz] %

1 3.4 3.4 0

2 21.3 | 217 1.8

3 590.7 |61 2.1

4 117.1 | 119.5 2

5 193.6 |197.5 1.9

6 289.3 | 294.9 1.8

7 404.1 |411.6 1.8

8 538 547.7 1.7

Table 1ll. 2 : Comparison of theoretical modal frequencies vensodal analysis using Finite element modeling
by RDM6 of the clamped-free beam.
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l11.3- Comparative study of damage detection algothm for beams

In this study, a comparative study based on th#efislement model was conducted to
evaluate the four NDE algorithms considered in ®ilthe clamped-free beam.The four NDE
methods considered are (1) Mode Shape Curvaturehdde(MSC), (2) Mode Shape
Curvature Squared Method (MSCS), (3) Change inbiety method (CIF), and (4) Change
in uniform load surface curvature (ULS). They regquhe comparison of the frequencies and
mode shapes before and after the damage proce$scéding and evaluating damage in a
beam. For each scenario of damage, the structyrelnsic characteristics (frequencies and
mode shapes) are calculated along the beam andacedthfp the undamaged beam case. The
damage is considered as a reduction of the Youmgdulus, selecting an element of the
beam where this reduction is applied. Table I1h&ws a summary of the eleven scenarios
(S1 to S11) of the damage applied to the clampeeltheam with different damage severity,
considering single, large and multiple damage powst Four different severities of damage
are considered, with = 0.2, 0.5, 0.7 and 0.9, whe@ torresponds to the reduction factor of
the Young’s modulus such as:

E*=(1-a)-E (111.6)

whereE™* andE are the damaged and undamaged Young's modulygeatagely.

Scenario S 1 2 3 4 5 6 7 8 9 10 1n
All sections 0.9

A — 30.0-33.5cm 09 07 0b 0J2 09 09 05
B —61.5-65.0cm 0.9 0.8 07 07
C —86.0-89.5cm 0.9 0P 05 09
D - 30.0-47.5cm 0.9

Table Ill. 3 : Damage scenarios applied to the clamped-free lusamg Finite element modeling. The values of
the table correspond ta','the damage severity parameter; the positionanfiaje (POD) along the beam are
presented on the first column.

The parameters of each NDE method is then compmnddlisplayed along the height of the
beam and compared to the expected position andr@grobdamage.

[11.3.1. — Global methods for detecting changes

To confirm the influence and sensitivity of moddsges depending on the position of
damage, we have first damaged each section ofetiua ffirom bottom to up (i.e., from section
1 to 28) with a constant damage seveaty).9 (S1, Table III.3). The comparison has been
done with respect the undamaged beam and finhkynatural frequency change ratio (FR) is
calculated. This former ratio is computed as foow

33 Alaa Hamze — PhD thesis — UJF Grenoble



[11.3- Comparative study of damage detection aldponi for beams

FR = (’C‘*;J) - 100 (I11.7)

u

wheref,, andf,; correspond to undamaged and damaged frequenesggatively.

Figure 11.2 shows the effects of the damage pamsiallong the beam on FR and a square of
the curvature of the mode shapes. We observe likaeffect of the damage on the modal

frequency is closely related with its position aothe beam. We note a succession of
minimum and maximum values. In fact, we observedgame trend between the FR (black
curve) and the square of the curvature of the nsbd@es (red curve) for the first four mode

shapes. This means that the FR is linearly propuati to the square of curvature mode

shapes. This observation is confirmed by Moras#938} using this following equation:

[a(S)uff) ”(S)]Z y

RFy

FR® = (@) x 100 =

u

100

When u{’ (s) =0 - FR = 0, s: position of the damage.

u(()i) (s) = max » FR = max ; U-(()i) (s) = min > FR = min

Wherea(x) is the bending stiffnessu(()i) (x) the square of the curvature of the mode shapes
andKjy is the severity of damage.

=&~ Phi "2 of Mode 1

—6—FR of Mode 1 (a) —©—FR of Mode 2
3 —6—Phi " of Mode 2
| Z

FR Normalized
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FR Normalized

Phi

B &Y*
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Figure 1ll. 2 : Sensitivity of the four first modes with the pait of the damage varying from the
bottom to the top of the beam (Scenario S1). Thekbturves correspond to the frequency ratio (FR)
normalized to the maximum, the red curve correspahd square of the curvature of the mode
shapes (normalized) and A,@d C correspond to the position of the damagesspanding to
scenarios listed in Table 111.3. a) Mode 1; b) M&&) Mode 3; d) Mode 4.
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[11.3- Comparative study of damage detection aldponi for beams

Considering the first modes, we observe that fes theoretical beam, the FR is strongly
dependent on the position of the damage alongehenbThe two extreme cases for damage
position are at the bottom and at the top of thanbefor which the FR is maximal and
minimal, respectively. In this case, the efficiemfythe first mode for detecting and localizing
the damage will be rather limited, while higher rasdvill be more efficient whatever the
position of the damage. For the specific scenactmsesponding to the damage located at
position A (S2), B (S3) and C (S4), the FR is delseg on the number of mode, and the
efficiency of the mode shapes for detecting andllpimg damage will be also depending on
its position. In fact, the extent of the shift retnatural frequency depends on the location and
position of damage with respect to the mode shdpa @articular mode of vibration
(Moradalizadeh, 1990). A direct consequence isitifgact on the mode shapes which may
also depend on the configuration. This is showhigure 111.3 which displays the variation of
the eleven first modes versus the position of trabe at element A, B and C, for a damage
coefficienta corresponding to 0.9 (scenarios S2, S6 and S®oing to the position of the
damage, all modes of vibration do not react instlime way.

Mode 1by Modeling Mode 2 by Modeling Mode 3 by Modeling Mode 4 by Modeling Mode 5 by Modeling Mode 6 by Modeling
100 # 100 7 ad 100 100 f« 100 %v 100
80 f/ 80 1 80 80 g 80 g 80
60 tfyf 60 60 60 {1 60 i 60
40 40 40 40 140 < 40}
20 ::::;Ze:wm 9) 20 20 20 1 20 20
T omscivan %
GE) 0:2 0.4 —8. 0.5 —8.5 0 0.5 —8.5 0 0.5 —8.5 0 0.5 -8.5 0 0.5
Amplitude Amplitude Amplitude Amplitude Amplitude Amplitude
Mode 7 by Modelir Mode 8 by Modeli Mode 9 by Modelin Mode 10 by Modeling Mode 11 by Modeling
100 100 100 100 e 100 \}
80 80 80 80r < 80r K} 1
£ 60 £ 60 £ 60 £ 60 G< £ 60 Sa_—
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s 3 2 8 3 o
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L L = L L S
g 40 g 40 g 40 g 40 g 40 %
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Figure lll. 3: The first eleven mode shapes (bending modes)raatdiy modal analysis using
RDMS6. Blue curve: undamaged state; Red curve: demaag (S2); ed, Black curve: damage
B (S6); Green curve: damage at C (S7) witmage severity a=0.9.
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First, it is clear that the higher modes (e.g. nso@lel0 and 11) are poorly sampled compared
to the first eight modes, depending on the numlberodes (i.e. number of sensor for real
building analysis) which cannot be sufficient fdnet higher modes assessment: this
information must be kept in mind considering ouiary goal for application to real or
experimental condition, with a rather limited numbésensors.

Since the mode shapes are more or less sensigpending on the position of the damage,
the MAC values computed for each mode will be alslated to the damage position.
Moreover, the severity of the damage may influetiee FR and MAC value, for a given

position of damage.

Table 111.4 shows the variation of the FR and MA@&lues for the eleven first modes and
considering damage at element A with four damagergg coefficients §=0.9 S2,a=0.7
S3,a=0.5S4 anch=0.2 S5).

Bending Model [ Mode2 | Mode3 | Mode4 | Mode5 | Mode6 | Mode7 | Mode8 | Mode9 | ModelO [ Modell

Damage .
severity f;tfifgess FR(%) | FR (%) | FR (%) | FR) | FR %) | FR (%) | FR®%) | FR %) | FR(®%) | FR (%) | FR (%)
a Cue | /MAC | /MAC | /MAC | /MAC | /MAC | /MAC | /MAC | /MAC |/MAC |/MAC | /MAC
02 08 058/ | 024/ | 073/ |o014/ [025/ |082/ 027/ 017/ |075/ 037/ |o0.14/

' ' ) @ 0.999) | (1) (0.999) | (0.999) | (0.999) | (0.999) | (0.999) | (0.999) | (0.999)
05 05 219/ | 094/ | 272/ |053/ | 096/ | 289/ |092/ |062/ | 253/ |121/ |o051/

' ' ) (0.999) | (0.999) | (0.999) | (0.997) | (0.995) | (0.996) | (0.997) | (0.989) | (0.992) | (0.997)
07 03 4897 | 205/ | 563/ | 1.07/ | 202/ | 553/ | 172/ | 127/ | 4577 | 2447 | 1.14/

' ' (0.999) | (0.999) | (0.997) | (0.997) | (0.991) | (0.981) | (0.989) | (0.989) | (0.968) | (0.979) | (0.991)
00 o1 1573/ | 6.04/ | 1385/ | 259/ | 511/ | 1094/ | 355/ | 336/ |803/ |433/ |390/

' ' (0.998) | (0.991) | (0.981) | (0.987) | (0.951) | (0.923) | (0.965) | (0.956) | (0.901) | (0.939) | (0.945)

Table 1. 4 : Frequency ratio (FR) for four damage severitiesifario S2, S3, S4, S5) at point A (30-33.5
cm) /() is the value of MAC.

Analysis of Table 4 shows some clear highlights. &woincreasing value of damage severity,
reading the table from the bottoa=0.9) to the top §=0.2), we observe a clear impact on the
FR and the MAC value: the FR decreases as the M#lGevalso, whatever the mode. Even
for a single damage, these global parameters ate levant for detecting changes. Salawu
and Williams (1995) showed that the MAC values banused to indicate which modes are
being affected most by the damage. For a givenevafuseverity, reading the rows of the
table 111.4 from left to right, we observe that @sging on the mode, i.e. depending on the
position of the damage with respect on the positibthe nodes of the mode, the MAC and
the FR values vary. However, we observe that theid~Rore sensitive to the relative
variation of the damage whatever the modes, whaeMAC value is more depending on the
mode number.

Figures 1ll.4 and IlIl.5 synthetize the variation &R and MAC values, respectively,
normalized to the maximum, depending on the nundfemodes and the severity of the
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damage (S2, S3, S4 and S5). First, we observalihéie modes show an increase of the FR
value with the damage severity, this let us corelath the efficiency of the frequency

variation for detecting low-to-strong single damakjewever, non-linear trends are observed
whatever the mode number, following the square sbaipe of the decrease of the stiffness
(Eqg. 11.19). For a given damage state, the FR vauenction of the mode number but the

global trend of the FR variation is coherent whk tlamage severity.
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Figure Ill. 4: Frequency ratio (FR) normalized versus four dansayerities at the bottom of
beam (point A - 30-33.5 cm) using modal analysENIy — Scenario S2, S3, S4 and S5.
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Figure 1ll. 5: Global MAC value for four damage severitiat the bottom of bea
(position A - 30-33.5 cm) using modal analysis (FEid considering several numbe
modes.

In figure 1.5, similar observations can be donensidering the MAC value, but the
efficiency of the detection is strongly relatedtb@ number of modes, which appears as a
critical point. Indeed, as suggested by the previmsults, we find that depending on the
number of modes considered, the variation of theQ\MAlue may evolve, not allowing us to
quantify the damage directly. For experimental mapions, the number of modes available
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with a good signal to noise ratio is often limitaxd the MAC value will be efficient for an
absolute quantification of the damage severity. éxheless, at the first order, even for a
limited number of modes, the Modal Assurance Qdteris often applied to damage
evaluation (Alvandi 2004) and its efficiency isealitly connected with the number of sensors
used in the structure.

In conclusion, global detection of changes is glpmelated to the position of the single
damage and the mode shape used. We observe tligghency values are certainly the most
sensitive parameter to changes, with limitation tfog first mode in case of bending beam
model. The damage at the free end of the beamnailhave impact on the frequency shift.
For operative damage analysis, this position is argical for the safety of the building.
Moreover, the relative variation of the FR is regulegardless of the number of modes; lets
us consider the frequency shift as a relevant aidicof the damage severity. This has been
already shown by Dunand et al. (2004) for operagsessment of damage severity,
classifying safe and unsafe buildings after therBexdes earthquake with the frequency shift.

The MAC value, strongly dependent on the numbemofdes and sensors available for
sampling the beam, is certainly not the best ¢atefor detecting changes. The MAC value is
sensitive to damage but many modes must be coesdider the best estimate. This is a major
drawback for detecting changes in the field. Indesften based on the use of ambient
vibrations, only the first mode shapes are wellraaf and it is not possible to link the MAC
value to absolute estimate of amount of damage.

Additional methods (see 8§ Il) require mode shap# @genfrequencies and these methods
will be tested in the following section.

111.3.2. — Local methods for detection and localizAon

In this section, the four NDE methods were appliedhe first eleven mode shapes and
frequencies before and after each damage sceistgd In Table 111.3. The objectives of the

research are to study the performance of the dameigetion methods using finite element
modeling and their application for localizing thentiage of existing beams.

Since the local methods tested herein are usethéolocalization of the damage, a quality
criterion of the estimate is defined, using théofeing formulation:

SRk )i
Cap = k=1(Lalk)? Xk=1([Lplk)? (111.8)

where[L,] is the theoretical curve representing the damdgte salong the beam (0 for
unchanged and 1 for changed) dig] is the curve estimated from modeling and the dse o
damage localization method providing the positibrcltanges along the beam. Aglvalue
close to 1 indicates that the NDE method is efiecta Gg value less than 1 implies that the
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method does not localize well. This quality crié¢eis used for each case, following the
damage scenario (Table 111.3), testing the posjtsangle, multiple and extended damages.

As example, Figure 111.6 shows the two curves, thgcal in blue and estimated in red from
the data of modeling using only the first mode €hapd frequency corresponding to the S2
damage scenario (position A) and using the ULShow(Eqg. 11.39). For computing thea&
criterion, ULS estimate is normalized relativet®rmaximum.

ULS using only Mode 1 at point A

1 T & T
[\ -e-Theoretical curve

08 —-Estimated curve
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Figure lll. 6: Example of the theoretical and estimated positibtlamage
along the beam (node), using the ULS method foSthecenario.

From Equation (111.8), the correlationag between these two curves is 0.999, which means
they are well correlated over the entire lengthhef beam. The method not only detects and
locates the damage, but also no false detectioabgerved, the coefficient factora&
representing this quality. In this example, ULS Imoet seems very effective to locate the
damage using only the first mode.

[11.3.2.1 — Comparing the four methods for scenarig S2, S3, S4 and S5

First, we compare the quality of the localizatiamnsidering damages at position A for four
damage severities (see Table 111.3).

Using only the first mode, MSC is able to locate ttamage correctly regardless of the four
different damages (Figure 111.7). Result shows tihat difference of curvature mode shapes
from undamaged and damaged beam is a good indichtdamage location, but when we
consider additional modes, this method loses ifscefeness and the correlation value
decreases. For strongest severity damage, the obtee MSC curve is small, while for the
smallest §=0.2), some disturbances appear, providing some corgusn the localization of
damage. This is particularly right considering éiddial higher modes (Fig. Ill.7.c and I11.7.d)
where a ghost localization is clearly observedsTdbservation was also reported by Pandey
(1991) and Abdel Wahab (1999) who considering highmdes and the modal shape
curvature (MSC), additional peaks at other posgtiwading to false localization.
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Hence, in order to reduce the possibility of ada$arm, only the first curvature mode shapes
must be used for damage identification.
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Figure lll. 7: Theoretical (in blue) and estimated position ahdge along the beam (node), using the
MSC method for the scenario S2 (a), S3 (b), S4uid) S5 (d) using the first mode shape (red curve)
and the first eight mode shapes (black curve).

Similar observation can be done also for the MSGShods (Fig. [11.8). By using the first
mode, the damage at position A is precisely loedlizegardless of the damage severity.
False detections are provided by the MSCS methoddmgidering higher modes and, the
noise of the MSCS curve increases for the smal@siage severity.

CIF method displayed in Fig. 111.9 is not able txate the position of damage at position A
using only the first mode (mode 1). No localizatisrobserved on the CIF curve, the shape of
the curve being strongly related to the shape efrtiode. By adding higher modes, the
localization is improved but the position of thendage is quite large and spread over several
positions, reducing the efficiency of this method $mall and single damage. At the free end
of the beam, some false detection is observedjuated by incorporating additional modes

in the process.
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(a)
Single Damage at A (30-33.5 cm ) with a=0.9

~=Mede 1 with Modal analysis

Single Damage at A (30-33.5 cm ) with a=0.7

= Mode 1 with Modal analysis
~+Modes 1 to 8 with Modal analysis

0.8 —=Modes 1 to 8 with Modal analysis| 038
o —+Damage Model - ~=Damage Model
3 - 8
‘0.6 T06
E E
o =1
=z =
§ 0.4 § 04
= = &
0.2 02
%’ 0 a0 60 80 100 % 20 w80 %0 100
Length of Beam [cm] Length of Beam [cm]
. A ()
Single Damage at A (30-33.5 cm ) wit a=0.5 (C) ] g Camor A AR R oM ) WA P
1 L :
- [ +-Mode 1 with Modal analysis
08 +-Wode:1 with Modal analyzls | 0.8 \~=-Modes 1 to 8 with Modal analysis
2 ~=-Modes 110 8 with Modal analysis e ~~Damage Model
g ~=Damage Model &
306 w08
£ £
E 2z
004 Bo4
8 g
E |
02+ 0
: === = % %0 40 80 &0 100
% % 0 0 ) 100
Length of Beam [cm] Length of Beam [cm]
Figure lll. 8 : same as Fig. 111.7, for the MSCS method.
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Figure lll. 9 : same as Fig. I11.7, for the CIF method.
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[11.3- Comparative study of damage detection aldponi for beams

Finally, the last methods ULS give the smallesbeim the localization, using one or more
mode shapes. This is particularly interesting singaractice, only the first modes are easily
obtained thanks to operative modal analysis. Wermvesl in Figure I11.10 that ULS give
highest noise on the estimates curve for the sstalverity damage, and a small false
detection can be considered at the end.
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Figure Ill. 10: same as Fig. 111.7, for the ULS method.

In order to have a global on the efficiency of ftbar methods, depending on the level of
damage severity and the number of more used foestimmation, we plot on Fig. 11.11 the
correlation coefficient &g for each configuration.

The first conclusion is the high rate of efficienof the ULS method for localizing the
damage, without introducing false detection anduced the noise level along the ULC
curve. The worst estimates appear by introducirghdn modes, whatever the damage
severity. It is also clear that even for small antle damage, this method provides the best
solution.

The quality of the estimate using the MSC and M®@8hods decrease when higher modes
are added to the process. Moreover, the resuttaagy dependent on the damage severity,
the smallest damage level introducing a small $igmanoise ratio and then a smalhgC
coefficient. For a given number of modes (less tlamodes), the MSC method is less
sensitive to the damage severity.
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Finally, the worst method is certainly the CIF (Hid.11.c), especially when the first mode is
considered. Looking at the shape of the CIF mettiud,one is certainly not well adapted to
the beam considered here (bending beam), the rbsulfy able to change for shear or
Timoshenko beams. Keeping in mind that only thetfinodes are often measured by
operative modal analysis methods, the MSC and Ul&haods seem to be the more
appropriate methods for localization of damage. elwv, additional position of damage
along the beam must be tested, that is the obgofithe next section.
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Figure 1ll. 11: Correlation values £ for the four methods (a: MSC; b: MSCS; c: CIF;
d: ULS) considering the four damage severitiesoattpn A (scenario S2, S3, S4 and

and several numbers of modes.

