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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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अमूर्त 

आधुनिक सिविल इंजीनियररगं िंरचिाओं का इनर्हाि एक िदी िे भी ज़्यादा पुरािा है। इि 

िंरचिाओं पर इि िमयों में कई प्रभाि पडे हैं, जजििे उिकी िुरक्षा और स्िास््य अनिजचचर् अिस्था 

में बदल गया है जो कुछ मौकों पर वििाशकारी हो िकर्ा है। इि िंबंध में, िंरचिात्मक स्िास््य 

निगरािी (SHM) इि िंरचिाओं के बारे में हमारी जािकारी को अपडेट करिे के सलए एक बेहर्रीि 

विकल्प के रूप में उभरी है। हालााँकक, निमातण के िमय का िंदभत डेटा ज़्यादार्र अिुपलब्ध है। यह 

िंरचिात्मक दोषों की डेटा-आधाररर् निगरािी/पर्ा लगािे के उपयोग को िीसमर् करर्ा है। िैकजल्पक 

रूप ि,े मॉडल-आधाररर् र्किीक जैिे मॉडल अपडेटटगं को SHM और क्षनर् का पर्ा लगािे के 

अिुप्रयोगों के सलए मािा जा िकर्ा है। मॉडल अपडेटटगं पर निभतर होिे िे कई अनिजचचर्र्ाएाँ 

शासमल हैं क्योंकक मॉडसलगं, एकत्रिर् डेटा के अलािा, अनिजचचर्र्ाओं का िामिा करर्ी है। बायेसियि 

मॉडल अपडेटटगं इि अनिजचचर्र्ाओं िे निपटिे के सलए एक ठोि दृजटटकोण प्रदाि करर्ा है और 

िास्र्विक डेटा के सलए िबिे उपयुक्र् प्रनर्निधधत्ि करिे िाले िंभाविर् मॉडलों के एक िगत के बीच 

िितशे्रटठ मॉडल के सलए िंभाव्यर्ा उपाय प्रदाि करर्ा है। सिविल और मैकेनिकल डायिेसमक सिस्टम 

के बायेसियि मॉडल अपडेटटगं विधधयों को विकसिर् करिे के बीि िषों के बाद। अधधकांश विधधयााँ 

केिल मोडल मापदंडों के िबिे िंभाविर् माि (MPV) जैिे आाँकडों का उपयोग करर्ी हैं। यह 

बायेसियि दृजटटकोण की प्रकृनर् का खंडि करर्ा है, जो उच्चर्र क्षणों की जािकारी ि ेदृढ़र्ा ि े

प्रभाविर् होर्ा है। इि थीसिि में, मोडल डेटा में एमपीिी और मोडल मापदंडों के विचरण/िहप्रिरण 

मैटिक्ि शासमल हैं। इिके अलािा, िाटहत्य में अधधकांश मामलों में, कंपि के िामान्य मोड का 
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उपयोग ककया जार्ा है, और सभगोिा मापदंडों की उपेक्षा की गई है। सभगोिा अजस्र्त्ि आमर्ौर पर 

िामान्य मोडल डेटा को एक जटटल रूप में बदल देर्ा है यटद िंरचिा में गैर-आिुपानर्क रूप िे 

विर्ररर् ककया जार्ा है। 

यह अध्ययि जटटल मोडल डेटा का उपयोग करर्ा है, और मोड-समलाि या आइगेििैल्यू िमस्या के 

िमाधाि के त्रबिा जटटल मोडल डेटा का उपयोग करके बायेसियि मॉडल अपडेट करिे के सलए एक 

पद्धनर् प्रस्रु्र् की गई है। प्रकिया मॉडल कमी पर आधाररर् है, जहा ंपूणत सिस्टम मॉडल को मापी 

गई स्िरं्िर्ा की डडग्री (डीओएफ) के अिुरूप एक छोटे मॉडल में घटा टदया जार्ा है। मॉडल कमी-

आधाररर् विधध की स्थापिा िे बहुर् िारी कम्प्यूटेशिल आिचयकर्ाओं की बचर् होर्ी है। यह बहुर् 

महत्िपूणत है क्योंकक बायेसियि दृजटटकोण को कम्प्यूटेशिल रूप िे महंगा मािा जार्ा है। 

