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Abstract 

Civil engineering structures can experience damage due to extreme events such as earthquakes 

(low-cycle fatigue) or accumulated damage over time due to various sources including severe 

environmental conditions (winds, waves, temperature variations) and other service loads (high-

cycle fatigue), as well as material degradation of multiple types. Reliable damage identification 

and condition assessment methods are needed to ensure the safety and serviceability of structures. 

This dissertation provides a framework for damage assessment of civil structures to evaluate their 

performance under potential future loading events and estimate their remaining life. In the first 

part of this work, a Finite Element model updating approach, which is the most common vibration-

based damage identification method, was used for condition assessment of different structures to 

seismic actions. These were: (i) a 3-story reinforced concrete frame which was tested on the large 

outdoor shake table at University of California at San Diego; (ii) a full scale 10-story reinforced 

concrete building in Utica, New York, which experienced a predesigned damage scenario prior to 

total demolition; and (iii) a 4-story school building in Sankhu, Nepal, which was severely damaged 

through the Gorkha earthquake in 2015. These three examinations were used to develop a 

framework for reliable damage identification and response prediction for the structures which 

experienced low-cycle fatigue damage. In the second part of this thesis project, a high-cycle fatigue 

damage assessment was performed for monopile support structures of offshore wind turbines. 

Effects of various environmental conditions and design assumptions, such as wind directionality, 

wind directional resolution, residual and mean stresses, fatigue in base material and weldments, 

corrosive environment, and existence of corrosion protection, on the fatigue damage assessment 

of monopiles were investigated. Sensitivity of the estimated fatigue life of monopiles to the effects 

of wind shear profile and local scour behavior were also explored. 
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Chapter 1: Introduction  

1.1 Background  

Civil engineering structures can be damaged due to extreme events such as earthquakes (low-

cycle fatigue) or accumulate damage over time due to various sources including severe 

environmental and service loads (high-cycle fatigue), and/or material deterioration. Reliable 

damage identification and condition assessment methods are needed to ensure their safety and 

serviceability. A comprehensive damage identification process includes the: (i) detection of 

damage; (ii) localization of damage; (iii) quantification of extent of damage: and (iv) prediction of 

remaining service life of the structure.  

While most of the civil structures and buildings deteriorate as they experience low-cycle 

fatigue damages, certain structures, such as bridges and wind turbine support structures, encounter 

high-cycle fatigue damages due to the periodic nature of their loading events. The harsh 

environmental conditions (wind, waves, temperature variations) are also applied for structures, 

such as offshore wind turbine support structures, which makes the condition assessment process 

for structures more challenging, time-consuming, and expensive.  

Although visual inspection is the most common approach in practice to detect structural 

damage, the major shortcoming of this approach is that it can become costly, time-consuming, and 

more importantly, it could be hindered by lack of access to critical areas. Alternatively, vibration-

based damage identification methods can be used for the condition assessment of large and 

complex structures. These methods monitor the global state of the structural health by analyzing 

its vibration response to ambient or forced excitations. These methods rely on the hypothesis that 

structural damage causes observable changes in the dynamic properties of civil structures. Hence, 
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damage can be estimated from the changes in the dynamic properties through the solution of an 

inverse problem.  

Finite Element (FE) model updating is one of the most commonly used vibration-based 

approaches for damage identification of civil structures. The FE model updating framework is 

capable of detecting, localizing, and quantifying structural damage, while the updated FE models 

can potentially be used for structural response prediction which may lead to an updated life-cycle 

information of the structure. In the first part of this dissertation, which includes Chapters 2, 3, and 

4, the Finite Element model updating approach was used for the condition assessment of different 

types of structures, those being a 3-story reinforced concrete frame, a full scale 10-story reinforced 

concrete building in Utica, New York, and a 4-story school building in Sankhu, Nepal. 

Although the finite element model updating approach is highly effective in identification of 

low-cycle fatigue damage in common civil structures, the high-cycle fatigue damage identification 

of the structures such as offshore wind turbine support structures through the FE model updating 

methodology is still challenging due to the lack of available field measurements, and furthermore 

lack of knowledge about quantity and type of required instrumentation for this purpose. For 

example, the high-cycle fatigue loading is commonly recognized to be the governing loading event 

in the design of offshore wind turbine support structures, and thereby improvements to the support 

structures reliability under fatigue loading plays a significant role in reducing the Balance of 

System (BOS) Capital Expenditure (CapEx). The second part of this study, which is presented in 

Chapter 5, a high-cycle fatigue damage assessment was performed for monopile support structures 

of offshore wind turbines. Effects of various environmental conditions and design assumptions, 

such as wind directionality, wind directional resolution, residual and mean stresses, fatigue in base 
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material and weldments, corrosive environment, and existence of corrosion protection, on the 

fatigue damage assessment of monopiles were investigated in this chapter. 

1.2 Objectives and Original Contributions  

The key objectives and contributions of this dissertation include: 

¶ Accounting for effects of frequency content and excitation level in the nonlinear finite 

element model updating of a 3-story reinforced concrete frame, and propagation of the 

model updating uncertainties into seismic response prediction of the structure. 

¶ Development of a statistical framework to investigate the variability of ambient 

vibration measurement of a 10-story building and its effect on model updating and 

damage identification of the structure. 

¶  Application of the linear finite element model updating to seismic damage assessment 

of a school building which was severely damaged through the 2015 Gorkha earthquake 

in Sankhu, Nepal. 

¶ Study of the effect of various environmental conditions including wind directionality, 

wind directional resolution, wind shear profile, and scour incident on the fatigue life of 

the monopile support structures for offshore wind turbines. 

1.3 Thesis Organization  

Chapter 2 of this dissertation focuses on calibrating a simplified nonlinear FE model for a 

three-story infilled reinforced concrete frame in order to evaluate the capability of the calibrated 

model to predict the response of the system to unknown input excitations, i. e. the excitations 

which are different from the input excitations used in the model updating process. A detailed FE 

model of the frame, which had been validated through previous analytical and experimental 
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studies, was used to simulate the response time history data. The error between predicted response 

data obtained by the calibrated model and the simulated response data was considered as the 

objective function of the calibration. Effects of two sources of uncertainty in model calibration 

process (frequency content and intensity of input excitations), in the model updating process were 

investigated. The calibrated model was evaluated through a selected ground-motion suite and the 

predicted responses were compared to the estimated performance of the frame for the selected 

earthquake records.  

In Chapter 3, a statistical finite element (FE) model updating framework is proposed for linear 

FE model updating and damage identification of a ten-story reinforced concrete building using 

ambient vibration measurements. Structural damage was induced to the building by removing six 

perimeter infill walls. Ambient acceleration response of the structure was recorded before and after 

the induced damage which are referred to as the reference state and damaged state of the building, 

respectively. An operational modal analysis method was used to identify the natural frequencies, 

damping ratios, and mode shapes of the structure using different sets of ambient vibration 

measurements at the reference state and the damaged state of the building. An initial linear FE 

model of the structure was created based on in-situ geometry measurements and testing of material 

samples. The initial model was then updated to reference models using different sets of ambient 

vibration measurements at the reference state of the building. Variability of the updated model 

parameters associated with the uncertainties in the identified modal features of the structure was 

investigated. A subset of the updated reference models was subsequently employed to detect the 

location and extent of the induced damage by updating the equivalent stiffness of 12 wall 

substructures using the measured data at the damaged state.  



19 

 

Chapter 4 discusses finite element model updating of a four-story infilled reinforced concrete 

school building, located in Sankhu, Nepal, which was severely damaged during the Gorkha 

earthquake on April 25th, 2015. A group of colleagues visited the country, in June 2015, to conduct 

a post-earthquake assessment for certain structures including the case study building. To achieve 

this purpose, post-earthquake ambient vibration data were collected to be used for performance 

assessment of the building. The ambient acceleration response of the structure was recorded using 

12 uniaxial accelerometers at two setups. The modal properties of the building (i.e., natural 

frequencies, mode shapes, and damping ratios) were identified using an operational modal analysis 

method, namely the Natural Excitation Technique combined with the Eigen-system Realization 

Algorithm. An initial finite element model of the structure was created based on the gathered 

design information as well as site inspections. To account for the effects of earthquake induced 

damage on the effective stiffness of the model, severely damaged structural elements were not 

included in the model. The initial model was then updated through a finite element model updating 

approach by minimizing an objective function. The objective function was defined as the 

difference between identified and model estimated modal parameters and a regularization term. 

To achieve this goal, different structural elements were grouped together and their equivalent 

stiffness parameters (i.e., effective elasticity moduli) were updated through a global optimization 

approach. Performance of the updating approach was studied when considering different 

regularization terms in the objective function. Finally, the obtained changes in the updating 

parameters were compared to the observed damage in the building.  

Chapter 5 presents a fatigue life assessment framework for monopile support structures of 

offshore wind turbines. The NREL 5 MW reference wind turbine on the OC3 monopile support 

structure was used in this chapter. A potential wind site close to a National Oceanic and 



20 

 

Atmospheric Administration buoy in the Northeastern U.S. waters was considered in this study. 

The main metocean parameters, including wind speed, wind direction, significant wave height, 

and wave peak spectral period were estimated using near to 40 years of hourly recorded data for 

the case study wind site. Effects of various design conditions and assumptions, such as uni-

directional and multi-directional wind and wave, residual and mean stresses, tensile and 

compressive stresses in critical spots, fatigue in base material and weldments, corrosive 

environment, and corrosion protection on the fatigue life of monopiles were presented in this 

chapter. Furthermore, distinct and independent wind speed distribution for each wind direction to 

were estimated to investigate the effect of wind directionality and wind directional resolution on 

the fatigue damage assessment of the monopile support structures. Sensitivity of the estimate 

fatigue life of monopiles to the effects of wind shear profile and local scour behavior were also 

examined in this chapter.  