If we considered the LV3 NDE objective, i.e. deimct localization and severity assessment,
Figure 111.12 confirms that the methods give avaldg assessment of the relative damage, for
each method. Nevertheless, comparing method byadgethis not clear what is the absolute
signification of the Normalized damage index NDbwim in Fig. 111.12 and this question
needs further analysis for accomplishing the LVi:otive.
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Figure lll. 12: Peak values of the Normalized Damage Index (ND&juated by the four
methods (green: MSC; yellow: CIF; bIUdSCS; red: ULS) and considering the four damr
severities at position A (scenario S2, S3, S4 &)d S

[11.3.2.2 — Comparing the four methods for scenarig S6 and S7

In this section, we compare the efficiency of thealization considering damages at positions
B and C for the strongest damage severities (séeTé#.3). The B position is located
between 61.0 and 65.0 cm from the clamped extre®#@) and C between 86.0 and 89.5
cm.

Figure 111.13 and I1lIl.14 show the localization be®n each method compared to the
theoretical localization of the damage along thenbefor the scenarios S6 and S7,
respectively. As previously shown, the ULS methothe most efficient method tested in this
work and for this sort of beam. We note a very lowise level on ULS curve and the very
narrow localization of the damage, for the scersaié and S7. The noise level decreases also
by including additional higher modes in the anaydihis is particularly clear for the S7
scenario, when the damage position is close tdrdee extremity of the beam. Considering
only the first mode introduces noise, which mayadduce a false localization even for an
expert analysis.

This is not the case for methods MSC and MSCSwfoch the level of noise is moderate to
strong, with a clear false estimate using the MS&had. This is worst for the scenario S7
(damage at position C, close to the free extremity) which the fit between the theoretical
and estimated curves are bad, with an extendedwéshel position of damage localization
compared to the real case.

We observe similar trend for the CIF method, witlide assessment of the damage position,
using higher modes, while the first mode is noedbllocalize. This is worst for the scenario

S7 (case B) than for scenario S6 (case C) theiposif the damage at the free extremity

introducing a big difficulty for applying the metti® of localization.
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Figure 1. 14: Same as Fig. 111.13, for the S7 scenario.
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Figure Ill. 15: Correlation values £ for the four methods (blue: MSC; red: MSCS;
green: CIF; black: ULS) considering a=0.9 damagesty at position B (scenario S6,
upper row)) and at position C (scenario S7, loweer)r

The correlation coefficients &g computed for each configuration and displayed igufe
[11.15 show clearly the general trend of the codahg remarks. For scenarios S6 (B
localization) and S7 (C localization), the mosticiéint method is the ULS, as previously
reported for scenario S2 (Fig. Ill.11). This methgpdes a coefficient close to 0.9, and the fit
between the theoretical and estimated curves ®UIS method is improved considering not
only the first mode. This is the case for the Citows (scenario S7) more than for scenario S2
and S6, the position of the damage along the bgndeam influencing the estimate. As
mentioned by authors, the MSCS method is an impneve of the MSC method, as we can
observe the result on Figure 1l.15. For exampla, the scenarios S2 and S6,5Cis
systematically the highest with method MSCS, whatdékie number of modes. For scenario
S7, considering only the first mode gives reversad, that is to say the MSC is more
efficient than the MSCS. Nevertheless, keeping indnthe objective of this work, we can
conclude on the relative efficiency of MSC and MS@8thods, considering only the first
mode.

The CIF method is the worst, considering singlenaitiple modes, whatever the scenario.
CIF is unable to locate the damage at position €aso at position B, the correlation value
is near to zero (green curve continuous and daghatlineans an absence of correlation with
the theoretical model proposed. In addition it gibad results compared to other methods.
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[11.3.2.3 — Comparing the four methods for scenarioS8

In this section, we compare (Figure 111.16) theicidincy of the localization considering
damage severity at position D, for large and ex¢dndamage witta=0.9 (see Table II1.3).
The reduction of Young’s modulus is between 30.0 4n.5 cm from the clamped extremity
of the beamx=0cm).

For the MSC method, when the first eight modes cfblaurve) are considered in the
algorithm, MSC find the damage a way less accutae with only the first mode. It can be
observed that for the higher modes, the absoldfiereince in modal curvatures shows several
peaks not only at the position of the damaged eltrbet also at different undamaged
locations, increasing the noise level of the editma
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Figure Ill. 16: Theoretical (in blue) and estimated position of dgmalong the beam, using
MSC (a), MSC (b), CIF (c) and ULS (d) methods fog §8 scenario using the first mode sh@ape
curve) and the first eight mode shaflelsack curve).

MSCS works as well for locating the large and sgrdamage at point D with the first mode,
and then when the first eight modes are used, MiSG®le to locate the damage at point D
better than MSC, but it gives small oscillation®ige) along the beam that could be
interpreted as (false) damaged zones. Even withneikte damage, CIF failed to locate the
damage position at position D, considering the fitede. This estimate is improved using the
second and the second to eight higher modes, mzkassume (as previously mentioned) this
method is not sensitive to higher modes. CIF remairall cases the less efficient method to
localize correctly the position of damage alonglibam.

47 Alaa Hamze — PhD thesis — UJF Grenoble



[11.3- Comparative study of damage detection aldponi for beams

Once again, the ULS method is the most effectigorghm for damage localization, the
noise level being reduced, considering the firstadditional higher modes. Of course, by
introducing higher modes, the fit between theoattdnd estimated curves improves.

A comparison of the four algorithms for wide damadgealization computing the Az
coefficient is displayed in Figure Ill. 17. Onceaay the ULS method is the most efficient
method and the £ coefficient is from 0.8 to 0.9 depending on thenber of modes. This
value increases by adding higher modes to the pso@s also observed for the MSC and
MSCS methods. However, the latter methods do nptone the correlation compared to the
CIF method considering only higher mode. For theghmethods, £ is close 0.6 that reflect
a less accurate assessment of the wide zone ofggaamal/or a highest noise level along the
beam that may introduce false estimate.

Large-area of Damage at D (30-47.5) with a=0.9
1.5 T T x T
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Figure 1. 17: Correlation values £z for the four methods (blue: MSC; red: MSCS;
green: CIF; black: ULS) considering @8 damage severity at position D (scenario S8,
wide damage).

Comparing scenarios S2 and S8, we note that theigods are more efficient for single and
narrow damage rather than wide damage. This caa ke&y point for damage localization,
applied to real-case study of existing building.

[11.3.2.4 — Comparing the four methods for multiple damage location - scenarios S9, S10
and S11

After the single and narrow damage located at iiffepositions along the beam, a multiple
damage configuration is considered and testedgublenthree previous position at A (30-33.5
cm), B (61.5-65 cm) and C (86-89.5 cm) from thergdad extremityX=0). Several damage
severities were considered, with a homogeneousiitbn of coefficienta=0.9 (scenario
S9), an increasing and a decreasing variation wfag@ grade at A, B, C for the scenario 10
(@a=0.9(A)/0.7(B)/0.5(C)) and 11 (a=0.5(A)/0.7(BY(C)), respectively.
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First, a comparative study of the four previous dgenidentification algorithms is provided
Figure 111.18 to illustrate the validity and effestness of the algorithms in case of multiple
damagesExcept for the ULS method, considering a homogemtamage distributionra&0.9 at

A, B and C), all the methods are not efficiencytraducing a lot of noise and/or wide
identification of the damage position. Only the Uin®thod give a relevant fit between estimated
and theoretical curves along the beam, even if ideniag only the first mode the damage
positions are detected but the amount of damagetisissessed. We can observe Figure 111.18d
that the damage coefficient (amplitude of damagejhe ULS along the beam change, the
localization close to free extremity of the beamovmling amplitude of the damage
underestimated.
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Figure IIl. 18: Theoretical (in blue) and estimated ipios of damage along the be:
using the MSC (a), MSC (b), CIF (c) and ULS (d) hoets for the S8 scenario using
first mode shape (red curve) and the first eightlenshapes (black curve).

Once again, CIF is not suitable and not effective multiple damage localization. It is
noticeable that conversely of the relative efficigrof the MSC and MSC methods for single
damage, the ULS method considering the eight fitetles gives a very good fit of the
damage coefficient along the beam, respecting tm®uat of the damage. A direct
consequence displayed on Figure 111.19 is the higlaes of the &g coefficient for the ULS
method, with the best estimate when considerirgaat 4 or 5 modes.
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Multiple Damage at A (30-33.5) , B (61.5-65) & C (86-89.5) with a=0.9
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Figure Ill. 19: Correlation values £ for the four methods (blue: MSC; red: MSCS;
green: CIF; black: ULS) considering @9 damage severity at positions A, B and C
(scenario S9).

Multiple damages with three different damage séesriwere applied at the bottom (A),

middle (B) and at the top of beam (C) considerirdeacending (Scenario 10, Fig. 111.20) or
an ascending (Scenario 11) order of amount of danadgng the beam. Only the first five

modes are considered on Fig. [11.20. We can confitenvery efficiency of the ULS method

for localization of multiple damages, with identitd S amplitude in the middle of the beam
(point B) and ULS amplitude at positions A and €dquivalent damage coefficient whatever
the order of the variation of the amount of damage

10-8 ULS using the First Five modes with Modal analysis
3.5% ; ‘ | ;
-e-Multiple Damage at A (30-33.5), B (61.5-65) & C (86-89.5 cm) with a=0.9, 0.7 & 0.5
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Figure 1. 20: Estimated position of damage along the beam, ubad)LS methods for
the S10 (blue) and S11 (red) scenarios (multiptaadge with different a coefficient) using
the five first mode shapes.
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[11.3.3 — Performance of the ULS method
[11.3.3.1 — Frequency ratio versus ULS localization

According to the previous results, the ULS methachlizes with success the damage along
the beam, whatever the position, the number of denpasition and extension of the damage.
The only drawback or limitation is the number of dee required for improving the
assessment.

Figure 111.21 shows the effectiveness of the ULShuod for different number of modes, and
considering a damaged section sliding along thenbdeom section 1x=0) to section 28
(x=L). On the same figure is displayed also the vamatif the shift of the frequency, through
the FR coefficient (see 8 I1l1l.2). Considering otieee or five modes, similar trends are
observed.

First, the amplitude of ULS curve (related to tla@ndge severity) follows the variation of the
FR coefficient, since the frequency value is actedrior the ULS algorithm. It is clear that
for the extreme case, for which the damaged sedaifothe bending beam is at the free
extremity, ULS and FR methods are not efficient.

Second, considering only the first mode, evenef same damage severity is applied to each
section, it is not estimated the amount of damagasidering only the first mode. For
improving the LV3 objective of the NDE methods, n&ed to introduce higher modes, three
modes providing a good estimate and the threerficgles being often available by operative
modal analysis.

Finally, considering the five first modes, it is gstble to detect local, single, wide and
multiple damage position and to quantify the amairdamage with a high level of accuracy.
The difficulties remains for the two extreme sitaas, at the bottom and at the top of the
beam for which the frequency shift (FR) and the Wlgorithm fail to localize.

[11.3.3.2 — LV3 objective of the NDE-ULS method

According to the previous results, the efficienéythee ULS method is summarized in Figure

[11.22. In this figure, the scenarios S2, S3, Sd &> are compared, considering the first five
modes. ULS method is able to distinguish the dansagerity: when the severity of damage

increased from 0.2 to 0.9, the amplitude of the WaBnage values increase. Nevertheless,
previous results (Fig. 111.12) seem to confirm andimear variation of the damage severity

with the ULS amplitude, since ULS is directly reldtto the inverse value of the frequency
square between undamaged and damaged beam (Bcanid31.37).
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Figure Ill. 21: Amplitude and localization of damage using ULS moet (multicolor legend) and tl
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sections sliding along the beam and one (uppergettimiddle) and five (lower) modes for
detection.
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Figure 1ll. 22: Estimated position of damage along the beam, amthtiam of the

amplitude of the ULS damage value for the S2 (hl6&) (red), S4 (black) and S5 (gre
scenario considering the five first modes.

Figure 111.23 summarizes the performance of the Uh&hod for different configurations,
including multiple or single damage, with homogesdor not) variation of the damage
severity and narrow or wide damage, in complemaittt the results shown in Fig. I11.20.
Even if this method is the most efficient methosted for this beam model, one must notice

the amplitude of the ULS damage value overestim#iesvalue of damage and further
analysis must be conducted.
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Figure lll. 23: Summary of the performance of the ULS method dmrsig the first five modes,

for Scenarios S2 (orange), S6 (black), S7 (magestjyellow) and S9 (green), keeping the s
damage severityaE0.9).
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[11.4- Conclusions

In this study, modal analysis of damaged and undachbeams was done in order to test the
efficiency of several Non-destructive damage evaagNDE) methods.

The modeling setup, based on model analysis usiitg Element modeling (FEM), consisted
in reduction of Young's modulus of a clamped-fremarh, with material properties of
Plexiglas.

The efficiency of the non-destructive damage evana(NDE) to detect and locate the
damage is obtained by comparing the before and dé#image modal parameters, numerical
approach providing an accurate estimate of theufrges and mode shapes. Several
configurations were tested: single or multiple-dgmaextended or narrow damage, small or
strong damage. The damage is applied at differesitipns of the beam from the bottom to
the top.

The natural frequency change ratio is a relevadicator for detecting the damage, the
position of the damage influencing the sensitidtyeach mode, which does not react in the
same way. The natural frequency change ratio (Fid)raodal assurance criterion (MAC)
between undamaged and damaged beam is used tb thetgeesence of changes, reflecting
also the relative variation of the damage severity.

In conclusion on the global assessment methodg$rghaency is the most sensitive parameter
to detect damage and since only one recording poitite top of the building is required, this
method is relevant for operative assessment of dajras for emergency situation just after
an extreme event.

Local methods were also tested and Figure lll.2#rearizes the tests done in this section.
The coefficient of correlation £ is the highest for the ULS method, whatever tieasion
and the configuration tested. No false detectiamsadbtained, unlike the MSC and MSCS
methods.

The MSC is very sensitive to higher modes and aeoto reduce the possibility of a false

alarm, only the first curvature mode shape musidmsidered for locating the damage. MSCS
method works better, even with single and narromatge along the beam, considering the
first modes. Nevertheless, situation like multilamage or damage close to the free
extremity of the beam provide a high noise levelttban be interpreted as false damage
localization.

The change in flexibility method CIF is the worsetimod, even for the single damage case. It

can successfully detect and localize a single ardbw damage at the bottom of the beam,
but the Gg value is low, that indicate a high level of notsea less accurate localization.
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The results confirm that the application of theveture of uniform load surface (ULS)
method give the more reliable results and stillyvesbust whatever the configuration of

damage.

Some drawbacks are noticed, such as the localizafithe damage at the two extremity of
the beam or the low reliability of the absolute da@ amount, such as for the extended
damage. We note also that for a blind estimateaofafje (quantification and localization) at
least three modes must be accounted for, improthegassessment by adding the first five

modes.
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Figure 1. 24: Correlation values £z for the four methods (a: MSC; b: MSCS; c: CIF;

d: ULS) considering all the scenarios of Tab. I(s8e figures for legends).
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CHAPTER IV

DETECTION AND LOCALIZATION OF DAMAGE USING
TIME DOMAIN MODELLING

Abstract - In this chapter, we will consider numerical madglequivalent to experimental
conditions. The modal parameters are extracted faombient vibrations (AV) simulated
through time-domain model. For extracting mode skagnd frequencies, the two parameters
necessary for applying the NDE methods (local dobad) are extracted from AV synthetics
using Operative Modal Analysis methods, the Frequedomain Decomposition and the
Random decrement Technique. After testing diffecamtfigurations and different methods of
localization and detection, a new approach is liynaisted, based on the perturbation theory.
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IV.1-Introduction

[V.1-Introduction

In this chapter, we propose a time-based studygusinumerical analysis. A white noise low
amplitude excitation is applied at the bottom @& tkeam, and the time response is computed
along the beam.

The first objective of this study is to get expegimal results, i.e. by simulating ambient
vibrations along the beam and by applying pseugmemental modal analysis. Frequency
domain decomposition method (FDD) is used for exing the frequencies and the mode
shapes from synthetics, and the efficiency of thedom decrement technique (RDT) is
evaluated for tracking the variation of the modadgtiencies in time and to detect the
presence of damage.

The second goal of this study, using the frequenarel mode shapes obtained by FDD from
numerical analysis, is to evaluate the efficienEiNDE methods for identify and locating the
damage proposed at the beam with different kindlashage (single, large and multiple-
damage). In each case, all these methods (FDD, &dThe NDE methods) could be applied
to real data.

I\VV.2-Numerical simulation
IV.2.1-Finite element discretization for a 1-D clarped-free beam

The finite element (FE) model of the uniform clamgeee 1-D beam is discretized with
n, =200 finite elements of the same lengtfFigure 1V.1a). The Euler-Bernoulli beam theory
Is used for constituting the finite element matic€&he longitudinal axis of the element lies
along thex axis. The element has a constant moment of ingrtlaodulus of elasticityE,
densityp and lengthL. Two degrees of freedom per node (translatipralong y-axis and

rotation 6; aboutx-axis) are considered. In this simulation, the stiformation (G) and
rotatory inertia (I) are neglected.

The number of degree of freedom of the beam is thgp= 2(n, + 1). The element
variable vector of the j™* beam defined by two nodes is{u/}=

(i 6 u 0j+1}TWhereu]- is the transverse displacement afjdhe rotation of nodg

For a constanE and| at thej®* beam element, the element stiffness matrix is defias in
Humar (1990):

12 66 —12 66

i El 462 —65 267
Ko =% 12 —68 (V1)
sym. 467
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whereEl is the flexural rigidity of thg*" beam element.

Theng,r X ng.r global stiffness matriK is obtained by assembling the contribution of all
n, element stiffness matrices as shown in FiguredVBoundary conditions a0 are taken
into account by deleting the rows and columns spwading tat; = 6; = 0. The damage
made on any element of the beam is introduced bglifynng the corresponding element
stiffness matrix.

(a) b) y, B,u, 0,u;0,u,0, ama Uy b i
¥ léj Ki
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Figure IV. 1: (a) Finite element model of the 1-D beam discretizgpt1, nb Euler-Bernouilli finite elementar;
is the transverse displacement #hthe rotation of node (b) The global stiffness matrkkis obtained by
assembling the contribution of all the nb eleméiffiness matricesj=1,nbfrom Baillet et al. (2013).

IV.2.2-Equations of Motion of the Beam

The equation of motion for a multiple degree okftem MDOF undamped structural system
is represented as follows:

[M1{ii} + [K]{u} = {F(©)} (IV.2)

where{ii} and{u} are the acceleration and displacement vectorpectisely, for the whole
structure, and ' (t) is the external force vector. Under free vibragiothe natural frequencies
and the mode shapes of a MDOF system are the auodutf the eigenvalue problem. The
finite element computation of the natural frequesai and mode shapesare obtained by
solving the linearized eigenvalues problem:

([K] — w?*[MD{p} =0 (IV.3)

wherew is the angular natural frequeney,is the mode shape of the structure for the
corresponding natural frequency is the global mass matrix that is obtained in thmes
way as the stiffness matrik by properly assembling the element mass matriBeshg,
1996].
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IV.2.3-Newmark Method

The wave equation at tinte+ At governing the linear dynamic response of a complete
element assemblage is defined as:

[M]{iiHAt} + [K]{uHAt} — {Ft+At} (|V.4)

whereM andK are the global mass and stiffness symmetric matri@spectivelyF andu
are the applied forces and the displacement vectspectively.

