BAYESIAN MODEL UPDATING USING
COMPLEX MODAL DATA

EAMON KARIM HENIKISH

DEPARTMENT OF CIVIL ENGINEERING
INDIAN INSTITUTE OF TECHNOLOGY DELHI

February 2025



© Indian Institute of Technology Delhi (I11TD), New Delhi, 2025



BAYESIAN MODEL UPDATING USING
COMPLEX MODAL DATA

by

EAMON KARIM HENIKISH

Department of Civil Engineering

Submitted
in fulfilment of the requirements of the degree of Doctor of Philosophy

to the

INDIAN INSTITUTE OF TECHNOLOGY DELHI

February 2025



DEDICATION

This thesis is dedicated to
my wife
Jwan
and my sons

Zain and Yamen



DEPARTMENT OF CIVIL ENGINEERING
INDIAN INSTITUTE OF TECHNOLOGY DELHI

NEW DELHI-110016, DELHI, INDIA

Dr. Sahil Bansal
Associate Professor
Email: sahil@iitd.ac.in
Phone: +91-11-2654-8414

CERTIFICATE

This is to certify that the thesis titled “Bayesian Model Updating Using Complex Modal
Data,” submitted by Eamon Karim Henikish (Entry Number: 2019CEZ8793), to the
Indian Institute of Technology Delhi, for the award of the degree of Doctor of Philosophy,
i1s a bonafide record of the research work done by him under my supervision in the
Department of Civil Engineering, Indian Institute of Technology Delhi. The contents of this
thesis, in full or in parts, have not been submitted to any other Institute or University for the

award of any degree or diploma.

Date: Dr. Sahil Bansal
Place: Delhi



ACKNOWLEDGEMENTS

I am glad to express my deepest gratitude and appreciation to my supervisor, Prof. Sahil
Bansal, for his extensive knowledge, cooperation, and assistance throughout my studies.
Beginning my PhD journey during the COVID-19 pandemic presented unique challenges,
and without his time and dedicated follow-up, my progress would not have been possible.
His valuable insights, collaboration, and understanding of the various challenges I
encountered were instrumental in enabling me to complete what I started four years ago. I
am immensely grateful to him for all his support and guidance.

I would also like to thank my research committee members Prof. J. T. Shahu
(Chairman), Prof. Suresh Bhalla (Department expert), and Prof. S. Pradyumna (External
expert) for encouraging and sharing insightful suggestions for improving the quality of my
research work from various perspectives. I am also thankful to the reviewers of this thesis.
I express my sincere thanks to the Head of the Department, Prof. Vasant Matsagar, and all
the respected faculty members of the Department of Civil Engineering. I also appreciate the
support given by the Department of Civil Engineering staff.

I especially thank my senior, Dr. Mohd Aman Khalid; his sincere support throughout
my study will always be remembered. And to my colleague Raj Purohit Kiran, and Shakir
Rather for their support during my PhD journey. I also thank my Reliability Engineering
Lab friends, Dr. Kamal Anand and Dr. Jyotish Kumar Das, for their valuable support.

I would also like to express my gratitude to my dear friend Mostafa for his great
company during my study days. We shared many wonderful memories and enjoyable
moments. Having a loyal and kind friend like you was a great source of support during my
studies. I would also like to thank my other friends, Khaled, Mutasem, Nasser, and

Mohammed, for the time we spent together.

il



I want to thank my family members for the support and encouragement they showed
during my study, my mother Fariel for your encouragement, and my father Karim, you
were my aspiration. My sisters, Heba, Saba, Amal and Azal for your love and empathy. My
brothers, Yousef, for your encouragement, and Mohamed, for your great support on every
occasion.

I want to thank Dr. Mushtaq Khadim, the cultural attaché in the Iraqi embassy in
India, for his support in the initial days of my PhD Study. Also, I would like to thank Prof.
Atul Vyas for his support during my study at IIT Delhi.

Finally, I would like to thank the University of Diyala for funding me through my

PhD and the support of IIT Delhi through the IPFP program.