Chapter 6 provides a summary and list of conclusions from this work along with some 

suggestions for future work, with an emphasis on work related to the fatigue life estimation of the 

offshore wind turbine support structures. This includes suggestions for implementing the structural 

health monitoring methodologies to offshore wind turbines in order to reduce the operational and 

maintenance associated costs of offshore wind farms, as well as suggestions for investigation of 

several environmental effects on the fatigue life of support structures particularly for modern large-

scale offshore wind turbines. 

Appendix A provides the list of load cases which have been recommended by the Standard 

IEC 61400-3 for design of fixed-bottom offshore wind turbines. 
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Appendix B presents the structural detail classifications provided by the Recommended 

Practice DNVGL-PR-C203, which have been studied for the support structures of offshore wind 

turbines in this thesis. 

Appendix C provides the MATLAB codes developed to estimate the fatigue damage of base 

material and weldments of monopile support structures with/without corrosion protection 

considering the effects of wind directionality.         
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Chapter 2: Nonlinear Model Updating for Seismic Performance Evaluation of 

an Infilled Reinforced Concrete Frame 

 

The findings provided in this chapter are from the material presented in: 

× Nozari, A., Behmanesh, I., Moaveni, B., and Stavridis, A. (2014). ñNonlinear model 

calibration of a frame structure using earthquake data for probabilistic performance 

evaluation.ò Engineering Mechanics Institute Conference, McMaster University, 

Hamilton, Ontario, CA. 

 

For further reading on this topic, the readers can refer to this article: 

× Asgarieh, E., Moaveni, B., Nozari, A., Barbosa A. R., and Chatzi, E. (2014). ñNonlinear 

identification of a seven-story shear wall building based on numerically simulated seismic 

data.ò Dynamics of Civil Structures, Volume 4, pp. 245-254. 
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2.1 Introduction  

Prediction of the structural response to an unknown future ground excitation is of utmost 

importance for the safety and reliability analyses of civil structures [1, 2]. Although the 

characteristics of future loadings are usually the largest source of uncertainty for the structural 

response prediction, modeling errors due to various effects such as imperfections in the 

construction process, uncertainties in material properties, variation of geometric dimensions of 

structural components, and lack of accuracy in modeling of boundary conditions can also 

contribute significantly to the variability of the predicted structural response [3-8]. However, in 

the case of available measurements from the experimental tests for existing buildings and 

prototypes, the initial models can be calibrated in such a way that they can estimate the structural 

responses to future dynamic loadings within acceptable range of accuracy [9-14]. 

This study focuses on calibrating a simplified nonlinear FE model for a three-story infilled 

reinforced concrete frame in order to evaluate the capability of the calibrated model to predict the 

response of the system to unknown input excitations, i. e. the excitations which are different from 

the input excitations used in the model updating process. There exists a detailed FE model of the 

frame which has been validated through previous analytical and experimental studies. This model 

was used to simulate the response time history data, which normally can be measured through 

experimental tests, and were assumed to represent the real seismic performance of the frame. The 

error between predicted response data obtained by the calibrated model and the simulated response 

data was considered as objective function of the calibration. Effects of two sources of uncertainty 

in model calibration process, i. e. frequency content and intensity of input excitations, in updating 

process were investigated. The calibrated model was evaluated through a selected ground motion 
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suite and the predicted responses were compared to estimated performance of the frame against 

the selected earthquakes.  

2.2 Test Structure and Dynamic Experiments 

2.2.1 Description of the Test Structure 

The test structure is a 2/3 scaled reinforced concrete frame of a three-story prototype structure 

which was commonly built in the 1920s in California. These typical structures consist of non-

ductile RC frames with unreinforced masonry infill walls. The frame was tested on the large 

outdoor shake table at University of California at San Diego (UCSD) as shown in Figure 2.1. The 

structure was densely instrumented with a large array of sensors including 59 uniaxial 

accelerometers, 71 displacement transducers, and 144 strain gages. 11 video cameras were also 

employed to monitor the performance of the structure under imposed dynamic excitations. 

Through design specifications of the test structure and more details about its instrumentation have 

been reported in [15, 16]    

 

Figure 2.1 Prototype reinforced concrete frame on the UCSD shake table 
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2.2.2 Dynamic Experiments 

In order to investigate the seismic performance of the frame, a sequence of 44 dynamic tests 

including 14 scaled ground motion records of increasing intensity, 15 white-noise base excitations, 

and 15 ambient vibration recordings were performed on the shake table during a period of 15 days. 

1989 Loma Prieta earthquake recorded at Gilroy 3 station, and 1940 Imperial Valley earthquake 

recorded in El Centro were scaled and used as the input ground motions to provide different base 

excitation intensities. Table 2.1 presents the sequence and the scale factors of the applied 

earthquake ground motions. 

Table 2.1 Scaled earthquake records used in the experiments [16] 

Test ID Test name Earthquake record Scale factor [%] 

6 gil10 Gilroy 3 10 

8 gil20a Gilroy 3 20 

12 gil40a Gilroy 3 40 

16 gil20b Gilroy 3 20 

18 gil20c Gilroy 3 20 

19 gil40b Gilroy 3 40 

21 gil67a Gilroy 3 67 

23 gil20d Gilroy 3 20 

26 gil67b Gilroy 3 67 

28 gil83 Gilroy 3 83 

33 gil91 Gilroy 3 91 

35 gil100 Gilroy 3 100 

40 gil120 Gilroy 3 120 

43 ec250 El Centro 250 
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It should be noted that the applied earthquake records have been selected by comparing their 

response spectra with the proposed design spectra for design earthquake (DE) and maximum 

considered earthquake (MCE) for soil type D in San Diego, California. More details about the 

performed dynamic excitations can be found in [15, 16]. 

 

Figure 2.2 Design and ground motions response spectra [15] 

 

2.3 Finite Element Model and Data Simulation 

2.3.1 Detailed Finite Element Model 

A detailed finite element of the structure was used to simulate the response of the structure for 

different earthquake records at different intensities. In practice, we can perform experiments with 

high input excitation intensities for a specific test structure to record the nonlinear response of the 

structure, since the high amplitude vibrations due to one excitation solely could cause significant 

damages or may yield to collapse of the structure. Therefore, a detailed FE model which had been 

calibrated using the experimental measurements, was employed in this study to simulate the 

required responses of the structure. 
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The detailed finite element model of the frame is a two-dimensional nonlinear FE model which 

is schematically shown in Figure 2.3. This model has been created in OpenSees which is an open-

source platform for nonlinear dynamic analysis of structures developed at University of California 

at Berkeley [17]. The infilled walls of the structure were modeled as nonlinear truss elements and 

beams were assumed to be rigid elements in the model. First story columns have nonlinear 

behavior while the second and third story columns were considered as linear-elastic members. 

Yassin hysteretic material behavior (i.e., Concrete02 material model in OpenSees) was assigned 

to all nonlinear elements in the model. 

 

 

   

  

Figure 2.3 Detailed finite element model of the frame 

 

Walls (nonlinear)  

Columns of first story (nonlinear)  Columns of upper stories (linear)  

Beams (rigid)  

 

3.65 m 3.65 m 

2.2 m 

2.2 m 

2.2 m 
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2.3.2 Simulating Response Data 

A Suite of 22 earthquake records presented in FEMA-P695 was used for simulating the 

response of the prototype structure [18]. The records are typically far-field records which are 

recommended for nonlinear seismic assessment of structures. Seismic characteristics of the ground 

motions are presented in Table 2.2. The acceleration response spectra of the records are also 

demonstrated in Figure 2.4. It is observed that the ground motions have different intensity levels 

and frequency content, and this variability could result in uncertainty in prediction of the nonlinear 

seismic response of the test structure to the potential future earthquake. In addition to variability 

in frequency content of ground motions which is indicated from the response spectra of the records, 

higher intensities of earthquakes generally result in higher nonlinearity in structural response. This 

fact significantly influences both model updating and response prediction of structures. In other 

words, the level of excitation intensity at which a nonlinear model was calibrated, could 

significantly affect the capability of that model in prediction of nonlinear response of a structure 

subjected to an input excitation with a different intensity.  

 

Figure 2.4 Acceleration response spectra of the ground motions 
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Table 2.2 Characteristics of the suite of far-field ground motions presented in FEMA-P695 

No. Earthquake Record name Year 
Magnitude 

(Ms) 
Site class dt (sec) PGA (g) 

PGV 

(in/sec) 
PGD (in) 

1 Northridge, USA NORTHR/MUL279 1994 6.7 D 0.0100 0.52 25 4 

2 Northridge, USA NORTHR/LOS270 1994 6.7 D 0.0100 0.48 18 5 

3 Duzce, Turkey DUZCE/BOL090 1999 7.1 D 0.0100 0.82 24 5 

4 Hector Mine, USA HECTOR/HEC090 1999 7.1 C 0.0100 0.34 16 6 

5 Imperial Valley, USA IMPVALL/H -DLT352 1979 6.5 D 0.0100 0.35 13 8 

6 Imperial Valley, USA IMPVALL/H -E11230 1979 6.5 D 0.0050 0.38 17 7 

7 Kobe, Japan KOBE/NIS000 1995 6.9 C 0.0100 0.51 15 4 

8 Kobe, Japan KOBE/SHI000 1995 6.9 D 0.0100 0.24 15 3 

9 Kocaeli, Turkey KOCAELI/DZC270 1999 7.5 D 0.0050 0.36 18 7 

10 Kocaeli, Turkey KOCAELI/ARC000 1999 7.5 C 0.0050 0.22 7 5 

11 Landers, USA LANDERS/YER270 1992 7.3 D 0.0200 0.24 20 17 

12 Landers, USA LANDERS/CLW-TR 1992 7.3 D 0.0025 0.42 17 5 

13 Loma Prieta, USA LOMAP/CAP000 1989 6.9 D 0.0050 0.53 14 4 

14 Loma Prieta, USA LOMAP/GO3000 1989 6.9 D 0.0050 0.55 14 3 

15 Manjil, Iran MANJIL/ABBARïL 1990 7.4 C 0.0200 0.51 17 6 

16 Superstition Hills, USA SUPERST/B-ICC000 1987 6.5 D 0.0050 0.36 18 7 

17 Superstition Hills, USA SUPERST/B-POE270 1987 6.5 D 0.0100 0.45 14 3 

18 Cape Mendocino, USA CAPEMEND/RIO360 1992 7.0 D 0.0200 0.55 16 8 

19 Chi-Chi, Taiwan CHICHI/CHY101-N 1999 7.6 D 0.0050 0.44 45 27 

20 Chi-Chi, Taiwan CHICHI/TCU045-N 1999 7.6 C 0.0050 0.51 15 6 

21 San Fernando, USA SFERN/PEL090 1971 6.6 D 0.0100 0.21 7 5 

22 Friuli, Italy FRIULI/A-TMZ000 1976 6.5 C 0.0050 0.35 9 2 

 