Newmark (1959) proposed what has become one antiet popular families of algorithms
for the solution of problems in structural dynamiétis method relies on the following
interpolations that relate positions, velocitiead aaccelerations from time t to+ At . In
transient dynamic simulations, the displacemerdsraegrated using the numerical Newmark
step-by-step scheme (Newmark, 1959). The constarage-acceleration method is used as
follows:

WA =t + Ar[(1 - &)t + Fit+A (IV.5)
ut+At =yt + 1AL + Ath [(1 _ Zﬁ)ut + 2ﬁut+At] (|V6)

whereut, ¢, and it are approximations to the position, velocity, @cdeleration vectors at
time step; an@ and$ are the parameters that define the method. Thheades implicit, and

stability is guaranteed f@p > 6 > % (Bathe, 1982). The trapezoidal rule is a particakse
of this family for whichf=1/4and&=1/2 andAt is the time step.

IV.2.4-Description of numerical simulation with random noise excitation

In this study, the case of a 1-D beam in bendirggudied through the numerical computation.
The Finite Element Method (FEM) is used to comptlte resonant frequencias,, and
modal deformatiorp,,(x) for both the undamaged and damaged beam, befdraftar the
reduction of the Young's modulus at local or ex&sh@ones along the beam. As previously
explained in Chapter Ill, the damage is modeleddalcing the Young’s modulus following
the relationE* = (1 —a) - E, whereE* andE are the undamaged and damaged Young’s
modulus, respectively.

The configuration of the numerical modeling is shaw figure 1V.2, considering a clamped-
free beam anchored at the bottome@) and free at the extremity£L), and used to validate

the performance of the NDE methods. Since the ngaial of this study is to test time

methods for extracting mode shapes and frequentoms,histories of the beam vibration are
computed at 29 nodes, spread along the beam asdlecgd as 29 dummy sensors.
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Time analysis case-study is based on the samegRisexbeam used in Chap.lll, with the
following physical propertiest= 1 m (in length); W= 0.05 m(in width), D= 0.01m (in
Depth), E=5.4 GPa (Young’s Modulus),p = 1165 kg/m (density) and inertial moment
I=4-10""m*.

The number of elements used in this simulatiomvis hundred (200) elements. Each element
is 0.5 cm, and dummy sensors are spread alongdte bvith a 3.5 cm interval: the first
sensor is at the node # € 2 cnj, the second is at the node X1 5.5 cn)... and the last
sensor is at the node 206=000 cn).

During the transient FE simulation, the white nolee-amplitude excitation is applied
perpendicular to the beam axis at the boundaryitondo the clamped node. The noise is
generated randomly using a normal distribution wzétro mean value and a standard
deviation of107°.

L=100 cm T 29 @

96.5 T 28 &
93 — 27®

® @ :Sensor

Random noise Excitation

Figure 1IV. 2: Sketch of the clamped-free beam model with sensor
positions.

At x=0, the displacement varies arbitrarily with time atgdrotation remains null. The noise
signal propagates into the beam and finally the timstory at each node is computed. During
this synthetic experiment, the noise excitatiomé&ntained during 300 s.

One set of acceleration measurement with a samfriggiency of 5000 Hz and a time setup
At=1/5000s correspond to a total of 1500000 poihtsagh sensor. Following the sampling
rate and the time duration of the numerical expeninthe first eleven natural frequencies
and mode shapes were considered herein.
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I\VV.3 — Data processing with signal processing too(&FT, FDD, and RDT)

The aim of the numerical assess is to test thestenarios previously defined (Chap. Ill),

considering a Young’s modulus reduction at différplaces and with different severities.

Since the NDE methods tested herein are basedeooatiparison between the undamaged
(initial) and damages (final) states, the firstlgsia is done consider the initial state of the
beam.

The ten scenarios of damage have been studiedimmrearized in table 1V.1

Scenario S 1 2 3 4 5 6 7 8 9 10 1
Undamaged Beam 0

A —30.0-33.5cm 0.2 0% O 0)9 09 09 0.5
B — 61.5-65.0cm 0.9 09 0{7 07
C —86.0-89.5cm 0.9 09 05 09
D — 30.0-47.5cm 0.9

Table IV. 1 : Damage scenarios applied to the clamped-free bearg time domain modeling.

For example, the acceleration responses for tlialistate beam at the boundary condition
(top and bottom) are represented in Figure IV.3d Bh3c. As defined in the previous
section, the beam is not damped and we observdyctha amplification of the beam motion
at the top. Since most of the modal analysis methad in this part are in the frequency
domain, this artifact is not a major drawback fog processing.

Many modal extraction techniques found in the &itere, which are developed to estimate the
modal properties using only the output response,beacategorized into two main groups as
frequency domain and time domain (Fu et al., 20tdk) example, the time domain methods
such as random decrement (RDT) technique (Cole3))9Tbrahim time domain (ITD)
(Ibrahim (1977)) and the eigen-system realizatigorithm (ERA) (Juang and Pappa (1985))
are widely used for damping estimation, while tmeqéiency domain methods such as
frequency domain decomposition (FDD) (Brincker &t 2001) and enhanced frequency
domain decomposition (EFDD) (Brincker et al., 200d) the Hilbert-Huang transform
(Huang and Attoh-Okine, 2005) are commonly usedHerextraction of natural frequencies
and mode shapes.

Additional methods exist and this is not the mairalgof the work to describe and test the

relevancy and the performance of all these methodb/ the methods used in this document,
selected for its simplicity and operability are ciésed.
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IV.3 — Data processing with signal processing t¢BIST, FDD, and RDT)

IV.3.1 — Fast Fourier Transform analysis - FFT

A first analysis of the beam response can be eaditgined by computing the Fourier
spectrum (Fast Fourier Transform) at the clampéemity (bottom) and the free end (top) of
the beam. The results are presented in figure dr@blV.3d. At the bottom, the input signal
Is a synthetic white noise signal, corresponding tandom and stationary time signal. In
frequency, the response is a flat spectrum, cooreipg to white noise signature. At the top,
the signal is modulated as function of the modegyebaof the system. For that reason we
observe at the free end condition of the beam tbdainfrequencies, varying from 3.4 Hz to
946.4 Hz from the fundamental and thd' Tode, respectively. As aforementioned, the peaks
are narrow and with high amplitude since an undahiggam is considered for the modeling.

5
gx 10 ‘ 3a ‘ 10°. . . ‘ 3b
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107
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Figure 1IV. 3: Time-history of the beam motion recorded at tlaengled (a) and free end (c) extremities
of the beam, with frequency responses (b, clamgefilee). The eleven peaks correspond to the modal
frequencies of the beam.

Since the Plexiglas beam has the same propertithe dseam described in Chap IlI, the table
IV.2 presents a comparison of the natural frequenobtained by modal analysis using finite
element modeling with RDM6 and time domain analy§isimerical simulation). This

comparison confirms the good agreement of frequetadyes obtained by modeling (linear

modal analysis) and the numerical simulation (teralpanalysis), for the first eight bending
modes including the highest ones.
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Modes #| Modal analysis [Hz] Time domain analysis [HZ] Diff (%)
1 3.47 3.47 0

2 21.79 21.79 0

3 61.00 61.02 -0.03

4 119.52 119.59 -0.05

5 197.51 197.69 -0.09

6 294.93 295.31 -0.12

7 411.76 412.46 -0.17

8 547.94 549.14 -0.21

Table IV. 2 : Natural Frequencies (Hz) by modeling (RDM6) andhertical simulation
(Time domain analysis) for the undamaged beanespand to scenario S1.

Figure IV.4 shows the shape of each mode alondpélaen, represent as the amplitude value
of the frequency peaks along the beam, computed fhe first to the twenty-ninth sensors,
and considering the eleven first modes. This wasepfesentation is equivalent to the peak-
picking method for operative modal analysis, cleady used for real buildings. We can
clearly distinguish the node and antinode of eaoderalong the beam.

Numerical Simulation

e FAF (P Y ——" . N
2201 ‘ #ﬂ - M? | _F| i 2
et

0 100 200 300 400 500 600 700 800 900
Frequency [Hz]

Figure IV. 4: Evolution of the spectral amplitude of the syniteetomputed at the 29 sensors and
representing the shapes of the 11 first modeseoiritial (undamaged) beam.

IV.3.2- Frequency Domain Decomposition (FDD)

The frequency domain decomposition (FDD) technigie¥eloped by Brincker et al. (2001)
is a relevant method used in modal analysis beaafuseaccuracy and simplicity.

This method is a non-parametric Operational Modaalgsis (OMA), i.e. no prior model is
needed for processing the data. It is an extengfoiihe Basic Frequency Domain (BFD)
technique, or more often called the Peak-Pickiri) @chnique.

63 Alaa Hamze — PhD thesis — UJF Grenoble



IV.3 — Data processing with signal processing t¢BIST, FDD, and RDT)

This approach uses the fact that modes can beatstinrom the spectral densities calculated
under the condition of a white noise input, and lightly damped structure. The FDD
technique can effectively handle close modes amsenbowever it cannot provide damping
information.

It has been widely used recently for output-onlgtegn identification in real buildings using
ambient excitations confirming its reliability aeéfectiveness (Michel et al., 2008; Michel et
al., 2010; Gueguen, 2012) and it is now a standardutput-only techniques having been
successfully used in a number of studies and imghted in commercially available software
(Magalhaes et al 2007, Gentile and Gallino 200hke&r et al 2001; ARTeMIS 2008).

Ventura et al. (2003) and Michel et al. (2008) agplied this method (FDD) with success
using earthquake data recorded in building undemdsumption of white noise spectra in the
frequency range of the seismic data.

According to Ventura et al. (2003) and Michel et(2D10), although the assumption of white
noise is not too strong in the case of buildingsiail engineering, the FDD is robust enough
to allow this calculation, although the time ofoet is very short.

A study by Peeters and Ventura (2003) reviewedouarimodal analysis techniques and
compared them by utilizing different studies preésdnby different research groups who
applied their methods to identify the modal pararseof the Z24 Bridge in Switzerland.

The enhanced FDD technique was used with succesbdanodal identification of the Z24
bridge simply because it is accurate, gives alhsndes in all the damage cases, and is simple
to use.

In a real application Michel et al (2010) shows #féciency and accuracy of the FDD
method to extract the first five resonant freques@nd mode shapes (Figure IV.5.a), from a
test conducted using ambient vibrations and the datorded by the sensors on bottom and at
the top of City Hall of Grenoble in France.

The comparison of this test with a numerical modgin 3D (Figure IV.5.b) of the building
(City Hall of Grenoble) gave very good agreement.
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1.16 Hz 122 Hz 1.45Hz 4.5Hz 5.8 Hz

Ambient
vibration test
(a)

1.18 Hz 143 Hz 4.7Hz 5.6 Hz

Numerical
modelling

(b)

Figure IV. 5: (a) Modal analysis results using ambient vibrat&st on City Hall of Grenoble by FDD
method (b) numerical modeling on City Hall of Goble. from Michel et al (2010).

The FDD estimates the eigenvalues of the systemdémshapes and frequencies) by
diagonalizing the Power Spectral Density (PSD) matie. by computing the Fourier spectra
of the cross-correlation matrix obtained by simudtaus recordings done in the system.

Brincker et al. (2001) showed that the PSD can é&oehposed into singular vectors and

scalar singular values. Since the perpendiculaatydition of the modes, the FDD may be

considered as an approximate decomposition ofybters response into a set of independent
single degree of freedom (SDOF) systems. Each n®diescribed by one SDOF. The

decomposition is performed by computing the spedeasity matrices.

IV.3.2.1 — Theoretical background

The relationship between unknown inpx( and measured responsgt in a system can be
expressed by:

[Gyy (j@)] = [HG)] [Grx Ga)I[H )] (IV.7)

whereG,,(jw) andG,, (jw) are the power spectral densities (PSD) of the tigmd the
output, respectively, anH(jw) is the frequency response function (FRF) matrixard
superscript T denote complex conjugate and tramspespectively.

The FRF matrix can be written in a typical parfi@ction form (used in classical Modal
analysis), in terms of polesand residuesy:

YGw)l [Ry] [Re]”
[H(w)] = XGw)] = Xk= Ljw- Ak+jw—xk* (IV.8)
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with
}\k = —0g +jwdk (|V9)

wherem is the total number of modes of interéstthe pole of th&!" mode,s, the modal
damping andv;, the damped natural frequency of #f& mode, i.e.:

War = Wok ’1 - sz (IVlO)

with

£, =2k (IV.11)

Wok

whereay, is the critical damping and,; the undamped natural frequency, both for mode k.

[R,] is called the residue matrix and is expressed iawer product form:

[Rie] = @ryic” (IV.12)

whereg, is the mode shapes apgis the modal participation vector. All those paetens
are specified for th&t* mode.

Using the expression (IV.7) for the mat{i&yy(jw)] , and the Heaviside partial fraction
theorem for polynomial expansions, we obtain tHeoWang expression for the output PSD
matrix [ny(jw)] assuming the input is random in both time and s@ac has a zero mean
white noise distribution, i.e. its PSD is a constae. [G,,(jw)] = [C] :

. [, _[Ad" (Bl [Bi]"
[Gy, )] = e Wiy e wh e (IV.13)

j(u—)\k* —jw—Ak —j(u—lk*
where[4,] is thek!" residue matrix of the matri[ny(jw)]. The matrix[G,,(jw)] is
assumed to be a constant valijesince the excitation signals are assumed to bertelated

zero mean white noise in all the measured DOFs miatrix is Hermitian and is described in
the form:

[A] = [Relc (S, 2 4 L) (IV.14)

S=L A" A2

where superscript H denotes a complex conjugatetam$pose. The contribution of the
residue has the following expression:

[RiIC[Ri)H
20

[Ax] = (IV.15)
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Considering a lightly damped model, we have thie¥ahg relationship:
1imdamping—>light[Ak] = [Rk]C[Rk]T = <PkYkTCVk<PkT = dk(pk(ka (IV.16)
whered, is a scalar constant for thé&* mode.

The contribution of the modes at a particular festry o is limited to a finite number

(usually 1 or 2), and then the response spectradifematrix can be written as the following
final form:

. _ drorer’ | Aok er'T
[Gyy ()] = Eesun() Tjn T Tt (IV.17)

wherek € sub(w) is the set of modes that contribute at the padictdequencygp, is the
mode shape for the*" mode and is thekt" pole used in the determination of resonance
frequency and damping and is defined as :

M = —Epwy +jwk‘/1 —&° (IV.18)

whereé, is the damping ratio of the" mode w, is the eigenfrequency of tké" mode.

The real part depends on the natural frequencyoanitie modal damping ratio, whereas the

imaginary part coincides with the damped natumhlﬂlenq(wk /1 — €k2>, which is close to

the natural frequency when damping is small.

This final form of the matrix is then decomposetbia set of singular values and singular
vectors using the Singular Value Decomposition neple (SVD). This decomposition is
performed to identify single degree of freedom nieadé the problem.

In order to obtain the natural frequencies and nei@gges, the power spectral density matrix
of the response in each frequency is decomposediiyg Singular Value Decomposition
(SVD) of the matrix as:

ny(jwi) = UiSiUiH (|V19)

where the matriX); = [u;q, u;2, -+ U] IS @ unitary matrix holding the singular vectagg, S;
is a diagonal matrix including the singular valsggsand m is the rank of the mati@,, (jw).
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If only ak!™ mode is dominating at selected frequemgy there would be only one singular
value in (IV.19). Hence the first singular vectgy is an estimate of thet® mode shape

Y = Uy

If two modes are dominating at this frequency peahich means two modes are close in
frequency, and if they are geometrically orthogptta estimates of the corresponding modal
shapes are the two first singular vectors.

The FDD mode shape is used as a reference vectar ¢orrelation analysis based on the
Modal Assurance Criterion (MAC). For MAC values gier than 80%, it is considered that
the point still belongs to the FRF of the mode,rewa the second singular value. The MAC
value controls the width of the SDOF Bell functionthe frequency domain. The damping
ratio as well as the natural frequency is estimdtgdransforming the SDOF Bell function
into time domain along with regression analysis.

Damping ratios can be estimated using the Enhafteduency Domain Decomposition
(EFDD) that is basically an extension of the FDPBhtaque capable of providing damping
information. In EFDD, the identified frequency fuaioen around each resonant peak is
transferred back to the time domain using Invel&as Fourier transform and damping can be
obtained by the logarithmic decrement of the cqoesing SDOF.

IV.3.2.2 — Data processing description by Frequendpomain Decomposition (FDD)

In practice, the FDD can be divided in the follog/steps:
1) Estimate spectral density matrices from the ravets@ries data.
2) Singular value decomposition (SVD) of the spediisity matrices.

3) In multiple data sets, the singular values are ayent over all data sets in increasing
mode order.

4) Peak-pick of the singular values, either from tlieraged values or for each data set
separately.

In our case, the peak-pick is carried out manufdtyselecting the frequencies value and
mode shapes to each mode of vibration correspondirdamaged and undamaged beam.
Modal analysis of the clamped-free beam based e tanalysis using finite element

modeling (FEM) was done using the FDD, and the gssimg was performed using the

Matlab Macity tools developed for modal analysisidivl et al., 2010). The time histories

used are computed at the 29 sensors, considernvigta noise as input and generated with
the Matlab function.
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Brincker (2003) showed that in practice the timagté of the recorded window should be at
least equivalent to 1000 periods of the structurernder to calculate an accurate spectral
estimate, also confirmed by Michel et al. (20081@20

The synthetics were computed along the beam fombomtime history with a sampling rate
of 5000 Hz, which is long enough with respect ® Brincker criterion.

In our case, the FDD method decomposes the origigakl of 300 seconds for undamaged
and damaged beam into 7 windows of 41.6 seconasspwmnding to a frequency step of
0.024 Hz.

In the beginning, the MACity toolbox was develoded operative modal analysis using the
CitySharK™ multi-channels station (Chatelain et al., 200Q,2)0Since this station allows 18
channels of recordings, the processing is base¢tepautput format of the CityShdtk

For that reason, we decided to separate the 29etyed into two files, using the sensor #29
located at the top as reference point for normadina

The reference point is used to normalize and coenbihthe components of the modal shape
(Michel et al., 2008), and finally the normalizdthpe is obtained by dividing it by the value
at the reference sensor.

Figure 1V.6 shows the singular values of the poggctral density (PSD) matrix using FDD
method to obtain the natural frequencies and mbd@es of the response for initial beam
(without damage) Scenario S1, and for ScenariosSS254, S5 corresponding to damage at
position A with four damage grades.

Figure IV.6 we observe the variation of the modabtiency values with the damage states.
As already mentioned, this shift is directly rethtgith the reduction of stiffness (K) of the
beam. These results confirm that the variationrefidency is very sensitive to detect the
change and presence of damage on the beam.

On one side, among these modes, it is clear tluatel1 1, 3 and 6 are the most sensitive to
damage, because of the position of the damageogtion A) located to antinodes of these
modes. On the other side mode 4 is the less sensitimpared to other modes, which means
the node of this mode is very close to plosition at A.