बायेसियि दृजटटकोण मापदंडों को अपडेट करिे के सलए विचलेषणात्मक िमाधाि खोजिे की िमस्या 

का िामिा करर्ा है। आमर्ौर पर, माकोि चेि मोंटे कालो (MCMC) एल्गोररदम का उपयोग 

अपडेटटगं मापदंडों के पोस्टीररयर प्रोबेत्रबसलटी डेंसिटी फंक्शि (PDF) को अिुमानिर् करिे के सलए 

ककया जार्ा है। यह थीसिि एक व्यापक MCMC िमाधाि प्रस्रु्र् करर्ी है, जहााँ मेिोपोसलि-विटदि-

धगब्ि (MWG) िामक एक अिूठा िैंपलर अनिजचचर् मापदंडों की उच्च िंख्या को िंभालिे के सलए 

र्ैयार ककया गया है। इिके अलािा, स्थािीय रूप िे पहचािे जािे योग्य मामलों की िमस्याओं के 

सलए सिस्टम मोड आकृनर्यों को एकीकृर् करिे पर आधाररर् एक िैकजल्पक विधध प्रस्रु्र् की गई 

है। इि कायत का एक उद्देचय िास्र्विक प्रयोगों के सलए िीसमर् प्रयोगात्मक उपकरणों के िाथ 

कायातजन्िर् ककए जािे के सलए एक व्यापक दृजटटकोण प्रदाि करिा है। एक कायतप्रणाली विकसिर् 

की गई है जो कई िटेअपों िे मोडल डेटा का उपयोग करर्ी है। कायतप्रणाली के सलए कई िेटअपों 
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िे आंसशक मोड आकृनर्यों के िंग्रह की आिचयकर्ा होर्ी है और इिमें एकल िेटअप िे िैजचिक 

मोड आकृनर् बिािे या मोड आकृनर् को स्केल करिे की आिचयकर्ा िहीं होर्ी है। प्रस्र्ाविर् विधधयों 

का व्यापक ित्यापि विसभन्ि िंख्यात्मक िमस्याओं के िाथ विसभन्ि िंख्या में DOF और जटटलर्ा 

के िाथ ककया जार्ा है। िाथ ही, इि िंख्यात्मक उदाहरणों में कठोरर्ा, द्रव्यमाि और सभगोिा 

विशेषर्ाओं में विसभन्ि प्रकार की अनिजचचर्र्ा पर विचार ककया जार्ा है। इिके अलािा, इि 

दृजटटकोण को दो प्रयोगात्मक मॉडलों का उपयोग करके मान्य ककया गया है: एक 3-डीओएफ सशयर 

मॉडल और पैदल यािी पुल डेक स्लैब का एक प्रयोगशाला मॉडल। कीिडत: पररसमर् र्त्ि मॉडसलगं, 

बेयसियि मॉडल अपडेटटगं, रैखखक गनर्शील प्रणासलयााँ, जटटल मोड, मॉडल ररडक्शि, माकोि चेि मोंटे 

कालो, अनिजचचर्र्ा पररमाणीकरण, मोडल डेटा, क्षनर् का पर्ा लगािा।



 

ix
 

TABLE OF CONTENTS 
CERTIFICATE ................................................................................................................... i 

ACKNOWLEDGEMENTS ............................................................................................... ii 

ABSTRACT ....................................................................................................................... iv 

अमूर्त.................................................................................................................................... vi 

TABLE OF CONTENTS ................................................................................................... ix 

LIST OF FIGURES .......................................................................................................... xiv 

LIST OF TABLES ............................................................................................................ xvii 

LIST OF ABBREVIATIONS AND SYMBOLS ............................................................. xix 

Chapter 1 .............................................................................................................................. 1 

Introduction .......................................................................................................................... 1 

1.1. Introduction ................................................................................................................... 1 

1.2. Background and Motivation ......................................................................................... 1 

1.3. Bayesian model updating .............................................................................................. 3 

1.4. Inclusion of modal data in its complex form ................................................................ 4 

1.5. Computational Issues .................................................................................................... 4 

1.6. Importance of Aggregation of Information in the Bayesian Approach ........................ 5 

1.7. Stages of the PhD research ........................................................................................... 5 