In this study, Peak Ground Acceleration (PGA) of earthquake records was considered as the 

intensity measure of the ground motions. Ten intensity measures from 0.15g to 1.5g, equally 

distributed with an interval of 0.15g, were used to scale all the earthquake records. Hence, a total 

of 22×10=220 earthquake records were produced to be used as input ground excitations and 

simulate the response of the structure (i.e., acceleration and displacement response time-histories 

at each story of the frame) by the detailed finite element model. 
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2.4 Finite Element Model Calibration 

2.4.1 Simplified Finite Element Model 

A simplified model is introduced in this study to predict the response of the prototype structure 

and evaluate its seismic performance. This model is a 3-DOF (Degrees of Freedom) finite element 

model as illustrated in Figure 2.5. In this model, it was assumed that the nonlinear behavior only 

exists in the first story element, therefore the second and third stories were considered as linear 

elements. This assumption was based on the observed damage in infill walls of the first story 

through the conducted experiments on the frame. The stiffness of the second and third stories were 

assumed to be equal, and the Bouc-Wen model was assigned to the first story to represent its 

nonlinear behavior [19, 20]. Therefore, there will exist 5 material parameters in updating process 

of the simplified FE model:  

(i) Two stiffness parameters: k1 stiffness of the first story, and k2 = k3 stiffness of the second 

and third stories. 

(ii)  Three Bouc-Wen parameters which control the nonlinear behavior of the first story: Ŭ and 

ɓ which control the post-yield stiffness and the shape of the hysteretic model, and ŭɖ which 

controls the stiffness degradation during the hysteretic loop. It should be noted that no 

material strength degradation and pinching effects are considered in this study.        
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Figure 2.5 Simplified 3-DOF model of the frame 

 

2.4.2 Input Excitation for Model Calibration 

The first record in the ground motion suite, depicted in Figure 2.6, was used in model 

calibration of the simplified model. This ground motion record was from the Northridge 

earthquake which was recorded at the Beverly Hills-Mulholland station. The first two seconds of 

the record which is very low amplitude excitation was used for linear model updating, while the 

first ten seconds was considered as the high amplitude part of the excitation which was employed 

for the nonlinear model updating. 

 

Figure 2.6 Northridge earthquake record used for model calibration 
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Figure 2.7 shows base shear vs. first story displacement hysteretic plots of the structure against 

the Northridge record at four excitation intensity levels. It is observed that at the intensity measure 

of 1 (i.e., IM1 corresponding with PGA = 0.15 g), the response of the structure is linear; however, 

as the excitation intensity increases, the nonlinearity level of the response increases, hence as an 

instance, at intensity level of 10 (i.e., IM10 corresponding with PGA = 1.5 g), highly nonlinear 

response of the structure can be simply recognized. The low and moderate nonlinearity in structural 

response are also observed at intensity measures of 4 and 7, corresponding to PGA = 0.6 g and 

PGA = 1.05 g, respectively. 

 

Figure 2.7 Hysteretic plots of base shear vs. first story displacement at different intensities 

2.4.3 Calibration of The Simplified Model 

2.4.3.1 Linear Model Calibration 

In the first step of model calibration, the stiffness parameters of the simplified model were 

updated in low amplitude part of the input excitation in which the structural response was small 

enough to be in the linear range, consequently, two parameters, i.e., K1 and K2 = K3, were updated 

in this step. The misfit between model-predicted displacement response and the simulated response 

of structure at three stories was used as the objective function of optimization in the model 
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calibration process. 200 data points in displacement responses were matched in the objective 

function considering the two second duration of low amplitude excitation and the sampling 

frequency of the record which is 100 Hz (corresponding with the time step of 0.01 sec in the 

dynamic analysis). The Genetic Algorithm was employed for model updating as a powerful global 

optimization approach [21]. The results of model updating in the linear phase is presented in Table 

2.3. 

Table 2.3 Results of linear model updating 

Updated initial stiffness values [ksi] 

First story (K1) 45,500 

Second and third stories (K2 = K3) 25,000 

 

Figure 2.8 compares the low amplitude part of the displacement response of the first and roof 

stories estimated by the simplified FE model with the measured displacement response of the 

structure which was simulated by the detailed FE model.  

 

 (a) 
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  (b) 

Figure 2.8 Measured (simulated) vs. model predicted displacement response in low amplitude 

part of excitation: (a) first story response, (b) roof response 

 

2.4.3.2 Nonlinear Model Calibration 

In the second step of model calibration, the updated stiffness parameters of the simplified finite 

element model remain persistent, and three Bouc-Wen parameters of the nonlinear material 

behavior of the first story were updated. The first ten seconds of the earthquake record was 

employed as the high amplitude part of the excitation. Here again, the misfit between displacement 

response of the simplified model and the simulated response of the structure forms the objective 

function of model updating. Since it was assumed that only the first story of the simplified model 

experiences the nonlinear response, the objective function only incorporates the first story 

displacement responses. 1000 data points were matched in the model calibration considering 100 

Hz sampling frequency of the Northridge earthquake record. To account for the effect of input 

excitation intensity in nonlinear model calibration, the simplified FE model was updated three 

times at three different excitation levels, i.e. IM4, IM7, and IM10 which are corresponding to low, 

moderate, and high nonlinearity level in the structural response, respectively. The results of 
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nonlinear model updating and the estimated displacement residuals of the three calibrated models 

are presented in Tables 2.4 and 2.5.  

Table 2.4 Updated Bouc-Wen hysteretic material parameters 

Model  Intensity level Ŭ ɓ = ɔ ŭɖ  

C1  IM4 (PGA = 0.60 g) 0.158 4050 2.02 

C2  IM7 (PGA = 1.05 g) 0.160 4400 2.00 

C3  IM10 (PGA = 1.50 g) 0.136 4800 2.02 

 

Table 2.5 Displacement residuals of calibrated model at different excitation intensities 

Model  IM4 IM7 IM10 Avg.  

C1  8%  15%  25%  16%  

C2  11%  11%  18%  13%  

C3  18%  20%  14%  17%  

 

It is observed from Table 2.5 that the FE model which was updated in the moderate nonlinear 

level (IM7), named model C2, represents more consistent results for the lower and higher 

nonlinearity levels in the structural response. Consequently, this model was selected as the 

calibrated model from the nonlinear model updating process. Figure 2.9 shows comparison of the 

predicted and simulated responses of the structure in high amplitude excitation part. It can be 

observed that in addition to the displacement responses which were incorporated in the objective 

function of the model updating process, the model predicted and simulated acceleration responses 

also match reasonably well. 
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                                                                             (a) 

 

 

                                                                      (b) 

Figure 2.9 Measured (simulated) vs. model predicted response of the first story: (a) 

displacement response, (b) acceleration response 

2.4.4 Model Validation 

The calibrated simplified model, C2, was validated through the suite of earthquake records 

introduced in Section 2.3.3. Displacement residuals of the model C2 at low, moderate, and high 

intensity levels, listed in Table 2.6, were quantified for all 22 records in the suite to investigate 

both effects of frequency content and intensity of ground motions on model calibration/validation. 

The results indicate that although the simplified model was calibrated using only the first 

earthquake in the list, and only at moderate intensity measure (i.e., IM7), it was capable of 
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predicting the response of structure for other earthquakes at different intensity levels within a 

remarkable level of accuracy.     

Table 2.6 Displacement residuals (%) of calibrated model for different ground motions at three 

excitation intensities 

No. Earthquake record IM4 IM7 IM10 Avg. 

1 NORTHR/MUL279 11 11 18 13 

2 NORTHR/LOS270 8 23 20 17 

3 DUZCE/BOL090 12 27 33 24 

4 HECTOR/HEC090 13 19 27 20 

5 IMPVALL/H -DLT352 15 16 19 17 

6 IMPVALL/H -E11230 12 12 18 14 

7 KOBE/NIS000 9 17 23 16 

8 KOBE/SHI000 7 11 25 14 

9 KOCAELI/DZC270 9 10 22 14 

10 KOCAELI/ARC000 15 18 24 19 

11 LANDERS/YER270 14 15 14 14 

12 LANDERS/CLW-TR 12 14 16 14 

13 LOMAP/CAP000 16 17 18 17 

14 LOMAP/GO3000 13 20 21 18 

15 MANJIL/ABBARïL 17 21 25 21 

16 SUPERST/B-ICC000 17 24 24 21 

17 SUPERST/B-POE270 16 17 21 18 

18 CAPEMEND/RIO360 11 27 17 18 

19 CHICHI/CHY101-N 14 13 24 17 

20 CHICHI/TCU045-N 15 26 31 24 

21 SFERN/PEL090 19 24 23 22 

22 FRIULI/A-TMZ000 11 12 19 14 

Avg.  13 18 22 18 

 

Figure 2.10 compares the average of estimated maximum displacement of the first story of the 

frame with the simulated response from detailed FE model at different intensity measures. It is 
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observed that the model-predicted and simulated responses match reasonably well. The match is 

even closer around PGA = 1.1 g which is expected as model C2 has been calibrated in moderated 

intensity level (i.e., IM7) that is corresponded with PGA = 1.05 g. However, the misfit between 

predicted and simulated responses increases as the intensity measure and consequently the 

nonlinearity level of the structural response raises. 