These observations are very similar to and confirrbg the modal analysis performed in
Chap.lll. We observe that the FDD methods usingstmodeling of the beam response and
simulating white noise input is relevant for deitegtfrequencies and modes, that will be used
for detecting and localizing the damage.
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FDD all nodes ( 29 nodes ) of the first eleven modes
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Figure 1IV. 6: Singular values of the PSD matrix of the respaigbe S1, S2, S3, S4 and S5
scenarios.

The identification of the first eleven bending meder Scenario 1 (undamaged beam) and
using the FDD method is displayed Figure IV.7. Eh@sode shapes are consistent with
theoretical mode shapes (Chap.lll) and they wilubed jointly with the frequency values for
applying and testing the NDE methods.

IV.3.3- Frequency analysis using the Random DecremeTechnique (RDT)

The random decrement technique (RDT) was used i dtudy to track (monitor) the
evolution of natural frequencies over time of tleai.

The random decrement technique (RDT), describedCole (1971) and Asmussen et al.
(1997), is a temporal non-parametric technique ufedthe identification of natural
frequencies. Since the frequencies are sensitivdatnage, we will use this method for
detecting the presence of changes or damages.

IV.3.3.1 — Theoretical background

Initially proposed by Cole (1973), this method msed on the fact that, at any given time,
ambient vibrations contain a random and a detestiinpart. The response of a linear system
depends on the initial conditions and the appladihg function.

This response can be decomposed into three pagtfirsét caused by the initial displacement,
the second caused by the initial velocity, ancthimel caused by the forcing function.
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Figure IV. 7: First eleven mode shapes for Scenario 1 extracted FDD method.
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By summing a large number of finite-time windowshwidentical initial conditions, ambient
vibrations remain stationary and the impulse respaf the structure is revealed (Yang et al.,
1984; Gul and Catbas, 2011). Vandiver et al. (1982yides details of the mathematical
formulation that can be simplified by:

RDT(z) = % N %t +7) 0<t<T (IV.20)

where
xi(ti) = X5 i = 1,2,3,

xi(ti) > 0 1= 1,3,5,

Q.Ci(tl') S O i = 2,4,6,

where N is the number of time windows with fixed initial rditions, x;is the ambient
vibration windows of duration, andt; is the time verifying the initial conditions. Thaaice

of initial conditions is a key-point for the statylof the random decrement signature. A total
of N averages are taken, each of time lenptiThe starting time for each average is taken
such that the initial displacement is a constgnand the initial velocity is alternating from
positive to negative value. Null displacement awdifive velocity conditions proposed by
Cole (1973) and verified by Asmussen et al. (19989) Dunand (2004) are considered here.
Since we assume the input (ambient vibrations)aaslam, then taking numerous averages
will produce the response to the initial velociBesponse to the excitation will also diminish
with numerous averages because the excitatiomdora. Therefore, only the response to the
initial displacements remains and this vibratiorcale curve can be used to identify the
resonant frequency of the structure and its damping

IV.3.2.2 — Data processing description by RDT

The stability of the signature also depends omtimaber of stacked windows of duratioe
corresponding to at least 10 periddef the system vibration). In general, the ovedaltation

of the ambient vibration recording0 during which a large numbeX of similar initial
conditions are summed, is chosen here equal to0-I0Qhat is to say the duration TO is
adjusted to the mode period. The technique requis to 500 averages to produce a
repeatable signature (Jeary, 1997).

Moreover, the signal processing is done mode byanoe. ambient vibrations are band-pass
filtered using a second-order Butterworth filteoand+10 % the mode frequency, and four
periods were used to track the frequency variatiogach mode over time.

During this synthetic experiment, the noise exwmtatusing random function generated by
Matlab is maintained during 1500 seconds at thentary condition of beam (x=0). The
noise signal propagates in the beam and is fina@bprded at the top of the beam (free
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boundary condition). The total time of the simwatis chosen long enough (1500 seconds),
to monitor the frequency versus time for all mod=gpecially for low frequencies (3.4 Hz, 20
Hz ...).

The simulation is divided into three parts:

1- From Os to 500 seconds: Correspond to Scenarimdafmaged beam) with Young’s
modulus E = 5400 MPa.

2- From 500s to 1000 seconds: Correspond of Scengdarfaged beam) following the
case defined in Tab. IV.1.

3- From 1000s to 1500 seconds: Identical to the $iesfuence (Scenario 1).

The sampling frequency usedfis 5000 Hz. A total of 7500000 data points are otgdito
simulate the measured vibration responses at ¢leeeind of the beam.

The frequency values are caught by the Random Beutre Technique applied to time-
history vibrations from one sensor at the free einithe beam (x=L).

Figure IV.8 shows an example of the time variabbthe modal frequencies for modes 2 to 8
tracked by the Random Decrement Technique andspmneling to Scenario 5. We observe a
clear decrease of these modal frequencies duéots af stiffness of the beam during the part
2 (500 to1000 seconds). After removing the damagaliton (part 3), we note that all
frequencies of each mode of vibration increaseratdn to the initial statg, (relaxation on
the beam). From the part 1 and 3, we observe aleernoise of the frequency value.

We note that the mode 3 is the most sensitive moag@ (black curve, frequency ratio equal to
14.7%) because the position of damage for scerfai® located at antinode. Conversely,
mode 4 (green curve) is the less sensitive comparether modes (frequency ratio equal to
3.1%), due to the position of the damage closeotterof this mode.

Table 1V.3 compares the frequency values obtairsaaiguhe FDD and RDT methods for the
first eight frequencies obtained by numerical asiglyfor undamaged (Scenario 1) and
damaged beam (Scenario 5).

We observe a very good agreement between theseétftods (FDD and RDT) for the first

eight bending modes; let us assume a relevant@date assessment of frequency whatever
the modes and the methods.
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RDT (Random Decrement Technique)
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Figure IV. 8: Changes in normalized frequency for mode 2 tor8ugetime andracked by
the RDT method for Scenariol and 5.

Modes| FDD Scenario 1| RDT Scenario 1 FDD Scenario 5 RDT Scenario 5
[Hz] [Hz] [Hz] [Hz]

1 3.47 3.47 2.86 2.86

2 21.80 21.79 20.40 20.40

3 60.97 60.99 51.95 51.93

4 119.36 119.36 115.66 115.66

5 196.68 196.68 186.69 186.69

6 291.99 291.99 259.19 259.20

7 403.59 403.57 386.84 386.82

8 528.79 528.83 510.00 509.86

Table IV. 3 : Natural Frequencies (Hz) corresponding to Sceadriand 5 extracted by the FDD and RDT
methods.

Figure IV.9 shows the efficiency and robustnesthefRDT method applied to mode 1. Since
the frequency of mode is low, Equation 1V.20 isstwve to the length of the recordingised
for applying the RDT, as aforementioned. Ten sesdedgth of ambient vibrations (blue
curve) is too short to get a good and accuratenasi of this frequency (i.e., noisy curves for
parts 1 and 3).

To estimate the stability of the frequency meas@rm@ny RDT applied to mode 1, we tested
three durations of time windows: 15, 20 and 25 sdsoFor 20s and 25s length, we observe
that the quality of the frequency monitoring istbetthan for 10 and 15 s length. Mode 1
becomes stable and accurate (less fluctuation).

74 Alaa Hamze — PhD thesis — UJF Grenoble



IV.3 — Data processing with signal processing t¢BIST, FDD, and RDT)

RDT (Random Decrement Technique)
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Figure IV. 9: Variation of the frequency assessment for modepedding on theength o
the time windows used for computing the RDT methods

In order to be sure that the observed frequenciatians are related to damage and not to
processing, we tested different configurations dptimizing the RDT algorithm. Dunand
(2005) studied the time of recording required foekevant estimate of frequency using RDT
considering real structure. He used ambient vibnatrecorded at the top of several buildings
in Grenoble. Figure IV.10 shows how the frequen@asured by RDT converges after about
900 seconds to the measured value on 3600 secbmnesooding with a relative error of 1%
and Dunand assumed that 1000 periods of recordingthh was enough for an accurate
estimate of frequency.
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Figure 1V. 10: Accurate of frequency measurements by random dearetechnique (RDT)
depending on the length of the recording on sevmridiings of Grenoble (after Dunand, 2005).

In our case, an oversimplified solution is consgdn.e. a synthetic signal corresponding to

the response of a single-degree-of-freedom (SDG¥)llator was used 3.4 Hz and
damping value 5%).
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IV.4 — Detection and localization of damages us$th@, RDT and FDD from synthetic
experiments

During the simulation, the SDOF system was exdig@ low-amplitude random noise at the
base for 1200 s and the output signal at the tojhefeam (free boundary condition) was
computed using the Duhamel’s integral solution.ufeglV.11 shows the stability of the
frequency for mode 1 computed using the RDT methpglied to the synthetics and
according to the length of the windows stacked,(tan Eq. 1V.20). The stability of the
frequency is computed through the coefficient ofateon, i.e.:

CV =9/, x 100 V.21

with o the standard deviation apdhe mean value of the frequency. It is clear tbamode
1, CV is strongly dependent on the length of thedeivs and it decreases and becomes stable
with a recording time of 100 seconds with a relagvror of 0.5%.

25
T

‘ ‘ ‘
H
H © Mode 1 FO = 3.4 Hz
2+t

]

8
Q
OQQ

o-&.,

Coefficient of variation (CV)

L i
0010 25 50 100 150

200
Recording duration (s)

Figure IV. 11: Optimization of RDT tested using SDOF responsetbiant vibrations.

RDT does not locate the damage and does not giwstanate of its severity. Nevertheless,
the major advantage of the RDT is to provide arciefit and accurate estimate of the
frequency wandering as proposed by Mikael et &182 for real buildings. For this purpose,
the RD technique is an efficient computational gatacessing procedure.

In conclusion, the random decrement technique (REE9 used to monitor the wandering of
natural frequencies of the beam using syntheticcemyents. The great advantage of this
method is to monitor the variation of the naturaljuencies of a system so that more accurate
than the Fast Fourier transform and using onlysaresor at the top.

I\VV.4 — Detection and localization of damages usingFT, RDT and FDD
from synthetic experiments

In the following, the frequency and mode shapes$ valcomputed for synthetics, using 300
seconds of recording at each sensors located dalengpeam, for the undamaged (S1) and
damaged (S2 to S11) scenarios. Frequency variationextracted from RDT methods and
MAC values are computed based on mode shapes textnasing FDD.
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IV.4 — Detection and localization of damages us$th@, RDT and FDD from synthetic
experiments

Finally, the performance of the NDE methods is ttested under ambient noise vibration, i.e.
under equivalent-to-experimental conditions, udiregjuencies and mode shapes computed
by FDD.

IV.4.1 — Global detection using the frequency ratid-R

Figure IV.12 displays the evolution of FrequencyiaogFR, Eqg. Ill.7) normalized by the
maximum of each mode of vibration according to skgerity of the damage pbsition A
(Scenarios 2 to 5). The results are for the frequénumerical modal analysis RDM6, Chap.
[II) and time (FEM) domain. For increasing severitye FR normalized also increases with
the same rate whatever the modeling. We observe ghgood agreement of FR values
obtained by modal analysis and time analysis basethe FDD method to extract the first
eleven frequencies, including the higher frequendie both cases, we find the same average
trend, i.e. a nonlinear increase of frequency naiib the damage severity as aforementioned
(Chap. III).

IV.4.2 — Global detection using the MAC value

The Modal Assurance Criterion (MAC, Eq. 11.30) Hasen used in order to evaluate and
detect the damage at the bottom of beaimoattion A (30-33.5 cm). The mode shapes were
obtained using the FDD methods applied to the gfih computed for the undamaged
(Scenario S1) and the damaged beam, for 4 damaggtis (Scenarios S2 to S5).

=
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Damage severity a

Figure 1V. 12: Frequency ratio (FR) normalized versus four dansayerities for the first
eleven mode shapes using modal analysis (blue cangetime analysis (red curve) at the
bottom of beam gtosition A (30-33.5 cm) Scenario S2 to S5.

Figure 1V.13a shows the variation of MAC value witbspect to the number of modes
considered, according to the severity of the damAgealready mentioned, the MAC value
provide relative information on the level of sewgrithe value of MAC decreasing when
degree or value of damage becomes high.
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IV.4 — Detection and localization of damages us$th@, RDT and FDD from synthetic
experiments

Since it depends on the number of modes considerecomputing the MAC, the absolute
assessment of the severity of damage is not reievidim this method. Moreover, the MAC
value variation shows a very good fit between #suilts obtained by modal analysis and time
analysis (Fig. IV.13b). In conclusion, the modepdsextracted from synthetics are accurate
enough for detecting changes by MAC values, everdnsidering only the first mode and
this will be then tested for experimental datahi@ hext chapter.

IV.4.3 — Localization of damage using NDE methods

A summary of the basic process followed in thispteais illustrated in the flowchart Figure
V.14,

8a 8b
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Figure IV. 13: (a) Global assessment of MAC with four damage is&&g using time analysis at
position A (S2 to S5). (b) Comparison between modal amabysd time analysis.
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Figure 1IV. 14: Damage detection process for testing the NDE naistho

whereii is the acceleration computed at each serfsande; correspond to frequencies and
mode shapes to undamaged beam, and asterisk (&sponds to damaged beam.

IV.4.3.1 — Single damage detection and localizatioscenarios S2, S3, S4 and S5

First, a single and narrow damage is consider@asition A (30-33.5 cm) with four damage
severities corresponding to S2, S3, S4 and S5 (TkaB). The performance of each NDE
method is evaluated through the quality criterigp defined previously (Eqg. 111.8) and used
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IV.4 — Detection and localization of damages us$th@, RDT and FDD from synthetic
experiments

here for each Scenario. Among the algorithms te€i#fel and ULS require the assessment of
the mode shapes and natural frequencies, while M8 MSCS require only the mode
shapes of the beam.

Figure IV.15 shows the variation of tldgz coefficient according to the methods and the
number of modes considered. Similar observatiorth e results discussed in Chap. llI
(Fig. lll.11) are done:

- We observe that for the MSC and MSCS methods, tlaéity of the damage localization
assessment is better for a small number of modéghanefficiency decreases with the
number of modes. To reduce the probability of faletections, these two methods
(MSC, MSCS) need only the first two mode shapeddoalization of the damage with
rather good precision.

- The MSCS method is sensitive to the damage seyéngy,; coefficient changing for a
given number of modes considered.

- The CIF is the worst method, unable to detect ctigyehe damage position, including or
not the first mode to the process.

- The ULS remains the best method for detecting andlizing damage, with stable and
constant values af,z coefficient with the number of mode, value @Qf close to 1,
which means a perfect localization.

By comparing frequency (Fig. 111.11) and time (Fi¥.15) modeling, we observe that the
C,p values are smaller for time domain. Since the feagies are correctly estimated using
FDD methods, we can conclude on the less accufaieed=DD method for extracting the
mode shapes than the numerical solution. Thissis @nfirmed by the strong decrease of the
Cag coefficient by including higher modes for compgtiNDE methods.

In fact, as shown in Fig. IV.7, the quality of thigher mode shapes is directly related to the
number of sensors used along the beam. This istlasoase for the experimental approach
since sensors are usually placed on the slab,dmcaete assessment of shapes.

Nevertheless, for these scenarios, the FDD providievant mode shapes and frequencies
that can be used for detected and localized sirdgwahge close to the clamped extremity. As
already mentioned, the ULS method remains the nredfsictive solution for localizing
damages.
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IV.4 — Detection and localization of damages us$th@, RDT and FDD from synthetic
experiments
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Figure IV. 15: Variation of theC 45 for a single and narrow damage (Scenario S2 ta8&)rding to the
number of modes. (a) MSC; (b) MSCS; (c) CIF; (d)3JL

IV.4.3.2 — Single damage detection and localizatioscenarios S6 and S7

Second, a single and narrow damage is considesasdion B (61.5-65 cm) and C (86-89.5
cm) with one damage severity corresponding to $6Sf respectively (Tab. 111.3). The

performance of each NDE method is evaluated throliglguality criteriorC,; defined

previously (Eqg. 111.8).

Figure IV.16 shows the variation of tldgz coefficient according to the methods and the
number of modes considered. Similar observatiorth e results discussed in Chap. llI
(Fig. lll.15) are done:

80

We observe that the MSC and MSCS methods provimblaestimate of localization even
by considering only the first modes.
The CIF is the worst method, unable to detect ctigyehe damage position, including or
not the first mode to the process. This is aboVvéhal case for the S7 scenario, when the
damage is located close to the free-end extreraity, then directly related with the

model of the beam.

The ULS remains the best method for detecting andlizing damage, with stable and
constant values af,; coefficient with the number of mode, value @Qf; close to 1,
which means a perfect localization.
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IV.4 — Detection and localization of damages us$th@, RDT and FDD from synthetic
experiments

Single Damage at case # 6 with a=0.9 using time analysis with noise
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Figure IV. 16: Variation of theC 5 for a single and narrow damage (Scenario S6, upper
row; Scenario S7, lower row) according to the nundjenodes and the NDE.

As previously mentioned, the higher mode shapesduated bias in the assessment, due to
the poor accuracy of these modes for a limited remadd nodes. Compared to the use of
numerical mode shapes (Fig. 111.15), thg; values decrease when modes 8 to 11 are
integrated to the process, even for the ULS method.

IV.4.3.3 — Large and multiple damage detection antbcalization — Scenarios S8 and S9

Next, a large and multiple damage is considergubaition D (30-47.5 cm) and adositions
A, B and C for one damage severity and correspg@airs8 and S9, respectively (Tab. III.3).
The performance of each NDE method is evaluatezligir the quality criterioi,z defined
previously (Eqg. 111.8).
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experiments

Figure 1V.17 shows the variation of tldg; coefficient according to the methods and the
number of modes considered. Similar observatiorth Wie results discussed in Chap. llI
(Figs. 111.17 and I11.19) are done:

- The ULS remains the best method for detecting andlizing damage, with increasing
values ofC,; with the number of modes, following an asymptati@ape up to 1. For
multiple damage scenario S9, the first modes dalibtalize correctly the damage and we
need to consider at least the fourth mode for @@}, value close to 0.9. For S9, the
final C,5 is close to 1, considering a quasi-perfect loedilm.

- The CIF method seems to be more effective for inicej large damage close to the
clamped extremity of the beam (S8), excluding tingt inode for the computing. For
multiple damage (S9), this method is very bad agairathe worst method for localizing.

- MSC and MSCS give a quite good localization comsidethe lower modes, MSCS
being a little bit better than MSC. Neverthelebgytare very sensitive to the number of
modes used for multiple (S9) or large (S8) damage.

IV.4.3.4 — Multiple damage detection and localizatin - Scenarios S10 and S11

Finally, multiple damage are considered patsitions A, B and C with descending and
ascending damage severities, corresponding to 8d(5al, respectively (Tab. 111.3). Only
the performance of the ULS method is shown throtigh quality criterionC,; defined
previously (Eq. 111.8).

Figure 1V.18 shows the variation of tlig; coefficient according to the scenarios and the
number of modes considered. Similar observatiorth Wie results discussed in Chap. llI
(Fig. 111.20) are done. We can confirm the veryi@éncy of the ULS method for localization
of multiple damages, with identical ULS amplitusethe middle of the beanpdsition B)
and ULS amplitude aposition A and at position C for equivalent damage coefficient
whatever the order of the variation of the amodrdamage.