1.8. Organization of Dissertation ......................................................................................... 6 

Chapter 2 .............................................................................................................................. 8 

Literature Review................................................................................................................. 8 

2.1. Introduction ................................................................................................................... 8 

2.2. Bayesian Model Updating Methods Using Modal Data ............................................... 9 

2.2.1. Methods requiring mode matching or eigenvalue solution........................................ 9 

2.2.2. Methods without mode matching or eigenvalue solution ........................................ 11 

2.3 Computational Issues: Posterior PDF Estimation ........................................................ 14 



 

x
 

2.4. Complex Modal Data for Bayesian Model Updating ................................................. 18 

2.5. Summary ..................................................................................................................... 20 

2.6. Research Objectives .................................................................................................... 22 

Chapter 3 ............................................................................................................................ 23 

Bayesian Model Updating Using Complex Modal Data Based on Model Reduction ....... 23 

3.1. Introduction ................................................................................................................. 23 

3.2. Formulation of the Proposed Approach ...................................................................... 24 

3.2.1. Modal data ............................................................................................................... 24 

3.2.2. Development of the posterior PDF .......................................................................... 26 

3.2.3. Proposed approach ................................................................................................... 32 

3.2.3.1. Sampling of system mode shape ............................................................................ 34 

3.2.3.2. Sampling of error variances ................................................................................. 34 

3.2.3.3. Sampling of set of system modal frequencies and damping ratios ....................... 35 

3.2.3.4. Sampling of structural parameter set ................................................................... 35 

3.2.4. Alternative approach ................................................................................................ 36 

3.2.5. Special case: model updating with MPV of the modal parameters ......................... 37 

3.3. Evaluation of Probability of Damage ......................................................................... 38 

3.4. Validation of the Proposed Approach ......................................................................... 40 

3.4.1. 3-Story Shear Building ............................................................................................ 41 

3.4.2. 40-Story Shear Building .......................................................................................... 48 

3.4.3. Cantilever Beam Structure ....................................................................................... 55 

3.4.4. Experimental Study .................................................................................................. 60 

3.5. Summary ..................................................................................................................... 64 

Chapter 4 ............................................................................................................................ 67 

Bayesian Model Updating Using Complex Modal Data from Multiple Setups ................ 67 

4.1. Introduction ................................................................................................................. 67 

4.2. Formulation of the proposed approach ....................................................................... 68 



 

xi 
 

4.3. Development of the Proposed Numerical Model ........................................................ 68 

4.3.1. State-space formulation ........................................................................................... 69 

4.3.2.  Model reduction using dynamic condensation ....................................................... 70 

4.4. Development of Prediction Error Model .................................................................... 72 

4.4.1. System modal parameters and its posterior PDF ..................................................... 72 

4.4.2. Formulation of the error function and its probabilistic modeling ............................ 73 

4.5. Development of the Bayesian Framework .................................................................. 75 

4.5.1. Prior PDF ................................................................................................................. 75 

4.5.2. Likelihood function .................................................................................................. 76 

4.5.3. Posterior PDF ........................................................................................................... 77 

4.6. Sampling from Posterior PDF ..................................................................................... 78 

4.6.1. TMCMC sampling ................................................................................................... 78 

4.6.2. MWG sampler .......................................................................................................... 79 

4.6.2.1 sampling error variances ....................................................................................... 80 

4.6.2.2. Sampling of set of modal frequencies and damping ratios ................................... 80 

4.6.2.3. Sampling of structural parameter set ................................................................... 81 

4.6.2.4. Sampling of partial system mode shapes .............................................................. 82 

4.7. Illustrative Examples .................................................................................................. 82 

4.7.1. 4-DOF system .......................................................................................................... 83 

4.7.1.1. Simulated Complex Modal Data ........................................................................... 83 

4.7.1.2. Identification model .............................................................................................. 84 

4.7.1.3. Prior PDFs............................................................................................................ 86 

4.7.1.4. Identified structural Parameters (TMCMC) ......................................................... 88 

4.7.1.5. Identified structural parameters (MWG) ....................................................... 90 

4.7.1.6. Discussion on the modal data uncertainty ............................................................ 92 

4.7.1.7. Comparison to the stochastic perturbation method .............................................. 93 

4.7.2. Example 2: 80-DOF shear model with TMD .......................................................... 96 



 

xii 
 

4.7.2.1. Description of the system ...................................................................................... 96 