    

 

Figure 2.10 Measured (simulated) vs. model predicted maximum displacement of the first story 

 

2.5 Seismic Performance Assessment 

2.5.1 Generating Fragility Curves for the Test Structure 

In order to generate fragility curves for the prototype frame structure at different seismic 

performance levels, three damage levels were defined as: small, moderate, and severe damage 

based on drift ratio of the first story of structure as a common seismic demand parameter. Table 

2.7 indicates the corresponding drift ratios at each damage level. The same damage levels were 

used to generate the fragility curves using both the simplified and the detailed FE models. 
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  Figure 2.11 Four analytical steps in probabilistic performance-based earthquake engineering  

Table 2.7 Drift ratios used to define the damage levels 

Damage level  Drift  ratio (%) 

Small  0.025 < DR < 0.05 

Moderate 0.05 < DR < 0.1  

Severe 0.1 < DR 

In fragility curves, the probability of exceeding a certain amount of a demand parameter or a 

damage level is depicted versus an intensity measure of earthquake, which could be the peak 

ground acceleration as it was used in this study. The same ground motion suite was employed to 

generate the fragility curves at three damage levels and results demonstrated in Figure 2.12. It is 

observed that, for instance if the structure undergoes an earthquake with peak ground acceleration 

(PGA) of 0.60g, the probability that the structure will experience a small level of damage is about 

85%, and the probability that it will experience a moderate level of damage is less than 5%, and 

finally there is no probability that the structure will experience severe damage during the scenario 

earthquake.         
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Figure 2.12 Fragility curves of the test structure at three damage levels 

 

2.5.2 Propagation of Uncertainty of Modeling Error on Fragility Curves 

In order to propagate the uncertainty of the calibrated model (model C2) into fragility curves, 

an error function was defined as the normalized root mean square (RMS) of the prediction error 

for the first story displacement peaks as below: 

„  =  (2.1) 

It should be noted that only the peaks which are larger than 50% of the maximum displacement 

were considered in the error function. Two sets of upper and lower bound fragility curves were 

estimated by adding/subtracting the calculated error function and three times of its value to provide 

both small and large confidence intervals. This approach for propagating the model calibration 

uncertainty is based on the assumption that the calibrated model has similar prediction error for 

the other ground motions (i.e., the error function is comparable for all ground motions). The 

developed fragility curves with the propagated uncertainty are illustrated in Figures 2.13, 2.14, and 
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2.15 for the slight, moderate, and severe damage levels respectively. The results exhibit that in all 

the calibrated simplified model effectively predicts the response of structure which was estimated 

by the detailed FE model in all damage levels. In fact, in most cases the confidence interval as 

equal to the introduced error function is enough cover the discrepancy between the predicted 

responses by the simplified and detailed FE models.    

 

Figure 2.13 Fragility curve of the frame at small damage level with confidence intervals 
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Figure 2.14 Fragility curve of the frame at moderate damage level with confidence intervals  

 

 

Figure 2.15 Fragility curve of the frame at severe damage level with confidence intervals  
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2.6 Conclusions 

This study focuses on calibrating a simplified nonlinear FE model for a three-story infilled 

reinforced concrete frame in order to evaluate the capability of the calibrated model to predict the 

response of the system to unknown input excitations, i. e. the excitations which are different from 

the input excitations used in the model updating process. The results exhibit that the acceleration 

and displacement time-history responses of the simplified FE model match well with the 

corresponding responses obtained from a detailed FE model of the frame. The simplified model 

was also calibrated in nonlinear range (i.e., for high amplitude input excitations) with different 

levels of response nonlinearities corresponding with different intensity levels of input excitations. 

It is observed that when the simplified model is calibrated in the moderate excitation level, which 

corresponds with moderate nonlinear response, it can more accurately predict the seismic response 

of the frame in other excitation levels associated with either lower or higher levels of the response 

nonlinearity. Furthermore, probabilistic seismic demand analysis of the RC frame was performed 

using the calibrated model which provided consistent results with the detailed FE model. Fragility 

curves of the frame were developed by simplified model in different damage states and the 

estimation error of the calibration record was propagated in the fragility curves providing 

confidence intervals.       
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Chapter 3: Effects of Variability in Ambient Vibration D ata on Model 

Updating and Damage Identification of a 10-Story Building 

 

The findings presented in this chapter are from the material published in: 

× Nozari, A., Behmanesh, I., Yousefianmoghadam, S., Moaveni, B., and Stavridis, A. (2017). 

ñEffects of variability in ambient vibration data on model updating and damage 

identification of a 10-story building.ò Engineering Structures, 151, 540-553. 

 

For further reading on this topic, the readers can refer to these articles: 

× Behmanesh, I., Yousefianmoghadam, S., Nozari, A., Moaveni, B., and Satvridis, A. (2017). 

ñUncertainty quantification and propagation in dynamic models using ambient vibration 

measurements, application to a 10-story building.ò Mechanical Systems and Signal 

Processing, 107, 502-514. 

× Yousefianmoghadam, S., Behmanesh, I., Satvridis, A., Moaveni, B., Nozari, A., and Sacco, 

A. (2017). ñSystem identification and modeling of a dynamically tested and gradually 

damaged 10-srory reinforced concrete building.ò Earthquake Engineering & Structural 

Dynamics, 47 (1), 25-47.     
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3.1 Introduction  

Civil engineering structures can be damaged due to extreme events such as earthquakes or 

accumulate damage over time due to various sources of loading including severe environmental 

conditions, service loads, and/or material deterioration. Reliable damage identification and 

condition assessment methods are needed to ensure their safety and serviceability. A 

comprehensive damage identification process includes the: (i) Detection of damage; (ii) 

Localization of damage; (iii) Quantification of damage extent; and (iv) Prediction of remaining 

service life of the structure [1]. Visual inspection is the most common approach used in practice 

to detect structural damage; however, the major shortcoming of this approach is that it can become 

costly, time-consuming, and more importantly, it could be hindered by lack of access to the critical 

areas of the structure [2, 3]. Alternatively, vibration-based damage identification methods can be 

used for the condition assessment of large and complex structures [4, 5]. These methods monitor 

the global state of the structural health by analyzing its vibration response to ambient or forced 

excitations. These methods rely on the hypothesis that structural damage causes observable 

changes in the dynamic properties of civil structures. Hence, damage can be estimated from the 

changes in the dynamic properties through the solution of an inverse problem. Comprehensive 

reviews of vibration-based damage identification methods can be found in [6ï9].      

Finite Element (FE) model updating is one of the most commonly used vibration-based 

approaches for damage identification of civil structures [10ï15]. The FE model updating 

framework is capable of detecting, localizing, and quantifying structural damage, while the 

updated FE models can potentially be employed for structural response prediction which may lead 

to an updated life-cycle information of the structure [14, 15]. In the FE model updating process 

used for damage identification, a linear elastic model of the structure is often considered, and the 
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structural damage is estimated as the loss of stiffness in the structural elements. The updating 

process is performed at an initial reference state and then at the current/damaged state of the 

structure by matching the measured data in those states, respectively. This methodology has been 

widely used for damage identification of different types of structures [18ï23]; however, several 

challenges still remain when applied to actual large structures. Some of these challenges include 

the: (i) low sensitivity of vibration data to structural damage [24]; (ii) influence of modeling errors 

[25ï27]; (iii) high computational cost associated with updating large models [25, 26]; (iv) 

sensitivity of vibration measurements to environmental and ambient conditions [30ï33]; and (v) 

complications when extending the framework to nonlinear models and nonlinear structural 

response [34ï36].  

The FE model updating framework was implemented in this chapter to identify the damage 

induced in a ten-story reinforced concrete building. First, an initial FE model of the building was 

created based on data obtained from in-situ measurements and laboratory tests of geometric and 

material properties. Then, the initial model was updated to reference models by matching the 

model-predicted modal parameters to those identified from different sets of the measured ambient 

vibration data. This calibration process was repeated 40 times using the modal parameters 

identified from 40 different vibration datasets at the reference state resulting in 40 reference 

models. An average reference model was also defined based on the average values of the updating 

parameters over the 40 reference models. The average, and three distinct reference models, were 

then calibrated to match the modal parameters at the damaged state of the building. The re-

calibrated models can be used to estimate structural damage. The variability of updating stiffness 

parameters were investigated and compared with the observed variability in the identified modal 

parameters at both the reference and damaged states. Finally, the robustness of the presented 
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damage identification framework was evaluated by comparing the estimated damage with the 

imposed damage to the structure.              

3.2 Description of Building and Dynamic Tests 

3.2.1 General Characteristics of the Building 

The ten-story reinforced concrete building considered in this study was constructed in 1914 in 

Utica, NY. It consisted of a slab-column structural system with exterior concrete infill walls. A 

five-story clay masonry structure was attached to the main structure in the south side. The building 

was demolished on March 2, 2014 following a number of ambient vibration and forced vibration 

tests [37] using the equipment of NEES at UCLA. Figure 3.1 shows the west view of the building 

and the plan view of a typical floor. 

 

(a) 
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(b) 

Figure 3.1 The 10-story building: (a) west view and (b) plan view of a typical floor 

3.2.2 Induced Damage 

Damage was induced to the building by removing six exterior infill walls. The induced damage 

would reduce the lateral stiffness of the structure in a manner similar to effects of a potential 

earthquake on the structure. The damage was induced by removing: (i) two walls at the west side 

of the third story, (ii) two walls at the north side of the third story, and (iii) two walls of the second 

story, one at the west side and one at the north side. In this study, the ñreference stateò refers to 

the initial state of the building and the ñdamaged stateò refers to the building state after the removal 

of the six walls. The damaged walls of the building are illustrated in Figure 3.2. 