IV.4.3.5 — Conclusions on the NDE methods using medhapes extracted from FDD

According to the previous results, the ULS methaddad on mode shapes like experimental
localizes with success the damage along the bedratewer the position, the number of
damage positions and extension of the damage. &iyul9 synthetizes the result for this
method, also for assessing the amount of damagprédsously shown in Chap.lll, the ULS
remains the most effective and accurate methodsn evhen FDD frequency and mode
shapes are used. Similar conclusion can be dang(l) the application of the curvature of
uniform load surface (ULS) method gives the morkalpée results and still very robust
whatever the configuration of damage; (2) some Hemks are noticed, such as the
localization of the damage at the two extremitieshe beam or the low reliability of the
absolute damage amount, such as for the extendeagdea (3) for a blind estimate of damage
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Figure IV. 17 : Variation of the C 45 for a large (Scenario S8, upper row) and muli
(Scenario S9, lower row) damage scenarios accotditite number of modes and the
NDE methods.
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Figure 1V. 18: Estimated position of damage along the beam, ubie@LS methods for
the case # 10 (blue) and # 11 (red) scenarios (ivite different damage severity a).
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IV.5 — Structural damage localization and monitgrinrough perturbation theory

(quantification and localization) at least threed®® must be accounted for, improving the
assessment by adding the first five modes.

Moreover, by comparing the time and the frequenogating, we conclude (Fig. IV.19c) that
the C4p values are quite similar, let us assume that $e of FDD methods for modes
extraction combined with the ULS method providesaanurate and relevant assessment of
damage localization. This method will be then wdte experimental data.
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Figure IV. 19: Summary of the relevancy of the ULS methods appligidg modes ai
frequencies extracted by FDD like experimental mdth A) LV3 of the NDE objectiv
evaluating the amount of damage (Scenarios S2S8&nd S5). BPerformance of tt
ULS method considering the first five modes for S6, S7, S8 and S9 scenario, kee
the same severity of damage (a=0.9). C) Comparimg Cyp; values compute
considering the ULS method with modal and time ysial considerings5, S6, S7, <
and S9 scenarios of damage, keeping the sametyesiediamage (a=0.9).

IV.5 — Structural damage localization and monitorirg through perturbation
theory

Until recently, it was assumed that variationshe frequencies recorded at one point of a
structure might only reflect a global change of thgstem properties, such as after
earthquakes, and that this is often not sufficterfurther locate the origin of a perturbation.
For this reason, damage detection/ localizatiorhods have been developed based on the use
of multiple sensors. These provide analysis of ihede shapes, such as the four NDE
methods presented before. Nevertheless, the expatahassessment of mode shapes is less
accurate, and when compared with the sensitivityesbnant frequencies, these methods
cannot be used for field testing for detection &whtion of small variations. This has been
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IV.5 — Structural damage localization and monitgrinrough perturbation theory

shown in the previous paragraph, comparingGhe coefficient using theoretical or pseudo-
experimental mode shapes.

The first objective of this study is to proposeatunal-frequency-based method for structural
damage detection and localization through pertishatheory, as associated with a high-
resolution deconvolution method to treat the ingepsoblem(Baillet et al. (2013)). The
second objective is to apply this method to expental conditions, when a structure is
excited by ambient vibrations.

IV.5.1 — Theoretical approach for a one-dimensionatlamped—free beam under bending

Neglecting shear deformation, the 1-D equation guwg the transverse vibration of a beam
of lengthL is the Bernoulli-Euler equation:

92 0*y(x,t 0*y(x,t
yLEI (x)%}+m(x)# =0 (IV.21)

where w(x,t) Is the spatial-temporal beam deformation at pmsiti and timet, m(x) is the

mass per unit lengtandEI(x) is the product of the elastic Young’s modulus #ralinertial
moment at each point on the beam. As s&d(x) corresponds to the bending rigidity of the
beam.

Decomposing(//(x,t) over the discrete set of natural free vibrationthefbeam, we have:
w(x,t) =) 8 (x) exp(iwnt) (IV.22)

where¢n(x) is the beam modal deformation that is associatiéla thhe resonant frequency
w, (inrad/s).
For each mode n, it follows that:

ox?

a—ZLEI (X)GZL(X)J-wgm(X) 8,(x)=0 (IV.23)

with the boundary conditions corresponding to anglad—free beam :

8,(0)=¢,(L)=¢,(0)=¢, (L)=0 (IV.24)
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IV.5 — Structural damage localization and monitgrinrough perturbation theory

The goal of this approach is to evaluate, to fster, the change in frequeney, when a

slight perturbation is made to the elastic propsrtof the beam. This development was first
introduced by Morassi (1993) in the case of a ciadkced change in a beam-like structure.
In the present formulation, we assume that thdneB8t coefficientEl(x) is perturbed at
position x such that:

El(x) - EI(x) = EI(x) + 8EI(x) (IV.25)

with the conditioH% « 1; i.e. the relative change of the stiffness is $makn integrated

over the whole beam. This perturbation naturallguces a relative change in the modal
deformationg, (x) and the frequencw, of the beam:

Wy = Oy = w, + dw,
On(x) = Pp(x) = @r(x) + dn(x) (IV.26)

The perturbed system now satisfies the modifiedeneyuation:

2= (F1() 29) - 2m ()@ (x) = 0 (IV.27)

When the perturbed solutiogg (x) anda,, are replaced in Eq. IV.27 by their expression in
Eq. IV.26, it follows that:

ALY | B

ox? non

+02[5E. (X)a%(x)}f{a (x)mn(x)}-zwawm(x)¢n(x)—aﬁm(x)5¢n(x)
(first order)

n

&8 s - ) s

The zer§' order term is null according to Eq. IV.23. It aesponds to the unperturbed

solution. Neglecting the second-order term underddnnditionéi}ﬂ <1 and”lf(p&”|| <1, we

are left with the first-order term only:
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o ox?

2 1) -2 s, (4=, (-, )
(IV.28)

In perturbation theory for linear operators, thamie in the modal deformatiaﬁén(x) is
classically projected over the set of the unpeddnmodes:

%, () =2.a.4,(x)

(IV.29)
k#n

According to Egs. 1V.23 and V.29, we have, for gveode:

Taking into account the mode orthogonality propebgtween the modal deformations

=Zakaa;{|zl (%) Wk(x)}

ox?

=2 a,&m(x)¢, (x| (IV.30)

k#n

j m(x) ¢n(x) ¢m(x) =9,., we then project Eq. IV.28 over modeo obtain:
0

9> 0°p_(x
IM[5EI (¥) axg )}qﬁn (X)ax = 29,509, (Iv.31)

Finally, after two integrations by parts and usthg boundary conditions in Eq. IV.24, the
frequency change associated with the natural fieexvon of the beam is:

(IV.32)

2
In EQ. IV.32, the integran%l—[a;g)] is classically interpreted in the framework of the
w X

n

first-order Born approximation as the sensitivitgrikel of the frequency change for each
mode associated to a stiffness perturbation.
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IV.5 — Structural damage localization and monitgrinrough perturbation theory

In a second step, Eq. IV.32 is used to invert ier stiffness perturbatiodEl (x)at each point

x on the beam from the measurement of the frequelmaygedw, observed for each mode

In this inversion process, we assume that and ¢n(x) are known for the unperturbed

problem. This means that either: (1) the unperaitiimam has been modeled correctly so that
both ¢y and ¢n(x) are obtained from a numerical simulation for adeinodes; or (2) the

resonant frequenciesv, and the modal deformationﬁn(x) have been experimentally

measured on the beam by one or a set of sensors.

The inversion algorithm is built from the discretin of the integral in Eq. V.32 over a
finite number of segments of heighk on the beam, such thgt= kAx, with k=1...M
andL =M AX.

1LY 0°¢,(x) ]
o, _ZW;‘JEI (Xk){aT} (IV.33)

n

2 2
. . 1 Lo (%) . . . .
In the summation, the amplitude factgr——| ————=| is defined in linear inversion
2w, M 0X
processes as the Fréchet kernel associated to mentte a perturbationx located at on the
beam. From the linear discretization, the invergiooblem can be rewritten using a matrix

formulation involvingp modes along the beam:

o [OEI(x) ]
% |_ g 9B (x) (IV.34)
ow, | SEI (%)
where the kernel matrix G is such that:
1 L(@A()) 1 L(0%(x))
2 M| 0x° 20 M 0x°
G= (IvV.35)
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Note that following the same methodology the péxdtion theory can be applied to the case
of a 1-D shear beam. From Eg. IV.34, the solutibrthe inverse problem requires the
estimation ofG™. Several difficulties have to be taken into acdo@rst, G is usually not a
square matrix, and second, the number of datdrgheency perturbatiodw, for each of the

p modes) is usually smaller than the number of umki®o (the stiffness perturbation
JEl (x,) on theM segments in the beam), which makes the problepodkd.

Assuming Gaussian-distributed uncertainties, themesed inverse of G is obtained as in
Tarantola (1987):

G1=(GTC'G +1r+Cp) 1GTCt IV.36),
d d

where thea-priori model covariance matrixC_ resembles a diagonal matrix, but with

Gaussian decrease outside the diagonal, suchatlateatrix element is:
(=i’

Cm =e 2 (IV.37)

The spatial correlation lengths assumed to be stationary along the beam, anadbe of
the order of the smallest wavelength associateth Wie highest-order mode taken into

account in the inversion. The data covariance m&y is diagonal, with diagonal elements
that correspond to the uncertainty on the measiieegiency fluctuationdw, . In Eq. V.36,

the weighting between the data uncertai@ty and the model smoothing,, allows us to

stabilize the inversion result through the emplrfegtor r. In practice, the optimal factor
corresponds to the maximum curvature of the clabkishapednisfit-versus-icurve.

From the estimate @f~1, we then obtain an estimation of the stiffnessupbation as:
[6EI(x,)] Sw
l&EI(xz)j _ 71 |6w (IV.38)
SE1(xy) dwp

IV.5.2 — Finite-element discretization for a one-dnensional clamped-free beam

In this section, the case of a 1-D beam under lbgnd studied through the numerical
computation of the resonant frequencies and modal deformatiag), (x) before and after a

local change in the flexural rigidigEl(x). The beam height is 10 m, with uniform density r =
2500 kg.nT, elastic Young's modulus E = 10,000.m?, and inertial moment | = 833.Fe
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m’ for the unperturbed case. The beam is rigidly fif@e support at x = 0 and free at x = L
(Fig. IV.1 and IV.2).

The same FEM as in section IV.2 is used. The fregies and the modal deformation for
both the unperturbed and perturbed beam are coohplitee maximum error between the
analytical frequencies and those obtained by thigefelement modeling is less than 0.01%
over the 10 first frequencies. We limit the invgations to the first 10 modes with
frequencies varying from; f= 0.32 Hz for mode 1, to;d§ = 81.8 Hz for mode 10 (with
w, = 2rrf, for each mode). Figure IV.20a shows the depth-ddpet modal deformation of

the first five modes.

In a second step, a slight change in the Youngdutus ofsE = -1000 & N.m? is applied to
the beam at depth x = 2.3 m. The new frequenci¢iseoperturbed beam are calculated using
the same finite-element algorithm.

Figure 1V.21 shows the relative changes in freqi&m& for the first 10 modes. As
w

n

expected, the changes are small (of the order ¥ 0at most), as the Young’s modulus

L ow
perturbation is very local on the beam. We als@ nioat—"

strongly depends on the mode

number. Indeed, the frequency change varies acwptdi the sensitivity kernel formulation
(Eq. 1V.32), which is spatially modulated by theiate of the second-order derivative of each

0°g, (x)

ox?

2%

n

2
modal deformation 1 l: } at the location of the stiffness perturbation (Fig

IV.20b).
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Figure IV. 20 : Representation of (a) the modal deformatmg{x), and (b) th
sensitivity kernel of the relative frequency cha%‘"éfe for the first five mode

and the 10-m-long clampefiee beam. In (b), the gray arrow corresponds ¢
position of the stiffness perturbation at x = 2.3(see Fig. IV.21). The tv
dashed lines show the stiffness perturbation iateecanned step-bstep ir
Figure IV.27, between x=2.25 mand x=7.!
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Figure 1V. 21 : Relative frequency shift;’—" of the natural frequencies of the
beamversusmode number for a stiffness perturbat&f¥ at x = 2.3 m.

Figure 1V.22a shows the inversion result for thextiral rigidity changeEl along the beam,
as obtained from the relative change in resonaguincies written into Eq. 1V.38. Two
points are important. First, the inversion resuéigents, as expected, a minimum at x = 2.3 m,
with an estimation of the perturbation that is loé torder of the actu@El = -8333 N.M
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fluctuation. Secondly, we note the presence ofa@sgbf the actual fluctuation, the location of
which (at x = 7.7 m) is symmetric with respecthe middle of the beam.

(a) : (b} .
Inversion result Inversion result
10 T 10 T ol

Height {m)

0 3 0 2
-9000  -4500 0 4500 -9000  -4500 0 4500
Stiffness perturbation SET Stiffness perturbation SET

Figure 1V. 22: Inversion result obtained with the perturbation
approach for a local stiffness perturbatl#i, (a) at x = 2.3 m
(gray arrow), and (b) at both x = 2.3 m and x = h3gray
arrows).

The presence of a ghost of the actual perturbaidne to the symmetric-like shape of most
of the modal deformations that is imprinted in sitreicture of the G matrix (Eq. 1V.35) from
which the inversion is performed. As seen in FigWt@2a, this ghost introduces an
ambiguity in the location of the stiffness perturba. To outperform the linear inversion
result, we propose to deconvolve the perturbatsimation in a second step, through a
collection of model-based inversion functions tua obtained from a set of point-like
perturbations at each point of the beam.

The deconvolution algorithm is performed in thrégps. In the first step, the finite-element
code is used to numerically calculate the chandeegquencyw, (withn=1,...,pas the mode

number) associated to a set of N point-like pegtidns at each height &f the beam (with
j D[J,N] ). From the collection of frequency perturbatidng ,, the second step consists of
obtaining a set of N inversion resu&flj(x) according to Eqg. IV.38. In the last step, the

perturbationSEI(x) is projected into the set of inversion resﬁE‘!,-(x), to deconvolve the
perturbation estimation on the basis of N poingIgerturbation estimations.

There are many algorithms to perform such a priojectAssuming thabEl(x) is the M-
element inversion result that is discretized onNhsegments of heightx up the beam, we
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define theM XM matrixK = §EI*SEI. From the collection of N-element vectdi&l; (x)
(with j O[LN]), the deconvolution result is calculated as:

SEI'j(Km' KKt )SEl
((S'Eltjk—la'ﬁlj)z

F() =

(IV.39)

whereK,, = EI'S8EI + SEI%;8El; + SEI'y_;8EIy_; is used to minimize the deconvolution

output at the ghost location. As given in Eqg. I\.8% deconvolution result is a modified

version of the adaptive nulling processor that wefned in underwater acoustics to cancel
sidelobes or ghosts associated with a given tdmgation (Kim et al., 2001).

The deconvolution result F is plotted in Figure 2%a for a set of N = M point-like
perturbations created at each segment of héightip the beam. As plotted, the y-axis of the
deconvolution result perfectly matches the y-aXighe inversion result in Figure IV.23a,
even though the representation is fundamentalfermdift. Indeed, the inversion reséi/ is
projected along the M segmeuis of the beam when the deconvolution result is back-
projected along the set of N inversion functiontcwated for N point-like perturbations
along the beam. Compared to the inversion resufigare 1V.22a, the deconvolution result
clearly distinguishes between the two symmetriatsmhs.

In the case where two equivalent perturbatidBsare created simultaneously at x = 2.3 m
and x = 4.3 m on the beam, the inversion result gedre difficult to interpret as the presence
of the ghosts associated with each perturbationlagzven the beam (Fig. IV.22b). However,
the deconvolution output still performs very eféiotly, to localize the two perturbations (Fig.
IV.23b).

Note, however, that the amplitude of the deconvatubutput F is difficult to interpret and
cannot be related to the amplitude of the pertisbatAs the inverse of K is used in the

denominator of Eq. 1V.39, it depends non-lineantythe weight of the perturbatiéi€l (x)
for each inversion functiodET,;.

Finally, a last test is performed with a weak bxteaded perturbatioSEI= -1000 N.nj that
spreads up the beam from x = 1 m to x = 3 m. Treomeolution results are presented in
Figure IV.24 from the two inversion estima@®sl obtained with the first 10 modes (Fig.
IV.24a) and the first five modes (Fig. IV.24b). Busingly enough, the deconvolution result
with fewer modes greatly outperforms the resultotgd with the complete set of 10 modes.
The explanation for this lies in the nature of theersion kernel in Eqg. 1V.35. Indeed, each
04, ()
element of the matrix G is built from the squareh& second-order derivatiEea“X—z} :

The modal deformatiog, (x) is classically robust to some mismatches, suenasaccurate
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(a) Deconvolution result b} Deconvolution result
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Figure 1V. 23: Model-based deconvolution result obtained for
a local stiffness perturbatiafE], (a) at x = 2.3 m (gray arrow),
and (b) at both x =2.3 m and x = 4.3 m (gray agpw

9°g, (x
estimate of the average mass m or the averagees#fEl. However,?# might become
X
very sensitive to finite-length stiffness pertuibas when they extend along the beam over
g (x
one period or more of the mode-n oscillation. Aoty change ing"—z()for the highest
X

modes will then dramatically affect the matrix k&rnG and the inversion and/or
deconvolution result (Fig. IV.24a). To confirm thiypothesis, the change in matrix G is
plotted in Figure IV.25 for one local or one exteddstiffness perturbation on the beam as
produced at x = 2.3 m or in the interval 1 m <x ®m3 as in Figures IV.23a and 1V.24,
respectively. The result in Figure 1V.25b showstthi@de extended stiffness perturbation
significantly modifies the highest mode part of theersion kernel G, even though the two

conditions&wﬂ K1 and'”ipﬂ”” « 1 remain valid for all of the modes.
n n

IV.5.3 — A synthetic experiment with ambient-noiseexcitation.

The beam is now resting on a base that can supperamplitude random noise excitation
(Fig. 1V.26). During the transient finite-elemenmnsilation, the white noise excitation is
applied perpendicular to the beam axis as the yrabndition to the clamped node.
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{a)  Deconvolution result

(b} Deconvolution result
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Figure IV.24: Model-based deconvolution result obtained for xerded

stiffness perturbation between x = 1 m and x = @may arrows) and for
(a) the first 10 modes and (b) the first 5 modes.

(a) Local perturbation (b) Extended perturbation

Mode number
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Figure IV. 25: Relative chang@&G/G of the inversion kernel matrix G for a
stiffness perturbation associated to (a) a locebpeation (at x = 2.3 m), and (b) an
extended perturbation (between x = 1 m and x = 3Tig change in G is clearly
associated with the higher-order modes for an elgdiperturbation.

At x = 0, the displacement varies arbitrarily wittne and its rotation remains null. The noise
signal propagates in the beam, and it is finalgorded at the top of the beam (free boundary
condition).
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During this synthetic experiment, the noise exmtais maintained over 13000 s. No change
is applied to the structure during the first 347&sen the same negative perturbabdi =

x 1074

1

0.5

0

Amplitude {(a.u.)

-05Ff ?!;

=
1000 1002 1004 1006 1008 1010

Time (5)

Figure IV. 26: Signal recorded at the top of the beam for
synthetic noise excitation generated at the beasa.ba

-3000 N.nj is successively applied to 20 consecutive seciieash of height 0.25 m) of the
beam every 476 s, starting from x =2.25 m at 4#&3s, uptox =7.5matt = 12524 s.

An effective solution to track the frequency vaoatof each mode over time is to apply the
random decrement technique (RDT) as shown in ONGP.3.