4.7.2.2. Modal data Simulation .......................................................................................... 97 

4.7.2.3. Identification model .............................................................................................. 98 

4.7.2.4. Prior PDFs............................................................................................................ 99 

4.7.2.5. Model updating results ......................................................................................... 99 

4.7.2.6. Comparison of elapsed time ............................................................................... 108 

4.8. Summary ................................................................................................................... 108 

Chapter 5 .......................................................................................................................... 110 

Experimental Study .......................................................................................................... 110 

5.1. Background and Motivation ..................................................................................... 110 

5.2. Description of the Laboratory Model ....................................................................... 110 

5.3. Finite Element Model of the Bridge Structure .......................................................... 112 

5.4. Experimental Study ................................................................................................... 113 

5.4.1. Accelerometer layout in multiple setups................................................................ 113 

5.4.2. Excitation ............................................................................................................... 115 

5.4.3. Modal Data Identification ...................................................................................... 116 

5.5. Model Updating ........................................................................................................ 119 

5.5.1. Parametrization of the FE model ........................................................................... 119 

5.5.2.1. Model updating results ........................................................................................ 120 

5.5.2.1.1. Results of structural parameters updating ....................................................... 121 

5.5.2.1.1. Results of system mode shapes ......................................................................... 124 

5.5.2.1.2. Results of prediction error variances .............................................................. 126 

5.6. Summary ................................................................................................................... 126 

Chapter 6 .......................................................................................................................... 128 

Research Contribution and Future Scope ........................................................................ 128 

6.1. Assumptions and Limitations ................................................................................... 131 

6.2. Recommendations for Future Research .................................................................... 132 



 

xiii 
 

Appendix – A: Formulation of the Alternative Approach (Single Setup) ....................... 148 

Appendix – B: Development of the Marginal PDF ( , , | )p Dθ ζ ω  ................................... 150 

Appendix – C: Story Stiffness and Mass and TMD Properties for the 80 Story Building

.......................................................................................................................................... 152 

Publications from the Thesis Work.................................................................................. 154 

Course work ..................................................................................................................... 156 

Curriculum Vitae ............................................................................................................. 158 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

xiv 
 

LIST OF FIGURES 
 

Fig. 1: Uncertainties in model updating. ............................................................................. 2 

Fig. 2: Schematic representation of Bayesian model updating. .......................................... 3 

Fig. 3: Typical damage probability curves. ....................................................................... 40 

Fig. 4: 3-story shear building............................................................................................. 42 

Fig. 5: Posterior histograms and scatter plot of structural parameters (3-story shear building) 

using (a) the proposed approach with MWG sampler, and (b) the alternative approach with 

TMCMC sampler. .............................................................................................................. 47 

Fig. 6: Estimated damage probability curves for the structural parameters generated using 

five independent runs of (a) proposed approach with MWG sampler, and (b) alternative 

approach with TMCMC sampler (3-story shear building). ............................................... 48 

Fig. 7: Histogram of the structural parameters (40-story shear building) obtained using 5 

runs of MWG sampler ('blue' plots indicate undamaged case and 'red' plots indicate 

damaged case). ................................................................................................................... 53 

Fig. 8: Histogram of the structural parameters (40-story shear building) obtained using 5 

runs of TMCMC sampler ('blue' plots indicate undamaged case and 'red' plots indicate 

damaged case). ................................................................................................................... 54 

Fig. 9: Damage probability curves for the structural parameters generated using 5 runs of 

(a) MWG sampler, and (b) TMCMC sampler (40-story shear building). ......................... 54 

Fig. 10.: Cantilever beam example: Geometry and discretization..................................... 55 

Fig. 11: Damage probability curves for the structural parameters generated (a) MWG 

sampler, and (b) TMCMC sampler (cantilever beam). ...................................................... 60 

Fig. 12: (a) Plan view of the first floor, (b) elevation view of the shear frame, (c) laboratory 

model, undamaged, (d) laboratory model, damaged. ......................................................... 61 