 

 

 

 

 

Interior walls (masonry) 

Accelerometers (northeast) 

Exterior walls (concrete) 

Accelerometers (southwest) 

Exterior walls (concrete) 
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                            (a)                                                                                (b) 

Figure 3.2 The induced damage: (a) wall removal by jack hammer, (b) location of six removed 

walls defining the damaged state 

3.2.3 Dynamic Tests 

Fifty two hours of ambient vibration response of the building were recorded before and after 

the wall demolitions. The acceleration response of the structure was measured using an array of 

60 accelerometers including 24 uniaxial and 36 tri-axial sensors. The sensors were force-balance 

Kinemetrics accelerometers which were synchronized by a GPS clock with accuracy of less than 

1 millisecond [34, 35]. These accelerometers are capable of recording accelerations between 0.1 

µg and 2 g with a sampling rate of 200 Hz. Quanterra Q300 A/D data loggers were employed for 

data acquisition [39]. This was a low-power, 24-bit system with dynamic range of approximately 

135 dB root-mean-square (RMS). The accelerometers measured accelerations along the X, Y, and 

Z directions at the northeast (NE) and southwest (SW) corners of each story as shown in Figure 

3.1(b). More details about the building, instrumentation and the dynamic testing of the building 

can be found in [37]. 

NE Corner 

Accelerometers 

Accelerometers 

SW Corner 
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3.3 System Identification 

3.3.1 Identified Modal Parameters  

The recorded acceleration time histories were divided into sets of 5-minute long windows. A 

total of 312 5-minute datasets was available at the reference state and 22 datasets at the damaged 

state of the building. The selection of 5-minute long windows was based on a preliminary 

sensitivity study conducted to define the optimal window length, similar to an earlier study by the 

authors [40]. Conducting system identification using different sets of recorded data provides a 

measure of variability for the identified modal parameters. This variability is caused by (1) 

measurement noise and system identification errors, (2) changing ambient temperature, and (3) 

changing ambient excitation forces due to wind speed and activity in the building. While it is not 

possible to quantify the contribution from each source due to lack of information, the authors 

believe that the largest contribution comes from the changing ambient excitation forces caused by 

pre-demolition activities in the building. Figure 3.3 shows the identified natural frequencies versus 

measured air temperature for 142 data sets at the reference state. Note that 142 (out of 313) data 

sets have available temperature readings. The figure shows that (1) the changes in temperature 

during the tests are not drastic and the ambient temperature remains below the freezing point, and 

(2) little correlation between frequency and temperature can be observed from these data sets.  

   

Figure 3.3 Identified natural frequencies vs. air temperature at the reference state 
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The ambient vibration data were filtered by a bandpass (0.5Hz ï 8.5Hz) Finite Impulse 

Response (FIR) filter of order 2048. This frequency range includes the first three modes of the 

structure which were extracted using the Natural Excitation Technique combined with 

Eigensystem Realization Algorithm (NexT-ERA) [38, 39]. Table 3.1 presents the mean and 

coefficient-of-variation (CoV) of the identified natural frequencies and damping ratios at both the 

reference state and the damaged state of the structure. It can be observed that the identified natural 

frequencies decrease due to damage while the damping ratios exhibit no clear trend. Moreover, the 

identified frequencies show very small variability across different datasets with the largest CoV 

being equal to 1%. This is not the case for the identified damping ratios which have CoV of larger 

than 23% in all cases. The reduction of the identified natural frequencies between the initial and 

the damaged state is a result of the loss of stiffness in the building caused by removal of the walls. 

Finally, one can observe that the frequency reduction for mode 3 is significantly smaller compared 

to those of modes 1 and 2. 

Table 3.1 Statistics of identified modal parameters at the reference and damaged states 

State of 

structure 

 Natural frequency [Hz]  Damping ratio [%] 

 Mode 1 Mode 2 Mode 3 Mode 1 Mode 2 Mode 3 

Reference 
Mean 2.24 3.34 4.69 0.9 0.87 1.3 

CoV [%] 0.4 0.3 1.0  25 40 45 

Damaged 
Mean 2.10 3.10 4.66  0.8 0.9 1.4 

CoV [%] 0.2 0.4 0.7  30 24 32 

Figure 3.4 shows the mean of the identified mode shapes for the first three modes at the 

reference and damaged states, while the roof plan view of mode shapes from the FE model are 

presented in Figure 3.5. It can be seen that the first mode is a translational mode in the Y (east-

west) direction while the second and third modes are torsional. The most evident change is 

observed in the Y components of the first mode shape. The Y components of mode 1 at two corners 
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are very close at the reference state (circles), while these values move apart at the damaged state 

(crosses). This indicates larger motion in the Y direction of NE corners after the induced damage 

(i.e., grey cross > black cross for Y components of mode 1).     

 

 

Figure 3.4 Identified mode shapes at reference and damaged states of the structure 

 

 
Figure 3.5 Plan view of modes shapes at the roof from FE model 

Figure 3.6 presents the 312 identified natural frequencies and damping ratios versus the 

ambient excitation level for the three modes at the reference state. The excitation level here was 

represented by logarithm root-mean-square (RMS) of the signal recorded in Y direction of the SW 

corner on the 9th story. RMS provides a measure of average response amplitude which is directly 
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correlated to the amplitude of excitation. Logarithmic scale was chosen based on the authorsô past 

experience [31] that the identified natural frequencies are almost linearly correlated to the response 

amplitude in logarithmic scale. It can be seen that the identified frequencies slightly decrease as 

the excitation level increases. Although the damping ratio of the first mode slightly increases by 

the increase in excitation amplitude, no significant trend is observed for the damping ratios of 

modes 2 and 3. 

 
Figure 3.6 Identified natural frequencies and damping ratios +versus amplitude of response  

defined as logarithm RMS of a reference channel on 9th story 

Mode 1 

Mode 2 

Mode 3 

Frequency [Hz] Damping [%] 

Log [RMS] Log [RMS] 

f1 = 2.240 - 0.0011×Log(RMS) 

f2 = 3.323 - 0.0017×Log(RMS) 

f3 = 4.649 - 0.0047×Log(RMS) 

x 1 = 1.20 + 0.031×Log(RMS) 

x 2 = 0.95 + 0.008×Log(RMS) 

x3 = 1.43 + 0.019×Log(RMS) 
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3.3.2 Down-Sampling of System Identification Data at Reference State 

In order to reduce the number of model updating runs and the required computational effort, 

the 312 sets of the identified modal parameters at the reference state were down-sampled to 40 

sets. These 40 sets of modal parameters were then used for updating the initial FE model at the 

reference state. To down-sample the identified sets of modal parameters of the first three modes, 

the 312 sets were first sorted based on their normalized average natural frequencies. The 

normalized frequencies were computed as: 

{ } { }*

1

1,2,..., , 1,2,3
1

ij

ij N

ij

i

f
f i N j

f
N =

= Í Í

ä
 

(3.1) 

where N  denotes the total number of system identification data sets (i.e., 312N= ); ijf  refers to 

the natural frequency of the j th mode identified from the i th data set, and ijf * represents the 

corresponding normalized value. The average of normalized natural frequencies over the three 

modes was used to sort the system identification data sets. Finally, the selected 40 sets of modal 

parameters were uniformly sampled from the sorted data sets. 

Table 3.2 reports the statistics of the sampled natural frequencies and compares them with the 

statistics of the whole set of the identified quantities. It can be seen that both the mean and 

coefficient-of-variation (CoV) values of the complete and sampled data are close for the three 

identified vibration modes. This indicates a comparable level of variability for the sampled system 

identification data. 
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Table 3.2 Statistical properties of complete and sampled system identification data 

 
Identified natural frequencies [Hz] 

Complete data  Sampled data 

 Mode 1 Mode 2 Mode 3 Mode 1 Mode 2 Mode 3 

Mean 2.24 3.34 4.69 2.24 3.34 4.70 

CoV [%] 0.4 0.3 1.0  0.3 0.4 1.1 

 

No down-sampling was performed at the damaged state due to the smaller number of available 

data sets (22). Therefore, the identified modal parameters from all 22 data sets were used in the 

model updating and damage identification process. These data sets were sorted using the same 

approach as the one used for the 312 data sets at the reference state.  

3.4 Model Updating Process 

3.4.1 Initial Finite Element Model 

An initial linear elastic FE model of the test structure was developed using SAP2000 structural 

analysis software [43]. This three-dimensional model was created based on in-situ geometry 

measurements as well as tests of concrete cores and masonry prisms extracted from different 

structural components which are summarized in Table 3.3. 

Table 3.3 Measured moduli of elasticity of different structural components 

Structural component 
Number of 

samples 

Youngôs modulus [Gpa (ksi)] 

Mean Std 

Column (concrete) 1 23.4 (3326) NA 

Wall (concrete) 4 22.5 (3199) 3.72 (528) 

Slab (concrete) 4 16.6 (2353) 1.75 (249) 

Masonry 2 5.26 (747) 0.48 (68) 

Figure 3.7 demonstrates a rendering of the initial FE model. A total of 503 elements were used 

to model the columns and stair cases, 5548 elements were used to model the slabs, and 4235 
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elements were used to model the RC and masonry walls.  More details about the initial FE model 

and material testing can be found in [37]. 

 

Figure 3.7 Initial finite element model of the case study building 

The initial FE model was used to estimate the natural frequencies and mode shapes of the three 

vibration modes that correspond to the identified modes. To estimate the modal parameters of the 

damaged structure, the wall elements corresponding to the demolished walls were removed from 

the model and the modal analysis was conducted again. Table 3.4 compares the average identified 

natural frequencies from 312 and 22 data sets at the reference and damaged states, respectively, 

with the corresponding frequencies estimated from the initial FE model. The average Modal 

Assurance Criterion (MAC) values between identified and model-predicted mode shapes are also 

presented at both the reference and damaged states of the building. 
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Table 3.4 Initial model-predicted and identified natural frequencies of the structure 

Mode 

Reference structure  

 

Damaged structure  

Natural frequencies 

[Hz] Difference 

[%] 
MAC 

Natural frequencies 

[Hz] Difference 

[%] 
MAC 

Mean of 

system id 

Initial FE 

model 

Mean of 

system id 

Initial FE 

model 

1 2.24 2.15 3.6 0.98  2.10 1.98 5.7 0.99 

2 3.34 3.33 0.0 0.98  3.10 3.01 2.9 0.98 

3 4.69 5.45 16.1 0.98  4.66 5.39 15.7 0.99 

Average - - 6.6 0.98  - - 8.1 0.99 

From Table 3.4, it can be observed that the natural frequencies of the first two vibration modes 

predicted by the initial FE model are in good agreement with their experimentally identified 

counterparts. However, larger deviation is observed between the model-predicted and the 

experimentally identified frequencies for mode 3. The mode shapes of all three vibration modes 

estimated by the initial FE model reflect high correlation with the identified mode shapes using 

ambient measurements as indicated by the MAC values that are in all cases above 0.98. Based on 

this comparison of the FE model and the modes obtained from the recorded data, it can be 

concluded that the initial FE model provides a reasonably accurate representation of the building 

and it is suitable for model updating.  