As the position of the damage to the beam evolwes time, we chose continuous sliding
windows Tp with 10% overlap. For each windowp, Tthe estimated frequency is then
calculated as the dominant Fourier component ofRBS output. The frequency value is
finally associated with the central time of theesttd window §, which provides a
continuous estimate of the frequency for every mode

Figure 1V.27 shows the frequency changes for mddi&s6 given as examples. For modes 1
and 2 with unperturbed frequencies of 0.323 Hz 20@46 Hz, the time windowgTlof 1000
periods T that is used to perform the RDT analysigrger than the interval time between
two successive beam perturbations. In this case,tithe fluctuation of the estimated
frequencies is smoothed over the perturbations dhatapplied to the beam. Starting with
mode 3, the estimated frequency starts to follotine the mechanical change that is applied
to the beam, with perturbations occurring every 4.78ote that the relative frequency change
for every mode is always negative and is <1%, wkalidates the application of perturbation
theory to this synthetic test. Through the perttidmaapproach, the frequency shifts carry the
footprint of the spatial location of the beam pdraitions. Indeed, the frequency change for
each mode in Figure 1V.27 follows the spatial madioh of the sensitivity kernel, as shown
in Figure IV.20b from x =2.25mtox = 7.5 m.

Figure IV.28a shows the time-evolving inversionutesobtained from the frequency change
estimates for the first 10 modes, as in sectio®.R/.Despite the presence of the ghost, the
inversion results fit the time evolution of the fpebation location along the beam perfectly
(Fig. IV.28a, red line). When the deconvolutionalthm is further applied to the data (EQ.
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Figure 1IV. 27: Continuous track of the frequency change from RIZT
algorithm for modes 1 to 6 [panels (a) to (f)] sponse to a step-by-step
perturbation of the stiffness beam from t = 3476 5= 12524 s in intervals
of 476 s.

IV.39), the ghost completely disappears (Fig. Nb8Some uncertainty still remains when

the perturbation is located close to the middi¢hef beam, where the ghost merges with the
expected solution. Note that this spectacular tasubbtained from a realistic synthetic test

with some random white noise generated at the badea unique sensor at the top of the
beam, for which the theoretical modes aferiori known.

IV.5.4 — Discussion and conclusions

This study has discussed the non-invasive evaluaticdamage via changes in the dynamic
modal response of a structure. The basic ideaatstiie modification of the stiffness, mass or
energy dissipation characteristics of a system aHer its dynamic response. Unlike

conventional methods of detection, localization guodntification of changes, this study is
devoted to the development of a novel approacloadlization based only on variations of

the modal frequencies tracked using a time-domagthad (the RDT) and on perturbation

theory.

A structure like a beam is modeled, and changesirmlgced by reducing the Young’s

modulus at local or extended zones along the b&aminterest of the proposed approach is
to focus on the modal frequency variations, withaustrong requirement on the modal
shapes.
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Indeed, the modal amplitudes determined from bebeory coupled with an accurate
measurement of the modal frequency variations warHicient to localize the local
perturbation in the structure.

A new inversion method has been proposed by Badtletl. (2013), based on the sensitivity
kernel approach. Finally, to be placed under edentaconditions as the experiment, the
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Figure IV. 28: Representation of the spatial-temporal (a)
inversion and (b) model-based deconvolution in osesp

to step-by-step perturbations of the stiffness bdarboth

panels, the red line corresponds to the localiratibthe

time-evolving perturbation. The color bar in (a) tlse

estimation of the stiffness perturbation. The deotution

is normalized in (b).

beam is excited with equivalent white noise andritgtion is recorded at the top with time-

varying localization of the perturbation.

The inversion method back-projects the modal fraqyevariations onto the 1-D theoretical
and a-priori (bending) model of the beam. This linear inversiencoupled to a high-
resolution deconvolution approach. In this wayalognd extended changes can be detected
and localized even for one or two localizationssdshon modal frequency shifts. The shifts
tested in this study are less than 0.1% (Figs.1VI¥.27), which correspond to perturbations
in the Young's modulu8E of about 1%; this is mandatory for the neglectrighe second-
order term in the perturbation theory (Eqgs. IV.R7.28).
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For an extended zone of perturbation, the kernétixn@, and as a consequence the inversion
and/or deconvolution results of the localizatianstrongly affected by the highest modes, due
to the sensitivity of the second-order spatialwigive of the modal deformation (Eq. IV.33).

The highest modes introduce the perturbation, asd modes are required to improve the
accuracy of the localization (Fig. 1V.24). For dmgr multiple local changes (Fig. 1V.23),
detection and localization of the perturbation effective and accurate. The errors that other
methods show are thus removed, generally due taulasi-symmetry of the mode shapes
along the beam (Kim and Stubbs, 2003; Fan and @@b]; Turek and Kuperman, 1997).
Spatial resolution of the local perturbation regdia sufficient number of modes, which was
related to the spatial wavelengths of the modeeshépriswell, 2007).

V.6 — CONCLUSIONS

In this study, a numerical analysis with low-amyadi¢ excitation has been used in order to test
the efficiency of several signal processing todlse main goal was to show the accuracy of
such method for detecting and localizing changes aontinuous beam, and to evaluate the
efficiency of NDE methods under ambient vibratian lbcalize correctly the damage for
different configurations (single, extended and mddimage). The signal processing methods
tested were the FFT for extracting the frequenay the mode shapes by applying the peak-
picking method, the FDD for extracting the frequescand mode shapes, and the RDT for
tracking the variation of the frequency with damage

One important conclusion of this study is that ayvelear reduction of frequency,
representing a loss of stiffness of the beam, @mliserved by both FDD and RDT, the
frequency being certainly the most sensitive patam#® damage. As aforementioned in
Chap. lll, the sensitivity to changes of each mdédpends on the position of the damage with
respect to the node and antinode of each modelandoethe beam model.

We observe also a very accurate estimate of frexyueariation using RDT; let us assume a
high relevancy of this method for tracking even Brlzanges.

For detecting changes, the variation of frequeratior(FR) and modal assurance criterion
(MAC) confirms the efficiency of these both glolgaiteria for detecting changes. Local NDE
methods applied to the synthetics provide simitaratusions as those obtained in Chap. llI,
I.e. the ULS method is certainly the most robushpared to MSC, MSCS and CIF, whatever
the configuration and the number of modes used.

Figure 1V.19c shows the correlation value of ULStimoel between numerical analysis (Chap.

IV) and modal analysis (Chap. IIl) for localizingetdamage considering Scenario S5, S6, S7,
S8 and S9. The results present a good fit betweesettwo methods, which means ULS
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method based on operative tools for extracting Ueegies and mode shapes pseudo-
experimental tools provide certainly the best sotufor localizing the damage.

Obviously, the localization by modal analysis isrenaccurate (value @z is close to 1)
than the time analysis, these small differencat®@iocation is due to the noise simulated by
numerical analysis and/or by the bar error fromRD® method.

Finally, the effectiveness and robustness of tmud#ation theory based method is tested in a
configuration that is equivalent to that used expentally.

Ambient vibrations are modeled at the free extrgnoit the beam, and the instantaneous
variations in the frequencies caused by the chantiee position of the perturbation along the
beam are tracked by applying the RDT to the topanot

Even for small frequency shifts (0.1% for the fumdgtal frequency), this new approach
improves the accuracy of the damage localizatidnichvsuggests temporal and geometrical
monitoring of the perturbation. For example, thée@k of temperature observed in real
structures can be analyzed, even if the physidhede two phenomena are different (local
perturbation due to stiffness, and heat flow diffn3.

Moreover, the proposed method may only be sucdessfimple structures. This is the case
for most of the tall buildings, with behaviour treat well approximated by continuous beam
theory and more sensitive to boundary conditions.

In conclusion, the combination of the linear invens the high-resolution deconvolution, and
the RDT provides effective tools to detect/ loaalimjuantify damage in a beam-type

structure.

Different beam models, actual complex structures, different amounts of damage will be
tested in the future, to further define the perfance of this approach with field data.
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CHAPTER V

DETECTION AND LOCALIZATION OF DAMAGE USING
THE EXPERIMENTAL RESULTS

Abstract - Monitoring techniques were performed at the lalmgain order to validate the
numerical results and the methods tested for deteand localization. In these experiences,
damage was applied to a beam of Plexiglas forcedvibration with a white noise and for
which vibrations were continuously recorded. Inifrequencies and mode shapes were first
detected using signal processing methods develtyedoke and they were compared to
numerical values obtained by finite element modglithe damage was performed through a
heat flow applied at different position along theatm and with different amplitude. The
variations of natural frequencies and mode shapese when measured using signal
processing algorithms (FDD and /or RDT). The pédtion theory and ULS methods were
applied to localize the damage. The first give®adjocalization on the first two experiments
because the variation of frequency is small and ensitape unchanged, the second (ULS)
provides more accurate and reliable results totéottee damage applied to the experiment 3
with a heating time of 12 minutes with a frequerayiation of the order of 4% for mode 2.
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V.1-Introduction

Continuous beam theory is widely used in civil ergring and earthquake engineering for
defining the dynamic response of existing strucguhe fact, we may assume that, considering
a regular and homogenous distribution of mass #ffdess along the beam, a building or
tower behaves as a continuous beam. Several modelsepresent the global behavior of
these structures and in order to understand theirawaor under dynamic forces, and
consequently to check their integrity (or healtl)js imperative to define their natural
frequencies and mode shapes with accuracy.

Monitoring can be done locally at critical elemend$ a structure (strain, stress,
displacements, etc.) or globally through dynamicapeeters such as the natural frequency,
damping and mode shapes.

Operative modal analysis (OMA) is becoming more amate popular with the advances in

the electronic capabilities of vibration monitorimggtruments and the reducing cost such as
instrumentation. Vibration measurements offer a-destructive, inexpensive and effective

and fast solution for recording vibrations, finallged to detect, localize and quantify the
damage.

In this chapter, we propose to consider an ovepliied structure, represented by a reduce-
scaled continuous beam. Laboratory tests are tbheducted in order to test the algorithms
presented and tested through numerical approadbleapter IV). Using laboratory tests
allows controlling the building properties, the aertt vibrations excitation and the position
and quantity of changes applied to the structureour case, a continuous and clamped-free
Plexiglas beam was used. It was continuously exdieair jet applied directly at the top of
the beam. During the experiments, changes wereiegppit one place and at different
positions on the beam (A, B and C, see Chapterusipg heat flow. The time of the
application of the heat flow reproduces differemioaint of changes.

The reversible damage produced by heat flow caadesal variation of stiffness (k) of the
beam due to changes of the elastic property (Yaungdulus E) and affects the dynamic
response of the entire beam. Considering an unelgamgss, the elastic properties reduction
affects the natural frequenci€§) and the mode shages) that can be used in detection and
localization methods.

The aim of this study is composed of two partstfiwe show the effectiveness of the random
decrement technique (RDT) to detect changes lazhba the bottom (A), middle (B) and top

(C) of the beam. Second, we compared the natueguéncy-based method for structural
damage detection and localization through the peation theory associated with a high-

resolution deconvolution method to treat the inggsoblem, to the classical NDE method,

i.e. ULS method presented previously.
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In the first case, only one sensor is requiredonging ambient vibrations at the top of the
beam, and considering small and transient variatminthe frequencies. For this case, we
consider the mode shapes remaining unchanged; whilee second case sensors are spread
along the height of the beam are required for @kimo account the mode shapes and the
frequencies variations.

V.2- Experiments

The goal of these tests is to obtain the dynamacadteristics (resonant frequency and mode
shapes) of a structure through laboratory scaletdoid. Several configurations were selected
in order to test the efficiency of methods for détey and localizing changes. Three

experiments were carried out depending on theipasitf changes and their amount through
the duration of exposition to heat flows, useddieanging elastic properties locally.

The first experimental set-up (E1) consisted otihgathe continuous Plexiglas beam in three
positions corresponding to the bottompaisition A (30-33.5 cm), the middle gtosition B
(61.5-65 cm) and the top of the beam C (86-89.5 dingse positions are the same as for the
numerical analysis (Chap. IV). The heat flow wapli#gol to the beam 2, 4 and 6 hours after
the beginning of the experiment at {asition A, B and C, respectively. The duration of the
heating was 30 seconds for the three cases.

The second experiment (E2) was conducted to teshfluence of the amount of damage. For
that, the heat flow was applied@sition A, with different heating durations. Finally, tlast

experiment (E3) consisted in increasing the dumatd the heating applied agiosition:
(2xL)

= vo30 correspond to 40.5 cm; with=100 cmis the length of the beam (see figure V.14).

Forty five minutes after the beginning of the expent; the heat flow was applied during 12
minutes, changing also the acquisition system foproving the continuity of the data
acquisition. The structure used in this study islenaf a continuous Plexiglas beam anchored
at the bottom and free at the extremity (i.e. cladifree beam). The beam used here has the
elastic characteristics shown in Table V.1 andesponding to the properties and dimension
used for the numerical approach (Chap. 1V).

Material Plexiglas
Length 1m
Width 0.05m
Depth 0.01m

Poisson's ratio 0.4

Mass density 1165 kg/
Modulus of elasticity 5.4 GPa
Moment of inertia | 4 - 10~°m*

Table V. TGeometric and material properties of cantilevembea
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Figure V.1 shows the experimental setup used tystie bending vibration in the (xy) plane
in a clamped-free configuration.
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Figure V. 1 : Experimental bed test for detection and localizatbchanges used in this work (a)
Clamped-free beam set up tested in the laboratioyysketch diagram with geometric dimensions and
accelerometer layout.

The data acquisition is performed through 29 acoeleters powered by two conditioning
amplifiers. The accelerometers are mono axial (Bane Kjaer, Type 4344) with 1.45 g of
mass and a frequency band between 1-20 kHz. Akénsors were oriented in the horizontal
direction, on the widest face of the beam in orterecord the beam vibration in the
direction.

The amplifiers are connected to a data acquisitiihby an RS232 port that allows to define
and to control some parameters of the acquisitimh gis the gain of each accelerometer. For
the three experiments, a maximum gain of 40 dB sedected to amplify the signal recorded
by each sensor. The beam vibration was gatherdlddsg 29 accelerometers and transmitted
directly to the computer through the data acquisitinit. The data acquisition is controlled
through a Matlab toolbox.

The 29 accelerometers were spread along the heighte beam with a 3.5 cm interval (see
figure V.1.b). The beam was continuously excited &y jet that we may assume
corresponding to a white noise low-amplitude exictaapplied directly at the top of the
beam. By this way, the bending modes are excitdtary direction and the frequencies and
modes detected were used for testing the deteatidocalization methods of changes.

With the air jet, the beam is excited continuousher a wide frequency band, reproducing
the ambient vibrations conditions observed on fe&l.f Nevertheless, the uni-directional
condition of excitation is different of the 3D fileexcitation and some disturbances may
occur, discussed in the following section. Moreowata was collected by windows of 10
seconds at a sampling frequency of 5000 Hz. Fotwioefirst experiments (E1 and E2) the
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transfer of the data to the data acquisition ueguires about 20 seconds, that is to say the
recording obtained for the experiments was notlyotantinuous recordings.

For the third experiment E3, the faster acquisitiont allowed the transfer in 1 second,
improving the continuity of the data. For each ®@sdow of recording, 50000 samples were
stored at each sensor and formatted in the CitkShdormat (Chatelain et al., 2000, 2012)
used for modal analysis processing.

An example of the acceleration response of the bmsanepresented in Fig. V.2 for one
window recorded at the top of the beam. Its Fouramsform shows the frequency response
of the beam, with at least 10 modes clearly seath®@mnesponse.
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Figure V. 2 : Time-history of the beam motion
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recorded at the(teft) and its

Fast Fourier Transform (right).

This figure can be compared to the Figure IV.3 egponding to the numerical modeling of
this beam, with the same conditions. Of coursehe case of the experimental beam, the
damped condition is observed in frequency, the lwaftthe peaks being proportional to the
damping value, with decreasing amplitude. The anmbdis of the Fourier spectra increase up
to the 5th mode and then decrease: this dynammaige is not classical since under ambient
vibrations considered as white noise; the resparfséhe system must have decreasing
amplitude related to the damping condition of tkarh. In our case, the experimental solution
for reproducing the excitation through air jet beé ttop provides some disturbances to the
modes, these one having a critical influence ondefaition and the detection of the mode

shapes.

Table V.2 presents a comparison of the naturaluragies obtained by the finite element
modeling using RDM6 (Chap. Ill) and experimentablgsis (laboratory) for undamaged
beam before applying the heat flow. The values qurige similar, keeping the order of
magnitude: the differences may be due to the nofegefixed base condition or some
variation of the elastic properties for example.

Nevertheless, the comparison confirms the goodeagget of frequency values obtained by
modeling (dynamic linear analysis) and by experitakanalysis for the first eight bending

modes.
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Modes| Numerical Modeling Experimental results Difference
[HZ] [HZ] %

1 3.14 3 4.45
2 19.73 18.99 3.75
3 55.23 55.33 -0.18
4 108.21 107.37 0.77
5 178.83 180.73 -0.01
6 267.02 272.52 -2.059
7 372.75 372.94 -0.05
8 495.97 500.24 -0.86

Table V. 2 : Natural Frequencies (Hz) obtained by numerical exgkrimental analysis.

Another way to reproduce the experimental behasfidhe beam is displayed in Fig. V.3, this
figure shows the variation of the Fourier amplitudeng the height of the beam, provided at
the 29 accelerometers position. We observe claadytheoretical behavior of continuous
beam, characterized by the succession of nodear@idodes corresponding to the shape of
the modes.

Moreover, the frequencies ratio obtained by theeermental tests give the typical ratio
defined for the bending beam (Chap. Il), i.£f:£6.3 (compared to 6.3 for the theoretical
beam), $/f1=18.44 (17.5) andsff;=35.79 (34.3), let us assume in the rest of theichent an
experimental bending beam behavior.

Number of Sensor

300 400 500 600
Frequency [Hz]

Figure V. 3 : Evolution of the spectral amplitude of the expenta¢ data computed at
the 29 sensors and representing the shapes offittst ®iodes of the initial (undamaged)
beam (excepted for the fundamental mode). The Biaeks the numerical mode shapes

from Chap. IlI.
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V.3 —Detection of damage for experiments 1 and 2

For this experiment, the variation of the frequenejues are first tracked by the Random
Decrement Technique presented previously (chapier 8l IV.3.3) and applied to the
recordings provided by the sensor located at tipediothe beam. In this case, RDT is
computed mode by mode, using a sliding window d &&conds that runs over the signal
with 10% of overlapping. Despite the presence gifsga recording due to the data transfer,
we assumed the continuity of the data.

For each mode, the signal is filtered by a band&piétered using a second-order Butterworth
filter, centered on £10 % of the frequency. Thegtanof the sliding window, the bandwidth
of the filter and number of periods are chosen sdoareduce the error to estimate the
frequency with a good precision. As suggested & ghevious chapter of this work, four
periods (see Figure V.4) were used to computerdgpiéncy from the decrement signature.

Figure V.4 shows an example of the signature offtee-oscillation obtained by Random
Decrement technique for mode 5 using data expetaheacorded at the top of beam. The
blue curve is called the Random Decrement signatndethe frequency is computed with the
zero-crossing method. Even if the RDT can provalgble information on the damping, this
information is not considered in this work.

However, as shown by Mikael et al. (2013), the RDdthod provides also a very accurate
estimate of the frequency of the system.
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Figure V. 4 : Example of a random decrement signature correspgridimode 5, obtained by
RDT from recording at the top of the beam.