Fig. 13: Single-sided Amplitude Spectrum of recorded acceleration response at the 1st floor 

and roof from 10 data sets for (a) undamaged case and (b) damaged case (Experimental 

Study). ................................................................................................................................ 61 



 

xv 
 

Fig. 14: Histogram of the structural parameters (Experimental Study) obtained using the 

proposed MWG sampler. ................................................................................................... 64 

Fig. 15: Damage probability curves for the structural parameters generated using 5 runs 

(experimental study). ......................................................................................................... 64 

Fig. 16: 4-DOF system. ..................................................................................................... 83 

Fig. 17: Plot of the updated values of the structural parameters of the undamaged system 

for five independent TMCMC runs for Example 1. .......................................................... 89 

Fig. 18: Plot of the updated values of the structural parameters of the damaged system for 

five independent TMCMC runs for Example 1. ................................................................ 89 

Fig. 19: Plot of the updated values of the structural parameters of the undamaged system 

for five independent MWG runs for Example 1. ............................................................... 91 

Fig. 20: Plot of the updated values of the structural parameters of the damaged system for 

five independent MWG runs for Example 1. ..................................................................... 91 

Fig. 21: Scatter plot of the samples of (a) (θ1,θ2), (b) (θ3,θ4), and the posterior trace plot of 

TMD stiffness parameter θTMD1 (c) obtained using TMCMC sampler for setup plan A 

(Example2). ...................................................................................................................... 103 

Fig. 22: Posterior trace plots of damaged TMD parameters obtained using TMCMC and 

MWG algorithm for damage case (a) D1 (b) D2 (setup plan A of Example 2). ............. 104 

Fig. 23: Scatter plot of the samples of (a) (θ1, θ2) and (b) (θ3, θ4) and the posterior trace plot 

of TMD stiffness parameter θTMD1 obtained using MWG sampler for setup plan B (c) 

(Example2). ...................................................................................................................... 107 

Fig. 24: Posterior trace plots of damaged TMD parameters using TMCMC and MWG 

algorithm (a) D1 (b) D2 for setup plan B (Example 2). ................................................... 108 

Fig. 25: Scaled-down model of foot-over pedestrian bridge. .......................................... 111 

Fig. 26: 3-D FE model of the bridge deck slab. .............................................................. 112 

Fig. 27: Experimental details (a) Setups plan (b) Sensors distribution (setup 5). ........... 114 

Fig. 28: Wireless acquisition system (a) Wireless sensor (b) Data logger. ..................... 114 

Fig. 29: Sample of response of the system to IH excitation (a) acceleration response due to 

IH excitation response (b) FFT of time history response. ............................................... 115 



 

xvi
 

Fig. 30: Scatter plot of modal frequency sets for: (a) Mode 1 (b) Mode 2 (c) Mode 3. .. 117 

Fig. 31: Scatter plot of damping ratios for: (a) Mode 1 (b) Mode 2 (c) Mode 3. ............ 117 

Fig. 32: MPVs of mode shapes from experimental setups (a) Mode 1(b) Mode 2 (c) Mode 

3........................................................................................................................................ 118 

(c) Fig. 33: COV of mode shapes from experimental setups (a) Mode 1(b) Mode 2 (c) Mode 

3........................................................................................................................................ 119 

Fig. 34: Substructures for model updating. ..................................................................... 120 

Fig. 35: (a) Pairwise plots of parameters (θ1, θ2) (b) pairwise plots of parameters (θ3, θ4) (c) 

posterior MCMC samples of parameter θ5. ..................................................................... 123 

Fig. 36: Cumulative statistics of posterior MCMC samples of structural parameters (a) 

mean (b) standard deviation. ............................................................................................ 123 

Fig. 37: Correlation matrix between measured and system mode shapes before and after 

updating (a) first setup (b) second setup (c) third setup (d) fourth setup, and (e) fifth setup.