3.4.2 Model Updating at Reference State 

3.4.2.1 Objective Function and Optimization  

Model updating was performed by minimizing the difference between the model-predicted and 

the experimentally identified natural frequencies and mode shapes for the first three vibration 

modes. The following objective function was used in the optimization process: 

() () () { }1,2,...,40
T

i i iG i= Íɗ r ɗ Wr ɗ  (3.2) 
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where ɗ is the vector of the updating parameters, W  refers to a diagonal weighting matrix with 

values of 1.0 for the natural frequency residuals and 0.1 for mode-shape residuals. ()ir ɗ  denotes 

the residual vector between the model-predicted natural frequencies and mode-shape components, 

and the identified quantities from the i th data set, that can be defined as: 

()
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where ()f

ir ɗ and ()s

ir ɗ are the natural frequency and mode-shape residuals, for the i th data set, 

respectively, ()ijf ɗ  and ijf  denote the model-predicted and identified natural frequencies of the j

th mode identified in the i th  data set, respectively, and ()ij ɗF  and ijF  represent the model-

predicted and identified mode-shape vectors, respectively. Superscript l denotes the mode shape 

components to be considered in the residual and r refers to reference component for mode shape 

normalization. A gradient-based least-squares optimization approach was used to estimate the 

updated modulus of elasticity of structural components in the FE model [44]. The optimization 

algorithm was a subspace trust-region algorithm which employs the interior-reflective Newton 

method [42, 43]. Considering the limited number of updating parameters and the fact that the 

objective function was found to be convex from a sensitivity analysis, the gradient-based local 

optimization method exhibited acceptable performance in the model updating process. 
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Furthermore, the implemented optimization method was computationally more efficient 

compared to global optimization approaches. 

3.4.2.2 Updating Parameters 

The selection of updating structural parameters is an important step in the updating process 

and affects the performance of model updating. This is important in view of the vast array of 

geometric and material properties, for different structural elements, that can be considered as 

updating parameters in a FE model. The number and variety of potential updating parameters 

increases in the case of large-scale civil structures. However, it is often preferred to consider a 

small number of updating parameters (i.e. less than ~15) to limit the computational demand of 

optimization process. Moreover, use of a large number of updating parameters can result in an 

unidentifiable or ill-conditioned inverse problem.  

In this study, three sets of updating parameters were considered in the updating process of the 

FE model of the structure at the reference state: 

Set 1 includes two updating parameters: one is the modulus of elasticity of reinforced concrete 

elements in the main building and the slab elements in the attached masonry section, and the other 

is the modulus of elasticity of masonry components which consist of column and wall elements 

in the attached masonry section and the interior wall elements in the main building (see Figure 

3.1(b)). 

Set 2 includes 11 updating parameters: the first ten correspond to the moduli of elasticity of 

concrete elements (i.e., columns, walls, and slabs) of each story in the main building, and the 11th 

updating parameter is the modulus of elasticity of all masonry elements.  
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Set 3 includes 4 updating parameters: three moduli of elasticity of concrete for the columns, walls, 

and slabs of the main building, and one modulus of elasticity of all masonry sections.  

The accuracy of the calibrated models using different sets of updating parameters was 

evaluated by comparing their goodness-of-fit to a system identification data set. The 20th set of 

system identification data, representing the median identified natural frequencies, was used for the 

comparison. Table 3.5 presents the modal frequencies obtained from the calibrated reference 

models for each set of updating parameters. It can be observed that Set 3 provides the best fit 

between model-predicted and identified natural frequencies. Thus, the third set of updating 

parameters, as schematically shown in Figure 3.8, was used to calibrate the reference models in 

the following sections.  

Table 3.5 Different sets of updating parameters for model calibration at reference state 

Updating 

parameters 

Natural frequency [Hz] / Error [%]  

Mode 1 Mode 2 Mode 3 
Average 

error 

Set 1 2.20 / 1.7 3.31 / 0.6 4.85 / 2.1 1.4 

Set 2 2.22 / 0.8 3.30 / 0.9 4.98 / 3.0 1.7 

Set 3 2.24 / 0.1 3.33 / 0.0 4.71 / 0.0 0.1 
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Figure 3.8 The four updating parameters used for calibration of reference models  

3.4.2.3. Reference Finite Element Models 

The initial FE model was calibrated 40 times by model updating to match the down-sampled 

system identification data at the reference state. This process results in 40 reference models, which 

are used for damage identification of the structure, and allow to study the effects of changing 

ambient conditions on the model updating and damage identification results. The reference FE 

models were named as R1, R2, é, R40, where ñRò indicates the ñReferenceò state of the structure. 

Furthermore, an average reference FE model, named R , was created using the average updated 

parameters over the 40 reference models.      

Figure 3.9 compares the identified natural frequencies with those estimated by the reference 

FE models. The modal parameters of models R1, R20, and R40, and the average reference model 

R , along with their comparison to the corresponding identified values are reported in Table 3.6. 

Since the system identification data were sorted from the smallest to the largest normalized natural 

frequencies, the models R1, R20, and R40 were essentially matched to the smallest, median, and 

Masonry walls and columns 

Concrete slabs 

Concrete walls 

Concrete columns 
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largest identified natural frequencies at the reference state of the structure. The normalized error 

between natural frequencies of the models and measured/identified values were calculated as 

( ) { } { }100 1,2,...,40 , 1,2,3
ij ij

ij

ij

f f
e f i j

f

-
= ³ Í Í  (3.5) 

 where ijf  is the natural frequency of the j
th mode estimated by the i th reference model, and ijf  

is its experimentally identified counterpart.  

 

Figure 3.9 Comparison of identified natural frequencies with those from reference models  

Table 3.6 indicates that the reference FE models match the identified natural frequencies very 

accurately. The errors in the 2nd and 3rd modal frequencies are found to be slightly lower than the 

errors in the 1st mode. Furthermore, the error is largest for R40 indicating a less accurate match to 

the data set with the highest average identified frequencies. Table 3.6 also presents the MAC values 

between mode shapes of the reference models and the mode shapes identified from the ambient 

vibration recordings. The high MAC values (i.e., higher than 0.98) for all three vibration modes 

indicate high correlations between model-predicted and identified mode shapes. 

 

 

System identification Model predicted  
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Table 3.6 Modal parameters of selected reference models with comparison to identified values 

 Natural frequency [Hz] / Error [%]  MAC 

Model Mode 1 Mode 2 Mode 3 
Average 

error 
Mode 1 Mode 2 Mode 3 Average 

R1 2.24/0.0 3.33/0.0 4.58/0.1 0.0  0.99 0.99 0.99 0.99 

R20 2.24/0.1 3.33/0.0 4.71/0.0 0.1  0.99 0.99 0.99 0.99 

R40 2.24/0.7 3.36/0.3 4.84/0.1 0.3  0.99 0.99 0.99 0.99 

R  2.24/0.1 3.34/0.0 4.70/0.0 0.1  0.99 0.99 0.99 0.99 

Figure 3.10 presents the values of the four updating parameters in the 40 reference models. It 

can be seen that the updated modulus of elasticity, E, of the four groups of structural elements 

show relatively large variabilities across the different models. The variability is higher for the 

modulus of elasticity of columns which contribute more significantly to the dynamic response of 

the structure. It is also observed that the variability of the updated modulus of elasticity for slabs 

is similar to that of the masonry elements and slightly less than the variability of elasticity modulus 

of columns, while the updated modulus for the wall elements show much less variability than the 

other structural components. Table 3.7 provides the statistics of the updating parameters in the 

reference FE models. The high coefficient-of-variation (CoV) values of the updated elasticity 

moduli compared to the much lower CoV values of the identified natural frequencies presented in 

Table 3.1 reflect the high sensitivity of the updating model parameters to the identified frequencies. 

This points out the importance of accounting for the variability of identified modal parameters and 

their propagation to the updated parameters through the model updating framework. It is worth 

noting that the sensitivity of updating parameters to measured data can vary for different model 

updating applications depending on the selection of updating parameters and the available data. 

However, in order to avoid ill-conditioning and having a globally identifiable inverse problem, the 

updating parameters should be sensitive to the data. This points out the importance of accounting 
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for the variability of identified modal parameters and its propagation to the updated parameters 

through the model updating framework.             

Table 3.7 Updated elasticity moduli of structural components 

 Modulus of elasticity [Gpa (ksi)] 

Model Columns Walls Slabs Masonry 

Initial 23.4 (3326) 22.5 (3199) 16.6 (2353) 5.26 (747) 

Min 14.7 (2094) 12.3 (1742) 14.9 (2119) 6.86 (975) 

Max 32.6 (4628) 15.0 (2125) 27.3 (3881) 10.5 (1499) 

Avg. 24.0 (3414) 13.5 (1920) 21.4 (3036) 8.78 (1247) 

CoV [%] 23.2 3.4 13.6 11.9 

 

  

  
 

 

Figure 3.10 Elasticity moduli of updated structural components in 40 reference FE models 
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3.5 Damage Identification 

3.5.1 Updating Parameters at Damaged State 

Four of the reference FE models (i.e., R , R1, R20, and R40) were updated at the damaged 

state to estimate the location and extent of the induced damage to the structure. As discussed in a 

previous section, the structure was damaged by removing 6 perimeter walls from the 2nd and 3rd 

stories on the west and north sides of the building. Since (a) infill walls usually provide a 

significant portion of lateral stiffness in buildings and are susceptible to earthquake damage, and 

(b) damage in this structure was induced by removal of infill walls, then only the stiffness of wall 

elements in the reference FE models were considered as updating parameters for the purpose of 

damage identification.  