The RDT was applied to test its experimental penfoice for damage detection. In
experience E1, a heat flow was applied to the Blagibeam at the bottom (position A: 30-
33.5 cm), in the middle (B: 61.5-65 cm) and at thye (C: 86-89.5 cm) of the beam for 30
seconds after 2, 4 and 6 hours from the beginniinigeoexperiment.
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When the heat flow is applied at the beam, theuflaixrigidity El is locally changed, related
to the stiffness K of the beam (Eg. 11.21), andhtiafecting the frequency values of the beam
(Doebling and Farrar, 1998).

V.3.1 — Detection of changes using a single recondi at the top — Experiment 1

During the heat flow (Fig. V.5), we observe a cleaduction of the frequency value. As

aforementioned and related to the experimental iiond, the three first modes are less
detected, with the worst signal-to-noise ratio dgrihe experiment. This is confirmed by the
variation coefficient (CV%, Eqg. 1V.21) given in Tak.3, considering the first part of the
experiment, i.e. the unchanged state of the bedaorebheating. We observe the highest CV
values for the three first modes, while modes 49tdvave a small wandering of their

frequency.
Modes # 1 2 3 4 5 6 7 8 9
CV (%) | 0.6074 0.2655| 0.0945| 0.0737| 0.0528| 0.0470| 0.0281| 0.0433| 0.0295

Table V. 3 : Variation coefficient (CV %) of the frequency valagthe first 9 modes obtained using
the RDT and considering the first part of the eigraze (unchanged beam condition before heating).
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Figure V. 5 : RDT applied to the beam considered for the experirgd, with three positions of
changes (A, B and C) tested successively. Thewtatd for this experience is provided by the
sensor located at the top of the be

The highest modes (4 to 9) are sensitive to thegdmfor the three localizations of heating
(A, B and C), with more or less the same magnitfddecay considered mode by mode.

Figure V.6 compares the time variation of normaliiequency for modes 4 to 9, according
to the three positions of heating. This normal@atis done with respect to the average value
of the mode frequency computed at the first parthef experiment, i.e. considering the
undamaged condition (before heating).
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We observe that considering a quite identical arhainchange, related to the exposure
duration to the heat flow, the amount of variatisrstrongly related to the position of the
changes (A, B and C) whatever the mode. With dfiservation, we can assume that the
position of the changes along the height of thenheaay have a strong influence on the
estimate of the damaged amount and this must lmeiatad for in the next section.
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Figure V. 6 : Time variation of the normalized frequencies of e®d to 9
computed by RDT using sensor located at the tapeobeam (free condition) for
experiment E1. A, B and C mark the time when theg Rew was applied for 30

seconds at positions A,B and C respecti

This result shows the efficiency and robustnesshefRDT to detect a small variation of
elastic properties of the beam, some having ordemagnitude less than 0.2%. This
observation has been recently done by Mikael €28l3) using real data recorded at the top
of existing buildings. Based on the frequency r@iR, see Chap 3), the experimental results
confirm also that the mode 4 is certainly the ke=mssitive to changes locatedoasition A, B

or C (FR equal to 0.43%), that was already seeh wibdeling (Chap Ill) and numerical
simulation (Chap 1V) and due to the position of tlanage close to node of this mode.

After stopping the heating, the Young’'s modulus fEtlee beam increases again, which
implies that the frequency of all modes increasekracovers its initial staig. The recovery
time is proportional to the time of relaxation bétchanges applied to the beam.

We used a smoothing function to compare the rateeobvery:f(t) = at? +y (curve
fitting), “t” varies between the time of the minimum valuerefjiency and 2 hours after this
point. Other solutions of fitting were tested ahi tsolution provided the best fit in term of
error to the curve. Figure V.7 displays an exangplne fit given by this solution considering
the mode 6.
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Figure V. 7 : Example of fitting curve applied at points A, B a@d
after stopping the heat flow. The data correspaadise vibration
recorded at the top of the beafme frequency is tracked with RDT a

normalized by the average frequency of the undathate.

Table V.4 summarizes thp values for each mode and each position of changes.
previously observed, for modes 1 to 3, the sigoatdise ratio of the variation is not good
enough to be confident with the results. We notinze the rateff) varies from one mode to
another, because the modes do not react in the wayaince they depend on the location
and position of damage applied at the beam. Evereimaterial remains the same, the global
behavior of the beam, tracked using only the mé@ajuency variations, may be influenced
by the position of the change along the beam apdriing on the mode considered.

However, the number of results is not enough ammitid be interesting to confirm these
results by increasing the number of tests for periiog a statistical analysis and to conclude
on the rate of the time recovery.

'V";f'es 1 2 3 4 5 6 7 8 9

([130(52) 7710 | -6610| -1029| -247]1 -1945 -4361 -3405 -3292 4238
(fé'ﬂ) 7613 | -5716| -1518 -2683 -4680 -6825 -2947 -3966 9120
(fﬁ) __________ -3212 | -4918| -4081 -553]1 -4781 -5505 289

Table V. 4 :p value of the time recovery of the modal frequesciemputed using the RDT and observed after
stopping the heat flow gtosition A, B and C, using the same time of heating of &tbads.
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V.3.2 — Detection of changes using a single recondi at the top — Experiment 2

The objective of experiment 2 is to test the vasrabf the frequencies by RDT, considering
different values of damage. In this experimentyadmage aposition A will be considered,

as a function of amount of heating. Similar proessand experiments as for experiment E1
were decided, for the signal processing of the RIDE, data acquisition and the excitation
through air jet. The total duration of acquisitid® s) is chosen in a manner to get precisely
the first nine resonance frequencies of the beararder to test the RDT for detect / quantify
the damage, a heat flow is applied at the bottodmeaim (A), with different heating duration
corresponding to 10, 20, 30, 40, 50 and 60 secoh@xposition, after 1, 2, 3, 4, 5 and 6
hours from the beginning of the experiment, respelst The total duration of the experiment
was 8 hours

Figures V.8 and V.9 present the variation of thedaldrequencies for each damage applied
to the beam, using the sensor located at the taheobeam. Only the nine first modes are
considered. As previously mentioned for experimgdt the three first modes are quite
undefined, showing a bad signal-to-noise ratio tfacking the frequency and the highest
coefficient of variation of the frequency centemdthe average value (Tab. V.5).

Modes # 1 2 3 4 5 6 7 8 9
CV (%) | 0.5976| 0.1723| 0.1418| 0.0673| 0.0657| 0.0454| 0.0313| 0.0251| 0.0398

Table V. 5 : Variation coefficient (CV %) of the frequency valagthe first 9 modes obtained using the RDT
and considering the first part of the experiencefianged beam condition before heating).

On figure V.8, we clearly observe an increase efftequency decay with the duration of the
heat flow exposure, regardless of the mode. Thaesponds to the relation between the
frequency decay and structural integrity. This dase is due to a loss of stiffneks) (caused

by the increase of temperature injected by the fi@atand affecting directly the mechanical
properties. When we observe the frequency ratiodi$played in Fig. V.10, we may consider
the same relationship that the FR versus a curvecdafficient of Young’'s modulus
reduction) obtained using numerical modeling (Chidmnd V). Even with experimental
data, the dispersion of the result is the highespecially for the two first modes, the same
trend is observed with a non-linear relationshigwieen frequency shift and amount of
damage. This relation should be confirmed usingeasure of the reduction of stiffness but
considering the RDT as a very accurate methodrémking the frequency, the FR could be
directly related to the integrity. This has beeowsh yet, after the Boumerdes earthquake by
Dunand et al (2004) who tested buildings with ambieibrations, having suffered the
Algerian earthquake. They observed a close coioelddetween the frequency shift and the
classification done by expert judgments in thedfighd the three color scale used: red (strong
damage), orange (moderate) and green (low).

On figure V.9, the comparison of the recovery tifoe each mode and each amount of
damage is not easy. The normalized frequency fatewal to 9 over 8 hours confirms the
efficiency and robustness of the RDT for quantifyime damage (or change) level. All the
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modes react following the same trend, with incregsiecay with increasing duration of heat
exposure. The recovery time is quite similar arel thlue of the power law used for fitting

the recovery curve vary a lot for each mode anth damage level, as previously observed in
Tab. V.4. The recovery function should have a spetention for having a good evaluation
of this property.
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Figure V. 8 : RDT applied to the beam considered for the experirg@, with one position of change
(position A) and 6 amounts of damage reproduced by the dimnation of the heat flow exposure (from 10
to 60 seconds). Data used for this experiencerargded by the sensor located at the top of therbea
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Figure V. 9 : Time variation of the normalized frequencies of e®d to 9
computed by RDT using sensor located at the tapeobeam (free condition)
for experience E2. The heat flow was applied fotd 80 seconds giosition
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Experimental results
®H

1 I
ode
ode
ode
ode «
ode
lode O

¥

»222282g82
ggog
28888388888
o0 0
CEND AW

Frequency Ratio Normalized
o
D
x
*

o
@
dpv+Rarono

era

@

e all modes (1-9) normalized A
3

oD

b §
0.4 /_%/ *

o
o
Il

0 10 20 30 40 50 60 70
Duration of heat on point A (in second)

Figure V. 10 : Frequency ratio (FR) of the 9 first modes for i®60 seconds of heat flow
exposure, applied at the bottom of the bepasition A).

V.3.2 — Localization of damage using ULS and pertdration theory for experiment E1

Two methods of localization were applied to thipexment: (1) the first one corresponds to
the ULS method presented in the Chap. IV and cpomding to the method providing the
best localization result using modeling; (2) thew®l is the method based on the perturbation
theory and presented in Chap IV. The major diffeesnbetween these two methods are:

- Perturbation theory method requires only one selmsated at the top while ULS
needs the mode shapes provided by sensors sporapthé height of the beam.

- ULS uses frequencies and mode shapes of the beanh@mamage is obtain by
comparing the undamaged and damaged states oé#me, vhile the perturbation
theory uses only the variation of the frequenciesngared to the initial
(undamaged) frequencies and back projected orhdwedtical mode shapes.

Consequently, the ULS method requires data lengtiugh for extracting the mode shapes.
The damage must be strong enough to influence th@esmand not only the frequencies.
Conversely, the perturbation theory uses only tagation of the frequencies, provided by
small changes that do not influence strongly thelenshapes. As supported by Kim and
Stubbs (2003) and Xu et al. (2007), the efficientfrequency analysis for damage detection
is known, considering fundamental mode and ovegpeeen for very small changes.

Figure V.11 gives the experimental mode shapesetetl using the FDD method (Chap. 1V)

and applied to the experimental data. The modalysisamethod used is the Frequency
Domain Decomposition, a non-parametric frequenaypaa method (Brincker et al., 2001).
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FDD all nodes ( 29 nodes ) of the first Five modes
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Figure V. 11 : First five singular values (upper row) and modepsisa(lower row) of the beaextractec
from ambient vibrations recorded on the beam udirg?9 accelerometers, corresponding to the
undamaged and damage (positions A, B and C) afxtperiment E1.

It consists of decomposing the spectral densitigdrir (cross power spectral densities
between all simultaneous recordings) into independegrees of freedom using the singular
value decomposition. It therefore allows the aciuestimation of the natural frequencies and
mode shapes of structures. More details and theakdbackground of this method was

presented previously (Chap. V) on synthetics andlze found in Brincker et al (2001).

FDD was applied to the data recorded by the 29@@reeters located along the beam. Two
analyses were done, considering the undamaged hendlamage states for detecting and
localizing the damage using the ULS method. F ¢leicond state, because of the small and
transient variation of the frequency during the exxpent, only one time window (10 s of
length) was used to analyze the modal parametersgesponding to the window having the
lowest value of frequency. The processing was pedd using the Matlab Macity routine
developed for modal analysis (Michel et al., 2010)order to optimize the processing, raw
data were re-sampled at 500 Hz, that is to sayidigiby 8 the number of samples (from 4
kHz to 500 Hz).
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V.3 — Detection of damage for experiments 1 and 2

By this way, the mode shapes considered here ame the f'to the &', i.e. from 2.9 Hz to

177.5 Hz, respecting the Nyquist frequency conditi€€onsidering only the first 5
frequencies allows us to consider a real case, rempetal analysis performed in real
buildings providing generally only the first modes.

Figure V.11 confirms the bad resolution of thetfireode, due to the solution applied for the
excitation. Since the first mode has a low sigoahtise ratio, only modes 2 to 5 were
considered for this analysis. In chapters Il addwe observed that the use of the first mode
was not a crucial issue for improving the qualifytioe estimate using the ULS method.
Moreover, as shown previously, the length of thenage state file (10 seconds) was not long
enough for having a good estimate of the mode sfadlosving the criteria defined in Michel
et al. (2008, 2010) and also discussed in ChapTINe singular value decomposition
represented in Fig. V.11 gives an overview of thegdiency shifts and consequently the
variation of the mode shapes for the cases A, BGnd

Considering damaged and undamaged states, we phntlap ULS method for detecting and
localizing the damage. We observe Fig. V.12 the @kBmate for the A, B and C positions
of the damage. The curve represents the valueeoUUIS function along the beam. In this
case, the localization of the damage position id, lEhowing some information for A
localization, a lot of fluctuation along the beaor tase B and a ghost of the damage not
defined at the good position for the case C. Bexadfighe small and transient nature of the
change, mode shapes used for the ULS method amattified enough for being accounted
for the application of the ULS.

Since the experimental mode shapes are noisy (qeshpa the numerical modeling) we need

a strong modification to be detected by this metiddreover, due to short and fast variation

of the properties, and then of the frequencies rande shapes, it is not possible to have a
good assessment of the mode shapes and frequeaties with only 10 seconds of ambient

vibrations recording. This is one requirement fsing the FDD method with a good accuracy

to have a long enough recordings of ambient vibnati
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Figure V. 12 : Localization of the damage at position A, B andgthg the ULS
method and considering modes 2 to 5 for experirgdnt
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V.3 — Detection of damage for experiments 1 and 2

The second method used for detecting the damagased on the perturbation theory as
presented at the end of Chap. IV with numericalutation. The main principle of this
method is to back project the variation of freques®bserved at the top of the beam on the
theoretical mode shapes since as observed preyjodspending on the position of the
damage along the beam, all the modes do not nedlice isame way.

With this method, only one recording at the toph&f beam is required and it is not necessary
to define the mode shapes, certainly the elementrtbst difficult to extract experimentally
with a good resolution (at least compared to tleguencies) for small variations. Moreover,
for small and fast changes, the frequencies reactediately while the mode shapes remain
unchanged or at least with changes that could eotdtected. For this application, we
considered the variation of the frequency obsemdtig. V.6 for cases A, B and C.

The method is based on three steps: (1) the iny@@em of the perturbation of stiffness
polluted by the symmetry of the beam that givesalization and its ghost (See Chap. 1V,
Fig. 1V.22); (2) the deconvolution of the pertuibat estimation through a collection of
model-based inversion functions that are obtaimedhfa set of point-like perturbations at
each point of the beam (Chap. 1V); and (3) theysbdtion of stiffness is projected into the
set of inversion results in order to improve thealation (Chap. V).

Figures V.13 shows the three steps of the locabizgirocess based only on the variation of
the modal frequencies obtained with the RDT methidte three steps of the localization
method are described for the three cases of damaget the positions A, B and C. The
results are different from one case to another dapending on the number of modes used
and the position of the damage along the beamc&se A, the number of modes used is 4 to
9, since the position of the damage is close taztre having the worst estimate of the first
three modes, with the highest variation coefficiEht

Because of the theoretical model of the beam (Imgndeam) and the bad resolution of the
first modes, the inversion scheme has difficulttes distinguish the real to the ghost
localization. Similar difficulties are also obsedvior the case B, considering modes 1 to 9,
the position of the damage being localized closthéosymmetry axis of the beam, and then
of the modes.

For cases A and B, even if the symmetrical ghosbadlization is not completely removed,
the amplitude of the inversion permits us to disanate the position of the damage, which
could be more difficult in case of blind analydt®r the last case, position C, the method is
very efficient for localizing the changes, considgmodes 1 to 9. Even after the second step,
because of the distance of the damage to the sym@es of the beam, the localization is
quite effective.
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Figure V. 13 : Results of thedamage localization method applied to the experiaiedat:
(experience E1) for the three cases of changet @osition A; b: at position B; c: at position
where the heat flow applied at 2, 4 and 6 hourmftbe beginning of the experiment correspond
to the numbers of recording following: 240, 480 &2 respectively (each record duration is :

a total of records is 960).

V.4 —Detection and localization of damage for experimer

Figure V.14 shows the experimental setup used H@ ¢éxperiment. The beam and the
configuration of the experiment were the same asxXperiment E1 and E2.
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Figure V. 14 : Experimental setup with faster protot.
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V.4 — Detection and localization of damage for expent 3

The difference with experiments E1 and E2 is th& @&aquisition unit. The conditioners are
connected via serial port to the computer to detiireegains for each accelerometer. Ambient
vibrations recorded by each accelerometer arenriiesl to the computer via two National
Instrumentacquisition boxes and USB communication system.

These two National Instrument acquisitidsoxes are much faster than the first data
acquisition unit previously used for experimentsdatl E2. The instrumentation consisted in
29 accelerometers regularly spaced along the bewhthe excitation was done by air jet
applied at the top of beam. Data acquisition patareeremain unchanged except that the
sampling frequency changed from 5 to 4 kHz.

The total duration of the experiment was 2.2 hodingded into three parts:
1- 0- 45 minutes: acquisition at ambient temperaturelémaged state).

2- 45-57 minutes: a local damage is applied to thenbdaough heat flow applied
during about 12 minutes at the bottom of the beard@.5 cn).

3- 57-132 minutes: acquisition after stopping the ingafrecovery time of the beam).

Data was collected in fragments of 10 seconds sarapling frequency of 4 kHz. Data
transfer for the 29 accelerometers to computenigedn 2 seconds, which allows having 5

acquisitions per minute.

The total duration of the experiment is compose®% acquisitions for a total duration of
2.2 hours. Figure V.15 presents the evolution effitst nine modal frequencies in bending of
the undamaged beam corresponding to the firstodtdpe experience (0-45 minutes).

Exprimental Result

Number of Sensor

300 400 700
Frequency [Hz]

Figure V. 15 : Evolution of the spectral amplitude of the experhad¢ data computed at the 29
sensors and representing the shapes of the @nfirdés of the initial (undamaged) beam (excepted
for the fundamental mode). The black line is thenatical mode shapes from Chap. lIl.
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V.4 — Detection and localization of damage for expent 3

For doing figure V.15, the FFT of ambient vibrasorecorded at the 29 accelerometers
position, from the bottom (1) to the top (29) wesdculated, corresponding to the classical
peak picking method used for mode detections apieksentation. We can clearly distinguish
the position of nodes and antinodes of each mamteyahe beam.

The Plexiglas beam has the same geometric dimenamithe beam described in experiment
1 and 2. Table V.6 gives a comparison of the nhfuoeguencies obtained by experimental
analysis for the first eight bending modes for undged state before applying the heat flow.

The value of modal frequencies obtained for expeniE3 is a little smaller than the initial

state of the beam used for experiments E1 and é&icly due to local changes of Young's
modulus E) caused by using a repetitive heat flow for prasiexperiment. In this condition,

we consider a new initial beam, its mass remainimghanged in all experiments.

Modes| Experimental results [LExperimental results B

1 3 2.90

2 18.99 18.65
3 55.33 53.59
4 107.37 106.27
5 180.73 179.36
6 272.52 267.36
7 372.94 375.08
8 500.24 498.34

Table V. 6 : Natural Frequencies (Hz) obtained by experimentalyais for experiment 1 and
3 respectively before applying the damage (heat)fla both cases correspond to intact beam.