.......................................................................................................................................... 125 

Fig. 38: Prediction error variances of the first three modes of vibration. ....................... 126 

 



 

xvii
 

LIST OF TABLES 
 

Table 1: Modal data of 3-story shear building system ...................................................... 43 

Table 2: Model updating results for the 3-story shear building system (sample mean and % 

COV) .................................................................................................................................. 44 

Table 3: Modal data of 40-story shear building system .................................................... 50 

Table 4: Model updating results for the 40-story shear building system (sample mean and 

COV %) ............................................................................................................................. 52 

Table 5: Modal data of cantilever beam structure ............................................................. 56 

Table 6: Model updating results for the cantilever beam structure (sample mean and COV 

%) ....................................................................................................................................... 58 

Table 7: Sample mean and %COV (in parenthesis) values of frequencies (in Hz) and 

damping ratios obtained by solving eigensystem equations with posterior structural 

parameter samples. ............................................................................................................. 59 

Table 8: Identified modal properties of a 3-story shear building system (Experimental 

Study) ................................................................................................................................. 63 

Table 9: Nominal and simulated modal data of 4-DOF system (Example 1) ................... 84 

Table 10: Nominal and simulated mode shapes of the measured DOFs of 4-DOF system 

(Example 1) ........................................................................................................................ 85 

Table 11: Updated system modal parameters using TMCMC (Example1) ...................... 86 

Table 12 : Updated system modal parameters using MWG (Example1) ......................... 87 

Table 13: Posterior Statistics of structural parameters from five independent TMCMC runs 

(Example 1) ........................................................................................................................ 89 

Table 14: Posterior Statistics of structural parameters from five independent MWG runs 

(Example 1) ........................................................................................................................ 92 

Table 15: Posterior statistics of structural parameters obtained using MWG sampler when 

3% and 10% COV are used for modal data simulation for Example 1. ............................ 93 



 

xviii
 

Table 16: Posterior mean and COV of structural parameters from the proposed approach 

and stochastic perturbation method (undamaged case). .................................................... 94 

Table 17: Posterior mean and COV of structural parameters from the proposed approach 

and stochastic perturbation method (damaged case). ........................................................ 95 

Table 18: Details of setup plan of Example 2 ................................................................... 96 

Table 19: Nominal and simulated modal frequencies and damping ratios for the 80-DOF 

structure (Example 2) ......................................................................................................... 98 

Table 20: Details of uncertain structural parameters (θs) of Example 2 ........................... 99 

Table 21: Updated values of the system modal frequencies and damping ratios for setup 

plan A (Example 2) .......................................................................................................... 100 

Table 22: Posterior estimates of structural parameters for Example2 (Setup Plan A) ... 102 

Table 23: Updated values of the system modal frequencies and damping ratios for setup 

plan B (Example 2) .......................................................................................................... 104 

Table 24: Posterior Estimates of structural parameters, Setup Plan B of Example2 ...... 105 

Table 25: Elapsed time for performing the model updating using MWG for Example 2

.......................................................................................................................................... 108 

Table 26: Dimensions of the real and scaled model of the footbridge. .......................... 111 

Table 27: Posterior statistics from MCMC samples of updating parameters (θ) ........... 122 

 

 

  



 

xix
 

LIST OF ABBREVIATIONS AND SYMBOLS  
 

DOF Degree Of Freedom 

FEM Finite Element Model 

MCMC Markov Chain Monte Carlo 

GS Gibbs Sampler 

MWG Metropolis-Within-Gibbs 

PDF Probability Density Function 

TMD Tuned Mass Dampers 

MPV Most Probable Value 

S.T. D Standard Deviation 

COV Coefficient of Variation 

TMCMC 
Transitional Markov Chain Monte 

Carlo 

SHM Structural Health Monitoring 

[.]  Expectation 

V[.]  Variance 

  θ  Vector of uncertain parameters 

MN  Number of measured modes 

SN  Number of setups 

Dr,s Set of measured data 

ˆ
r   MPV of measured modal frequency 

ˆ
r   MPV of measured damping ratio 

ˆ mn

r   MPV of mode shapes 



 

xx 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

,rx  
Appended form of complex mode 

shapes 

,
ˆ

rC  Variance of modal frequency 

,
ˆ

rC  Variance of damping ratio 

,
ˆ

rC  Covariance matrix of mode shapes 

rε  Prediction error function 

2

rσ  Prediction error variance vector 

ω  Vector of system modal frequencies 

ζ  Vector of system damping ratio 

x  Vector of system mode shapes 

  

  

  

  

  

  

  