The goal of the selection of updating parameters was to include both damaged wall components 

as well as undamaged walls while maintaining a manageable number of parameters. Considering 

the large number of perimeter walls in the building that exceeded 180 individual walls, the walls 

at each side and each story of the building were grouped together and were assigned the same 

modulus of elasticity to be updated. This provides a source of modeling error and smearing effect. 

In the updating process, only the first four stories of the building were considered as the stories 

above were not damaged. The walls in the 1st story (north, south, west), 2nd story (south) and, 5th 

story (all sides) were removed before the tests, and therefore no updating parameters for these 

missing walls were used.  Therefore, there were 12 parameters considered in the updating process 

consisting of the stiffness of the 2nd, 3rd, and 4th stories at the west side (
1 2 3, ,q q q), the 2nd, 3rd, and 

4th stories at the north side (
4 5 6, ,q q q), the 1st, 2nd, 3rd, and 4th stories at the east side (

7 8 9 10, , ,q q q q), 

and the 3rd and 4th stories at the south side (
11 12,q q). The first six updating parameters are 
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schematically demonstrated in Figure 3.11. The updating stiffness index for each group of walls 

was defined as: 

damaged

reference

i
i

i

E

E
q=  (3.6) 

Thus, 0iq=  indicates that the i th group of walls was completely damaged while 1iq=  represents 

no damage in those components. 

 

     
Figure 3.11 6 updating parameters for damage identification on west and north sides of building 

The objective function and optimization methodology presented in Section 3.2.1 were also 

used to update the reference FE models at the damaged state. Damage identification was performed 

in two cases, namely Case I in which the average reference model was used, and Case II in which 

the three reference models were considered.  
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SW Corner 
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3.5.2 Damage Identification Results 

3.5.2.1 Case I: Damage Identification Using the Average Reference Model 

In this case, the average reference FE model (R ) was updated to match different sets of 

experimentally identified modal parameters of the structure at the damaged state. The 22 sets of 

identified modal parameters at the damaged state of building were considered; hence, 22 model 

calibrations were performed. The updated FE models were named RD1 through RD22, where ñDò 

refers to the damaged state of the structure.  

Table 3.8 presents the modal parameters of the calibrated FE models and their goodness-of-fit 

to the identified modal parameters. Similar to the reference state, the calibrated models at the 

damaged state accurately match the identified natural frequencies and mode shapes. However, the 

errors in the natural frequencies of modes 1 and 3 are slightly higher than the observed errors for 

the reference models shown in Table 3.6. The average MAC value of 0.995 over 3 modes and 22 

models, indicates a better match for the mode shapes at the damaged state compared to the 

reference state. 
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Table 3.8 Estimated modal parameters of updated reference models at damaged state for Case I 

 Natural frequency [Hz] / Error [%]  MAC 

Model Mode 1 Mode 2 Mode 3 
Average 

error 
Mode 1 Mode 2 Mode 3 Average 

RD1 2.10/0.3 3.08/0.0 4.63/0.2 0.2  0.994 0.997 0.994 0.995 

RD2 2.10/0.2 3.09/0.0 4.63/0.1 0.1  0.993 0.986 0.994 0.991 

RD3 2.10/0.1 3.10/0.0 4.61/0.0 0.0  0.994 0.996 0.995 0.995 

RD4 2.11/0.1 3.08/0.5 4.63/0.5 0.4  0.994 0.996 0.994 0.995 

RD5 2.11/0.4 3.10/0.6 4.61/0.8 0.6  0.992 0.993 0.995 0.993 

RD6 2.10/0.0 3.10/0.0 4.61/0.0 0.0  0.994 0.997 0.995 0.996 

RD7 2.10/0.2 3.10/0.0 4.62/0.2 0.1  0.994 0.995 0.995 0.995 

RD8 2.10/0.1 3.10/0.1 4.62/0.0 0.1  0.994 0.996 0.994 0.995 

RD9 2.12/0.6 3.09/0.0 4.64/0.2 0.3  0.994 0.995 0.995 0.994 

RD10 2.12/0.7 3.09/0.1 4.64/0.4 0.4  0.994 0.997 0.994 0.995 

RD11 2.11/0.4 3.11/0.5 4.63/0.8 0.6  0.994 0.994 0.995 0.994 

RD12 2.11/0.3 3.10/0.3 4.63/0.7 0.4  0.994 0.997 0.995 0.995 

RD13 2.12/0.7 3.09/0.1 4.64/0.6 0.5  0.993 0.996 0.995 0.995 

RD14 2.11/0.4 3.11/0.0 4.63/0.3 0.2  0.995 0.997 0.995 0.996 

RD15 2.13/1.2 3.08/0.2 4.64/1.0 0.8  0.993 0.996 0.995 0.995 

RD16 2.12/0.9 3.11/0.0 4.64/0.7 0.5  0.994 0.996 0.995 0.995 

RD17 2.12/0.1 3.11/0.0 4.63/0.0 0.0  0.995 0.996 0.995 0.995 

RD18 2.12/0.8 3.11/0.0 4.64/0.6 0.5  0.993 0.996 0.995 0.995 

RD19 2.13/0.9 3.10/0.0 4.64/0.8 0.6  0.994 0.991 0.995 0.994 

RD20 2.13/1.1 3.10/0.0 4.64/0.9 0.7  0.995 0.993 0.995 0.994 

RD21 2.14/1.4 3.13/0.0 4.65/1.1 0.8  0.993 0.995 0.995 0.994 

RD22 2.15/2.2 3.11/0.1 4.66/1.8 1.3  0.992 0.997 0.995 0.995 

Avg. 2.12/0.6 3.10/0.1 4.63/0.5 0.4  0.994 0.995 0.995 0.995 

          

Table 3.9 reports the updated parameters at the damaged state and compares them with the 

imposed damage to the structure. Equation 3.6 was used to quantify the induced damage to the 

building at each of the 12 element groups. For example, since two of the eight walls on the west 

side of the third floor were demolished, the equivalent stiffness index for the corresponding group 

of walls, 
2q, would be 0.75. This stiffness index introduces modeling errors as the effects of 

demolished walls were averaged over all components of the substructure. An error metric was 

defined to represent the average of the differences between the updated stiffness indices and the 

corresponding indices from the induced damage: 
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12
updated induced

avg

1

1

12
i i

i

q q q
=

D = -ä  (3.7) 

where 
iq is the updating stiffness parameter of the i th group of walls as defined by Equation 3.6.  

The results shown in Table 3.9 indicate that the small variability of the identified modal 

parameters yields more significant variation in the updated damage parameters. Some updated 

models (e.g., models RD19 and RD21) provide very accurate estimation of damage while others 

(e.g., models RD5 and RD6) demonstrate relatively larger deviations from the induced damage. 

Overall, the updating parameters at the four damaged substructures (1, 2, 4, 5) show the largest 

changes indicating the location of damage. The updated stiffness parameters for the undamaged 

groups of walls on the east and south sides of the building (i.e., 
7 12,...,q q), are close to one, 

indicating that they are not damaged. However, the undamaged groups of walls at the west and 

north sides of the fourth floor (i.e., 
3q and 

6q) are estimated with some error/bias. This indicates 

that the damage identification process effectively distinguishes the undamaged sides of the 

building from the damaged sides, although it exhibits some bias in differentiating between the 

damaged and undamaged substructures located in the damaged sides of the building. 
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Table 3.9 Updated stiffness parameters of grouped walls for damage identification (Case I) 