First, the variation of the frequencies in timdracked using RDT applied at the top of the
beam. Thanks to this new equipment, we observediyul6 and Tab. V.7 that the variation
of the first frequencies (1 to 3) are lesser tlmrekperiments E1 and E2.

We also observe a clear decrease of the modaldrneigs during the heating phase, related to
the loss of the stiffness, and the amount of lashdp strongly related with the exposure
duration (FR of about 4% for mode 2 for examplefkeAthis phase, we observe the same
recovery time whatever the modes.

The damage localization was performed using the WieShods. The perturbation theory
method developed before was not considered hete #irs method is less efficient for strong
and long period changes, affecting the shape ofntbee, as suggested in the previous
paragraph and in Chap. IV. For ULS method, the Uesgies and mode shapes were
computed using the 29 accelerometers thanks tbiemethods presented before.
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Exprimental result
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Figure V. 16 : Time variation of the normalized frequencies of e®@ to 9
computed by RDT using sensor located at the tdpeobeam (free condition) for
experience E3. The heat flow was applied for 12uteis aix=40.5 cn.

Modes # 1 2 3 4 5 6 7 8 9
CV (%) | 0.5838 0.2351| 0.1507| 0.1254| 0.1423| 0.1324| 0.1230| 0.1193| 0.0920

Table V. 7 : Variation coefficient (CV %) of the frequency vala&the first 9 modes obtained using the RDT
and considering the first part of the experienacefianged beam condition before heating).

For the first parts of the experiment (undamagede}t the ambient vibrations windows of
2000 seconds signal was divided into 48 windowdlb6 seconds for computing the mode
shapes. For the second part of the experimentsd@@nds of recording were considered, that
allows a better estimate of the mode shapes comparthe fast and small variation used for
experiments E1 and E2. By increasing the length hehting, the available signal
corresponding to the damage state improves theaocwf the mode shapes assessment for
this phase.

In order to have equivalent condition as for intséixperiment, only the first 5 modes are
considered here. Figures V.17 and V.18 show thgu&an values of the power spectral
density (PSD) matrix using FDD method and the mastepes of the damaged and
undamaged states.

We observe clearly the effect of the heating onfithguencies, the shift value being related to
the position of the damage versus the mode coregidéfsing frequencies and mode shapes
variations, Table V.8 gives the FR parameters edldab the frequency shift and the MAC
value related to the variation of the shape ofntloeles.

As already mentioned, this change is directly eglavith a loss of stiffness (El) of the beam.
These results confirm that the variation of frequyeratio (FR in table V.8) is very sensitive
to detect the change and presence of damage obetia. Looking at the result of the
frequency ratio given Tab. V.8, it is very cleathat modes 1, 2 and 5 are the most sensitive
to damage, because of the position of the damagdidm (atx=40.5 cn) located to antinodes

of these modes.
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FDD all nodes ( 29 nodes ) of the first Five modes
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Figure V. 17 : Singular values of the PSD matrix of the recordipgs/ided by the 29

accelerometers along the height of the beam comdphteugh the FDD method

Modes | Freq. undam. [Hz] | Freq. dam. [Hz] Frequency ré&R) [%] | MAC-Value
1 2.945 2.716 7.783 0.9713
2 18.478 17.761 3.880 0.9130
3 52.872 51.544 2.511 0.9811
4 104.034 102.544 1.432 0.8968
5 177.521 171.646 3.309 0.9579

Table V. 8 : Natural frequencies of undamaged and damaged feathe first five modes. Frequency ratio
(FR) calculated by Eg. 111.7 and Modal Assurancéetion (MAC) calculated by Eq. 11.30.

Mode 4 is the least sensitive compared to otheramodhich means the node of this mode is
very close to the position of the damage locaticr#0.5 cn) . This observation on mode 4 is
very similar to and confirmed by the modal and ntioa¢ analysis performed in Chap 1l and
V.

Knowing frequencies and mode shapes, the ULS mefBagiation 11.39) was applied
considering the two states (before and after hgatWith experimental data, the choice of
ULS is the best to identify and locate the damag®ray other non-destructive methods
(NDE), as shown previously on modeling and numéstaulation (chapter 11l and 1V).

Since the accuracy of the first mode is quite lespecially at the bottom of the beam where

the damage was localized (Fig. V.18), mode 1 isacobunted for localization of the damage
by ULS method.
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Figure V. 18 : First five mode shapes of the beam extracted frovient
vibrations recorded using the 29 accelerometersesponding to the
undamaged (A) and damaged (A*) states of the exyeati E3.

Figure V.19 summarizes the performance of ULS nubthypplied to the beam, considering
modes 2 to 5 separately, but also all together.
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Figure V. 19 : Summary of the performance of the ULS methods tatlwthe damage at the bottom of the
beam ¥=40.5 cn) using modes and frequencies extracted by FDD ft@rexperiment E3. (a) Mode 2; (b)
Mode 3; (c) Mode 4; (d) Mode 5; (e) Modes 2 t
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Few modes were used in order to keep our work doseal case, where few number of
mode shapes can be detected using ambient vibsation

We observe a very good estimate of the localizatiotihe damage proposed in the bottom of
beam atx= 40.5 cm the efficiency of the mode considered separatiegending on the
position of the damage with respect to the positibthe node and antinode.

By taking into account the largest number of magepossible, the detection of huge amount
of damage can be easily obtained. Neverthelesdyave to keep in mind that this test was
performed only for bending beam model. For sheanhethe position of the damage may
have different influence on the estimate.

V.5 —Conclusions

In this study, experiments in the laboratory weegfgrmed for confirming on the results
provided by the numerical analysis conducted ingChid and 1V. Damaged and undamaged
beams were tested in order to detect and locafimeade with Random Decrement Technique
(RDT), perturbation theory and ULS method.

The experimental setup consisted of locally heatingontinuous Plexiglas beam, at three
positions (A, B and C, experience E1) with the salaeation of exposure (30 seconds), at
one position (A, experience E2) with different dioa of exposure, and finally, at one
position (x= 40.5 cm with a longer duration of heating (about 12 mas)t

During all the experiments, the beam was forced wibration by an equivalent white noise,
produced by a continuous air jet applied at the adpoeam. Modal analysis was then
performed using the ambient vibrations recordecdh@lthe beam to detect and localize the
damage.

We can confirm RDT is a very efficient and robusthod for detecting the variations of the
frequency values. RDT offers the precision requifed controlling the integrity of the
structures, allowing the detection of changes sf han 1%, with a low variation coefficient.

This method requires only one sensor located atapeof the beam and the amount of the
damage can be related to the value of the frequemiély

We observe the same average trend, i.e. a nonlineggase of frequency ratio normalized
with the damage severity of heating (heat flow)agted by experimental data and modeling
given in the previous chapters (Ill and V).

After stopping the heating, we observe time of vecy of the initial frequencies, this process

observed and tracked by RDT. On the three expetsrmarformed in the laboratory, we have
seen that the increment raje )(corresponding to the recovery of the elastiqprbtes of the
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beam after the changes are quite different, depgnuh the position of the damage versus the
mode.

These results are not enough for concluding at timg and further experiment must be
planned for improving the physical observation.

ULS method applied for the damage localizationasefficient for small and local variations
of elastic properties, compared to the perturbati@ory. In the first case, the mode shapes
are not affected enough by the changes for beiedg usthe localization process and in the
second case, the frequencies are so sensitiveatwyeh that they are enough for improving
the localization.

Some improvements must be done in the experimamalysis, such as the quality of the
excitation in order to have a better assessmenheffirst mode that could be crucial for
removing the ambiguity of the real and ghost posgi However, the perturbation theory
requires a large number of modes that is not alywagsible for real buildings.

For the last experiment, ULS method was so efficienen without considering the first
mode, and using only the 5 first modes as in agas¢. The localization is good enough and
this observation confirms the results given in ChAapvith numerical approach.

Since we need a good estimate of the modes shapksha frequencies with ambient
vibrations, this method is not efficient for fastdashort changes but it could be very robust
for comparing two states: before and after an gagke for example, by having tested the
building before the extreme event and by testirghthilding for taking a decision concerning
the integrity of the building and then its safety.
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Conclusion générale et perspectives

Les développements scientifiques décrits danmémoire s’inscrivent dans le contexte du
suivi de I'état de santé des structures (SHM) papplication au génie civil par I'analyse des
mesures vibratoires afin de détecter, localisguantifier 'endommagement.

La détection de 'endommagement est un probléemeunajans le cadre de la surveillance

des structures. Ce processus mene en généralchalegements de la réponse dynamique de
la structure étudiée, et bien souvent a des matiifics des paramétres modaux de la
structure tels que les fréquences propres, ledicieets d’amortissement et les déformées

modales.

En premier lieu, une étude bibliographique sur fjortance de la surveillance de santé des
structures, et sur les méthodes non-destructiv@gtliation (NDE) globales et locales avec
leurs applications numériques et expérimentalestéaréalisée dans les deux premiers
chapitres (I et 11).

Dans le deuxieme, notre intérét a essentiellemerté pur la détection de changement de
facon expérimentale suite a des dommages sismigDes. méthodes globales et locales de
NDE basées sur la variation de fréquences ou sudldéormées modales ou sur les deux en
méme temps ont été appliquées a nos études avdmiesapproches proposées dans ce
manuscrit : modélisation, simulation et enfin endition réelle qui a été testée au laboratoire
(poutre en plexiglas).

Le chapitre Il présente une étude détaillée padétisation éléments finis de 'efficacité des
méthodes de localisation et d’'endommagement ag®icu une poutre encastrée-libre. La
modélisation en dynamique linéaire fournit unereation précise des fréquences propres et

des déformées modales a la fois pour une poutractet et endommagée. Cet
endommagement est local, il consiste en une riggulcicale du module d'Young.

Les méthodes globales de NDE tels que la variatienfréquence et le MAC (Modal
Assurance Criterion) basées respectivement suariation de fréquence et sur la forme des
modes, pour une poutre intacte (saine) et endomemag@ntrent que la détection de
'endommagement a été identifiée avec une bonneigiwé@. Nous avons remarqué que
lorsque la sévérité de I'endommagement augmentgrgssivement on observane
augmentation non linéaire de la variation des feéges et une diminution non linéaire des
valeurs du MAC.

Une autre observation indique que, suivant la mosile 'endommagement appliqué a la
poutre (aux deux extrémités ou au milieu) chaquderde vibration ne réagit pas de la méme
facon. Quand la position de 'endommagement esté&d’un nceud d'un mode, on trouve une
faible variation de fréquence pour ce mode (exerdplenode 4 pour une poutre encastrée-
libre). A I'inverse, une forte variation est protusi la position est au niveau d’un ventre d'un
mode (exemple du mode 3) (voir la figure 111.2).

Pour conclure ces deux méthodes globales sonsémsibles a I'endommagement mais de
facon non-linéaire et dépendent de la positioriet@lbmmagement.
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Des méthodes locales de NDE, telles que MSC, M&ISet ULS, ont également été testées
dans ce travail en utilisant les parametres estrdiin modéle aux éléments finis. Les
variations des fréquences et des déformées modadd et apres 'endommagement sont
obtenues par les simulations numériques.

La Figure 111.24 résume l'efficacité et la sengiéilde ces quatre indicateurs proposés dans
cette étude par rapport a difféerentes configuratiocluant la position (du bas vers le haut),
I'extension (étroite, large et multiple) et 'antplile de 'endommagement. La encore, suivant
les modes utilisés, lefficacité des meéthodes vaem fonction de la position de
'endommagement.

Les résultats confirment que la méthode (ULS) asplus fiable et la plus robuste pour
localiser 'endommagement quelle que soit la camfigjon de dommage, avec le moins
d’erreur possible par rapport aux autres métholesis notons également que, pour une
bonne estimation aveugle des dommages (quantdicati localisation) avec peu de modes de
vibration, au moins les trois premiers modes deation doivent étre pris en compte, ce qui
est le cas de la plupart des expériences de taffaictuées sur des ponts et des batiments.

Pour I'amélioration de I'évaluation et la précisiten’amplitude des dégats, nous avons utilisé
les cinqg premiers modes. On remarque certains Vgoents par exemple I'amplitude
détectée des dégats est tres faible lorsque I'emagement est localisé aux deux extrémités
fixe et libre de la poutre. Cela dépend fortement dodéle de poutre analysé, le cas
cisaillement devant présenter un comportementreifité

Le chapitre IV a été consacré a la simulation niomér par éléments finis (analyse
temporelle) de conditions expérimentales, c’esira-én excitant la structure a l'aide de
vibrations ambiantes et en évaluant les paramétoetaux sur les enregistrements le long de
la poutre. Nous avons utilisé une fonction aléatgui génere des vibrations ambiantes (bruit
blanc de faibles amplitudes).

Ces vibrations ont été appliquées a la base deu&g pour tester I'efficacité de plusieurs
outils de traitement du signal et des méthodes demtructives (NDE) sous excitation
temporelle. Les résultats montrent la faisabilité les performances des méthodes de
traitement du signal telles que la technique duéhent aléatoire (RDT), et la méthode de
FDD (Frequency Domain Decomposition), pour suivirgdgrité des structures, dans le cas
d'un faible ou d'un important endommagement. Cex deethodes révelent et indiquent la
présence de I'endommagement appliqué a la poutregquc implique que la variation de
fréquence est tres sensible a 'endommagement ragetel’existence de bruit.

La détection de 'endommagement a partir de cex deiteres globaux, i.e. le rapport de

fréquence (FR) et le Modal Assurance Criter{dhAC), aboutit a des résultats qui confirment

de nouveau leur efficacité pour détecter les chaegés. Les résultats de localisation par la
méthode locale (ULS) utilisant les paramétres medpaeudo-expérimentaux) extraits par le
FDD sur les signaux simulés sur le long de la gyutnontre une trés bonne corrélation (voir
la figure 1V.19c) avec ceux obtenus par la modébsa(chapitre 1lI).

Evidemment, la localisation en utilisant la méthddeS a partir des résultats issus de

I'analyse modale est plus précise (la valeur dmfeélation est proche de 1) que ceux issus de
I'analyse temporelle.
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Les petites différences de I'emplacement de I'emdagement sont dues au bruit simulé par

l'analyse numérique et / ou aux erreurs d’évalunaties formes modales a partir de la
méthode FDD.

La théorie des perturbations qui est basée suolliéen de la fréquence pour chagque mode
de vibration en fonction du temps via les donné&tealées par le RDT a partir d’'un seul
capteur, a été testée dans une configuration quegsivalente a celle d’'une condition

expérimentale.

Cette méthode est efficace pour localiser I'endogemneent surtout pour un petit changement
de l'ordre de 0.1 % sur la premiére fréequence faretdale.

Le chapitre V a porté essentiellement sur un velgtérimental. L'objectif de I'application
expérimentale a été de tester au laboratoire leslusions obtenues par modélisation. Au
cours de toutes les expériences realisées au taberala poutre a été excitée par des
vibrations (bruit blanc) de faibles amplitudes.

Ces vibrations produites par une soufflette daicentinu est appliquée a la partie supérieure
(libre) de la poutre. L'analyse modale est enswtiectuée en utilisant les vibrations
ambiantes enregistrées le long de la poutre pantifier et extraire les fréquences et les
déformées modales par la méthode FDD. Ensuite lhadé de localisation (ULS) est
appliguée. Le suivi de I'évolution des fréquencstsabtenu par RDT et la méthode basée sur
la théorie des perturbations est appliquée.

D’aprés les résultats expérimentaux pour les weaeriences realisés (E1, E2 et E3), nous
pouvons confirmer que la RDT est une technique éffisace pour suivre en continu et
détecter lintégrité de la poutre (SHM) a partisdggnaux enregistrés par un seul capteur
situé en partie supérieure de la poutre.

Cette technique montre qu’il est possible de détedes petits changements de fréquence
(moins de 1%) avec un coefficient de variation (@&p faible. Ces changements sont dus a
un flux de chaleur appliqué a différentes positiossr la poutre. En augmentant
progressivement la sévérité de 'endommagements awans observé les mémes tendances
que celles obtenues par la modélisation et la sitimnl numérique dans les chapitres
précédents (lll et IV) a savoir un comportement hoéaire entre la réponse fréquentielle et

I'amplitude du dommage.

Apres l'arrét du flux de chaleur, les fréquencesdates reviennent a I'état initial et un

processus de relaxation en fonction du temps estreé et bien suivi par la RDT. Nous

avons remarqué aussi que le coefficieft ) qui correspond au taux de relaxation pour
chaque mode n’est pas le méme, ce qui signifiesquant la position de 'endommagement
tous les modes ne réagissent pas de la méme facon.

Dans les deux premiéres expériences (E1 et E2péthode ULS n’est pas efficace pour
localiser 'endommagement par rapport a la thédei perturbations pour deux raisons :

-Premierement, les déformées modales ne sont feadéafs par des changements assez bien

marqués ; en effet, le temps d’exposition du flexcthaleur appliqué a la poutre est court et
ne modifie que trés faiblement le comportementd&ructure.
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-Deuxiémement, bien que les fréquences soiens@gsibles aux changements, le temps pour
obtenir ces modes de fagon précise est supérigengs imposé dans les manipulations.

La méthode des perturbations fonctionne bien daresdt basée sur les fréquences qui sont
sensibles a de tres faibles changements de steuetuque I'on peut les évaluer sur de temps
d’enregistrement trés courts. Cependant, elle séeesn grand nombre de modes pour la
localisation, ce qui n'est pas toujours dispongleles batiments réels.

Pour la derniére expérience (E3), la méthode ULS eflicace pour localiser
'endommagement appliqué a la poutre. La locabisatie 'endommagement avec la méthode
ULS est assez bonne, et cette observation confemeesultats présentés dans le chapitre IV
par la simulation numérique. Par contre, puisqaaredes ont été perturbés, la méthode des
perturbations est moins efficace.

Perspectives

Les résultats obtenus au cours de ce travail deetkhéncernant le suivi de l'intégrité de
structure (Détection, localisation et quantificatide 'endommagement) sur la poutre par la
modélisation numeérique et I'application expériméntant montré lintérét de suivre en
temps réel les changements fréquentiels au coutenajos et de localiser 'endommagement.

En perspectives, nous pouvons proposer les ertensuivantes de ce travail :

« Amélioration de la qualité de I'excitation surgfaroche expérimentale pour avoir une
bonne évaluation de la forme du premier mode forehdah : le plus énergétique, qui
pourrait étre crucial pour localiser 'endommageiavec une bonne estimation des
dégats.

» Entalller la poutre et suivre sa réponse vibratpaela technique RDT en fonction du
niveau d’excitation (faible, linéaire et fort) agplé a la poutre d’'une maniere
continue pour voir I'effet de I'ouverture et la meeture des fissures au cours du temps.
Il serait également intéressant de tester la Ipatdin avec la méthode ULS.

» Tester différents types des matériaux (acier, alium, matériaux composite) sous
I'effet thermique ou de chargement (ajout de petitsse sans abimer la poutre), pour
voir leurs comportements mécaniques apres I'endajramant, et de comparer avec le
phénomeéne de relaxation que nous avons observié siliexiglas, pour conclure si
cette observation est liée aux processus physiqueeat étre a une autre condition
externe (sollicitation,... etc.).

* Valider et examiner la méthode locale ULS sur uai Wwatiment ou un pont en
condition in-situ, avant et aprés un événememnigige comme un tremblement de
terre par exemple, pour pouvoir évaluer l'intégd&structure et prendre des mesures
de sécurité pour la protection des personnes.
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