Date: Eamon Karim Henikish

Place: Delhi

il



ABSTRACT

There has been more than a century of history in modern civil engineering structures. These
structures have undergone many effects in these times, altering their safety and health to an
uncertain state that might be disastrous on some occasions. In this regard, Structural Health
Monitoring (SHM) has emerged as an excellent choice for updating our information about
these structures. However, the reference data from the construction time are mostly
unavailable. This limits the use of data-based monitoring/detection of structural defects.
Alternatively, model-based techniques such as model updating can be considered for
applications of SHM and damage detection. Relying on model updating involves many
uncertainties since modelling, in addition to collected data, encounters uncertainties.
Bayesian model updating offers a solid approach to handling these uncertainties and
provides plausibility measures for the best model amid a class of probable models
representing the best fit to real data.

After twenty years of developing Bayesian model updating methods of civil and
mechanical dynamical systems. Most methods solely use statistics such as Most Probable
Values (MPVs) of modal parameters. This contradicts the nature of the Bayesian approach,
which is strongly affected by higher moments information. In this thesis, modal data
includes the MPVs and the variance/covariance matrix of modal parameters. Furthermore,
in most cases in the literature, normal modes of vibration are used, and the damping
parameters have been neglected. Damping existence usually alters the normal modal data
to a complex form if distributed non-proportionally in the structure.

This study uses complex modal data, and a methodology is presented for Bayesian
model updating using complex modal data without mode-matching or solution of the

eigenvalue problem. The procedure is based on model reduction, where the full system
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model is downsized to a smaller model corresponding to the measured Degrees of Freedom
(DOFs). Establishing the model reduction-based method saves a lot of computational
requirements. That is very important since the Bayesian approach is known to be
computationally expensive.

The Bayesian approach faces the problem of finding the analytical solution for
updating parameters. Usually, Markov Chain Monte Carlo (MCMC) algorithms are used to
approximate the updating parameters' posterior Probability Density Function (PDF). This
thesis presents a comprehensive MCMC solution, where a unique sampler called
Metropolis-Within-Gibbs (MWG) is formulated to handle the high number of uncertain
parameters. On top of that, an alternative method based on integrating system mode shapes
is presented to account for the problems of locally identifiable cases.

One of the objectives of this work is to provide a comprehensive approach to be
implemented with limited experimental tools for real experiments. A methodology that uses
modal data from multiple setups is developed. The methodology requires the collection of
partial mode shapes from multiple setups and does not need to form the global mode shape
or scale the mode shape from a single setup.

Extensive validation of the proposed methods is done with various numerical
problems with different numbers of DOFs and complexity. Also, different types of
uncertainty in stiffness, mass, and damping characteristics are considered in these numerical
examples. Furthermore, the approach is validated using two experimental models: a 3-DOF
shear model and a laboratory model of the pedestrian bridge deck slab.

Keywords: Finite Element Modelling, Bayesian Model Updating, Linear Dynamical
Systems, Complex Modes, Model Reduction, Markov Chain Monte Carlo, Uncertainty

Quantification, Modal Data, Damage Detection.
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myfas fafaer goffraRer aveemsd &1 sfaga v @t @ st Samer Qe g1 s

TIA3NT I o1 FAGT A s TG 93 &, TTqa Sofehr G AR Ty fAREd sraear

# deol 1 § S o Al W ARG 87 Tohel §1 38 TG H, TAAcHS TAELY

RIS (SHM) 3o7 TXTATHT o IR H §ART SIeThRT &l JISC Flel & ol Teh Sgdlel

faFeT & ®7 7 398 B gTaifh, AT & FAT FT FEHT ST AR IHIoley ¢l Ig

HIIATHS GINT T STT-3MUTRA TAIRI/IAT STaTel & 3TN I WTAT HIAT & dhioqh

T, ATSA-3MIRT dheileh o Alsel 3Usfeer & SHM 3R &1fa &7 9ar oo &

et & fU AT ST Hehal g1 Alser U W AW g § F AR
enfAer § Fifer Arsfoier, Tiad 31 & 37arar, JAARTTan3it &1 JrHaAT Hdr &1 TR
Aisel 3sfeer g HfARTAAI @ e & v ver ara giRewHIvr yarT &ar ¢ 3R

W%%%@Wﬂgwqﬁﬁr@ammﬁmﬁﬁﬁgﬁ%waﬁ%m

IS Aol & AT JHTTT 39T e :ar ¢l RAfee 3k dxFed safas s
F TRRATT Aza 3wt RN & Ffa = & i ast & s ¥ [T

hael AT HAMUCST & FeY FHIfad #AF (MPV) S 3Thal T 3UAT Il gl T

SRATATA gfSeahlor T Yhfd &1 Tsd HIAT ¢, ST ITAR 8107 T PRI & ol &

gafad giar &1 39 NRAw &, Asd a7 F vaAdEY 3R Ase AEsr & [FeRoragyEIor

Afcrg anfAa &1 sHa 3ramEn, Oifecy 7 FRAHT AHAT H, F9T & AT HAS &
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39T fRar S1ar §, 3R Aenar Agest fir 3uem fr a5 §1 e 3f¥dca 3mHGR W
AT ASA ST & Ueh SAfeel T A el gl § e Al H IR-3oquiias &7 &

aRa far sirar g1

g HEYTT SAfeel HISST S &l 3YANT T &, AN AS-Ace a1 HSIAdey AT &
AT & 9T el A ST T 3UART Flh TAAIT HAS JUSE Fld & [T Th
getrfd S & IS g1 Gishar Alsel el W MR g, Stgl qo7 faFes Alser & aAdr

TS FIAF T B (S3NTH) & 3TFT T B Alsel H wer AT S g1 Alser oA

a3 fr waoar @ Tgd AR STl HTERTRAN T F<IdT gl &1 T8 agd

FAgcaqul § Fiteh TRATAT GISChIUT Bl FFGLAAA §F § HGIM AT ATl g

SRAfAT gfSThioT ATICST HT HTSET el & [T [AATONCHS FATUA Tiolel HT FHEDT
HT AHAT FAT gl AFAAR R, ARG AT AlC Frelt (MCMC) TeIMReH HT 3UIT
3asfear AvEst & GEERIT WEfaferdT STAET hereiel (PDF) 1 3ofATed et & forw

foraT ST &1 9% AT T cAas MCMC TATU S YT &, gl Agraifera-fafea-

fie8 (MWG) s Teh 3e1aT e ARad AEst $r 3= a1 A oo & faw

R fRar a7 §1 9% 3dEl, T 9 O Ugde S J9T ATHAT I FHATATIT &
fore f&ees A5 Jrpfaal &1 Thidhd He W URA T dehfodsn fafr ge&gd & S
gl 30 FF F Th 3¢a3T adias wanEn & fav @ifAd gaencas 3uaon & @
FRiifead T A & T o save gReHIoT Yeie Xl gl Th FRIYOTel aahad

T IS § S FS WEIHAT F ASA 3¢T & 3TANRT A g FRAYOM & v &S qeami
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T 3MAH Al APHIAAT & FIE HT HEThT gl & AR SHH Tehel HCHT § dRGD

A 3MMpId Tl AT AIS T P Tehol el I IMALTehcll g il &1 &I fafergt

T Ik AT AfReed T&ITcHS TATIN3N & 1Y Affesr I&ar & DOF 3R Jfeerar

F Ty fFar Sar &1 O &, 59 G&ITcHS 36180 H FoRdl, gedd 3R fRear

VAt A [ffed ger A 3fARgdar W AR fFar Srar g1 sa% 3emar, 39
gSCeRIOT T &l GAMIcHS HScll T 3UAET dHieh AT [l a7 g Teh 3-B3NTH RRY

AiseT AR Yeel AN T S TG HT Teh FARITST HAsel| Hhias: IRIAT ded AT,

SIfqTT Arsar s, @s afada gonfort, afes As, Asa Reare, Atpla 3= Al

ralf, 3rfAaaar aRerofietor, Aser 3er, &1fa &1 gar oeman|
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