 Updating parameters  

Model 1q 
2q  

3q 
4q  

5q 
6q  

7q  
8q 

9q 
10q  

11q  
12q  avgqD  

Induced 

damage 

0.00 0.75 1.00 0.00 0.50 1.00 1.00 1.00 1.00 1.00 1.00 1.00 - 

RD1 0.25 0.35 0.57 0.02 0.38 0.72 1.00 1.00 1.00 1.00 0.96 0.95 0.13 

RD2 0.32 0.38 0.52 0.01 0.41 0.67 1.00 1.00 1.00 1.00 0.94 0.90 0.15 

RD3 0.33 0.39 0.60 0.02 0.35 0.78 0.98 0.98 0.98 0.98 0.98 1.00 0.13 

RD4 0.25 0.34 0.54 0.02 0.35 0.93 1.00 1.00 1.00 1.00 1.00 1.00 0.11 

RD5 0.39 0.42 0.46 0.06 0.38 0.70 0.98 0.99 0.98 0.98 1.00 0.81 0.17 

RD6 0.40 0.43 0.48 0.01 0.41 0.68 0.98 0.99 0.98 0.98 0.90 0.89 0.16 

RD7 0.05 0.56 0.71 0.03 0.32 0.80 1.00 1.00 1.00 1.00 0.97 0.84 0.09 

RD8 0.34 0.46 0.54 0.07 0.33 0.79 1.00 1.00 1.00 1.00 0.91 0.67 0.16 

RD9 0.02 0.50 0.73 0.01 0.42 0.88 1.00 1.00 1.00 1.00 0.99 1.00 0.06 

RD10 0.14 0.37 0.69 0.02 0.42 0.99 1.00 1.00 1.00 1.00 1.00 0.97 0.08 

RD11 0.06 0.52 0.76 0.01 0.39 0.88 1.00 1.00 1.00 1.00 1.00 1.00 0.06 

RD12 0.21 0.41 0.66 0.02 0.39 0.76 1.00 1.00 1.00 1.00 0.96 0.82 0.12 

RD13 0.08 0.42 0.74 0.01 0.42 0.96 1.00 1.00 1.00 1.00 0.98 1.00 0.07 

RD14 0.20 0.42 0.65 0.01 0.43 0.81 1.00 1.00 1.00 1.00 1.00 0.99 0.10 

RD15 0.01 0.42 0.68 0.01 0.50 0.95 1.00 1.00 1.00 1.00 1.00 0.99 0.06 

RD16 0.14 0.46 0.64 0.02 0.47 0.80 1.00 1.00 1.00 1.00 1.00 1.00 0.09 

RD17 0.36 0.43 0.54 0.02 0.41 0.86 1.00 1.00 1.00 1.00 0.96 0.94 0.12 

RD18 0.24 0.40 0.67 0.02 0.42 0.95 1.00 1.00 1.00 1.00 1.00 0.98 0.09 

RD19 0.02 0.42 0.91 0.01 0.50 0.94 1.00 1.00 1.00 1.00 1.00 0.98 0.04 

RD20 0.04 0.42 0.80 0.01 0.52 0.97 1.00 1.00 1.00 1.00 0.99 0.98 0.06 

RD21 0.01 0.56 0.91 0.01 0.57 1.00 1.00 1.00 1.00 1.00 1.00 1.00 0.03 

RD22 0.01 0.40 1.00 0.01 0.73 1.00 1.00 1.00 1.00 1.00 1.00 1.00 0.05 

Avg. 0.18 0.43 0.67 0.02 0.43 0.86 1.00 1.00 1.00 1.00 0.98 0.94 0.10 

Min 0.01 0.34 0.46 0.01 0.32 0.67 0.98 0.98 0.98 0.98 0.90 0.67 0.03 

Max 0.40 0.56 1.00 0.07 0.73 1.00 1.00 1.00 1.00 1.00 1.00 1.00 0.17 

Std. 0.14 0.06 0.14 0.02 0.09 0.11 0.01 0.01 0.01 0.01 0.03 0.09 0.04 

Error  0.18 0.32 0.33 0.02 0.07 0.14 0.00 0.00 0.00 0.00 0.02 0.06 - 

              

The estimated extent of damage is reasonably accurate for the walls at the north side of the 

building (i.e., 
4q, 

5q and 
6q), however, the results have larger error at the west side of the structure 

(i.e., 
1q, 

2q and 
3q). This may be caused by the short dimension of the building at the north side 

(4 bays) compared to the west side (8 bays), which leads to the smaller contribution of individual 
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walls at the west side of the structure. There is an exception for the second story (i.e., 
1q) which 

has only one wall on the west side (see Figure 3.11).   

Another observation from the data presented in Tables 4.8 and 4.9 is that a better match 

between the calibrated model and the experimental data does not necessarily provide more accurate 

damage identification results. For example, model RD6  shows a very close match with the 

identified modal parameters, i.e., close to 0% misfit between frequencies and an average MAC 

value of 0.996 over 3 modes, however, it is one of the models with a relatively large error metric 

in damage identification ( avg 16%qD = ). A similar pattern can be observed for a number of models 

such as RD3 and RD17, while some other models, such as RD15 and RD21, have relatively 

accurate estimation of the induced damage although they do not provide as good of a match with 

the identified modal parameters. This can be attributed to the contributions of modeling errors that 

can affect the updating results at the reference and damaged states differently.       

3.5.2.2 Case II: damage identification based on reference models R1, R20, and R40 

In the second case of damage identification, three of the reference FE models R1, R20, and 

R40 were updated at the damaged state to investigate the effect of using different reference models 

in the damage identification process. Models R1, R20, and R40 were calibrated using the smallest, 

median, and largest identified natural frequencies at the reference state. Each of these reference 

models was updated to match three of the 22 sets of identified modal parameters at the damaged 

state. The considered modal parameters at the damaged state also correspond to the smallest, 

median, and largest natural frequencies (i.e., sets 1, 11, and 22, respectively). Updating each of the 

reference models R1, R20, and R40 using three sets of modal parameters results in a total of nine 

calibrated FE models at the damaged state. The updated FE models were named so that the names 
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reflect both the reference model and the damaged state data set used in the model updating.  For 

example, R20D11 indicates that the reference FE model R20 was updated using the modal data 

set No. 11 at the damaged state.  

Modal parameters of the nine updated models and their fit to the measured data are presented 

in Table 3.10. It can be observed that the updated models from reference model R1 show higher 

level of discrepancies with the identified quantities; however, the discrepancies are remarkably 

reduced when model R40 was used as the reference model. This effect becomes more notable 

considering that the modal properties of model R1 match more accurately the identified modal 

parameters among the three reference models as shown in Table 3.6. Hence, the goodness of fit of 

the reference models does not necessarily translate into the accuracy of the calibrated models at 

damaged state. It also emphasizes the need to perform model updating and damage identification 

in a probabilistic/statistical framework whether it is a Bayesian approach [47ï51] or a frequentist 

approach as it was done in this study. Note that probabilistic/statistical frameworks may not 

necessarily improve the accuracy of updated models with inherent modeling errors and 

simplification assumptions, however they can provide a level of confidence for the use of updated 

models in decision making. 
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Table 3.10 Estimated modal parameters of updated reference models at damaged state (Case II) 

 Natural frequency [Hz] / Error [%]  MAC 

Model Mode 1 Mode 2 Mode 3 
Average 

error 

Mode 

1 

Mode 

2 

Mode 

3 
Average 

R1D1 2.16/2.9 3.09/0.1 4.53/2.2 1.7  0.992 0.996 0.994 0.994 

R1D11 2.17/3.0 3.10/0.1 4.54/2.9 2.0  0.989 0.995 0.995 0.993 

R1D22 2.20/4.6 3.11/0.1 4.56/3.9 2.9  0.984 0.995 0.995 0.991 

R20D1 2.10/0.1 3.08/0.0 4.63/0.1 0.1  0.994 0.997 0.994 0.995 

R20D11 2.12/0.6 3.09/0.0 4.65/0.5 0.4  0.993 0.995 0.995 0.994 

R20D22 2.15/1.9 3.11/0.1 4.67/1.5 1.2  0.992 0.997 0.995 0.995 

R40D1 2.10/0.1 3.08/0.0 4.64/0.0 0.0  0.994 0.996 0.994 0.995 

R40D11 2.10/0.0 3.09/0.1 4.67/0.0 0.0  0.993 0.994 0.994 0.994 

R40D22 2.11/0.0 3.11/0.0 4.74/0.1 0.0  0.993 0.996 0.995 0.995 

Avg. 2.13/1.5 3.10/0.1 4.63/1.2 0.9  0.992 0.996 0.995 0.994 

          

The updated stiffness indices of the nine FE models for Case II are listed in Table 3.11. The 

average updated parameters are very close to those from Case I. Nevertheless, it is observed that 

the variability of the updated parameters in this case is significantly higher than the results of Case 

I which involves 22 updated models. This is due to the fact that the Case II considers the most 

extreme values of modal parameters in both reference and damaged states and therefore a larger 

variability is expected. It can also be seen that better match between modal parameters of the 

calibrated models and the experimental data does not translate into more accurate damage 

identification results. This observation is consistent with the obtained results from Case I. For 

instance, the updated models from the reference model R40 provide less accurate damage 

identification results while the updated models R40D1, R40D11, and R40D22 fit their 

corresponding modal data with the lowest errors among all models. Again, this observation implies 

that the modeling errors for the updated models at the reference and damaged states are not 

necessarily similar and therefore, a single well-calibrated reference model cannot reliably be used 

to identify damage. 
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Table 3.11 Updated stiffness parameters of grouped walls for damage identification (Case II) 

 Updating parameters  

Model 1q 
1q 

3q 
4q  

5q 
6q  

7q  
8q 

9q 
10q  

11q  
12q  avgqD  

Induced 

damage 
0.00 0.75 1.00 0.00 0.50 1.00 1.00 1.00 1.00 1.00 1.00 1.00 - 

R1D1 0.02 0.41 0.86 0.01 0.94 1.00 1.00 1.00 1.00 1.00 1.00 1.00 0.08 

R1D11 0.03 0.39 0.95 0.05 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 0.08 

R1D22 0.02 0.34 0.94 0.39 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 0.12 

R20D1 0.34 0.41 0.46 0.02 0.43 0.79 0.99 1.00 0.99 0.99 0.98 0.98 0.13 

R20D11 0.24 0.37 0.65 0.01 0.61 0.78 1.00 1.00 1.00 1.00 0.99 0.96 0.11 

R20D22 0.02 0.46 0.93 0.01 0.93 1.00 1.00 1.00 1.00 1.00 1.00 1.00 0.07 

R40D1 0.38 0.40 0.41 0.28 0.33 0.54 0.90 0.90 0.90 0.90 0.61 0.68 0.28 

R40D11 0.35 0.40 0.42 0.07 0.56 0.59 0.92 0.92 0.92 0.92 0.90 0.71 0.21 

R40D22 0.21 0.44 0.54 0.02 0.50 0.85 0.97 0.97 0.97 0.97 1.00 0.92 0.11 

Avg. 0.18 0.40 0.68 0.09 0.70 0.84 0.98 0.98 0.98 0.98 0.94 0.92 0.13 

Min 0.02 0.34 0.41 0.01 0.33 0.54 0.90 0.90 0.90 0.90 0.61 0.68 0.07 

Max 0.38 0.46 0.95 0.39 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 0.28 

Std. 0.16 0.04 0.24 0.14 0.26 0.18 0.04 0.04 0.04 0.04 0.13 0.13 0.07 

Error  0.18 0.35 0.32 0.09 0.20 0.16 0.02 0.02 0.02 0.02 0.06 0.08 - 

              
 

3.6 Summary and Conclusions 

A finite element model updating framework was implemented for damage assessment of a 10-

story building based on in-situ measurements. Damage in the building was induced by demolishing 

six infill walls. The updating framework was conducted at two states of the structure (reference 

and damaged) in order to calibrate the initial finite element model of the structure, and 

subsequently to identify damage. The model updating at each state was performed using the modal 

parameters identified from distinct sets of ambient vibration recordings. The variability of model 

updating, and damage identification results was investigated across different data sets. The model 

updating framework has been able to accurately match the model-predicted and identified modal 

parameters for each data set. However, the updated model parameters exhibit considerable 

variability across different sets of data despite the fact that the identified modal parameters 

demonstrate a significantly lower degree of variability. This is mainly due to the high sensitivity 
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of updating parameters to the vibration measurements and modal data and highlights the need for 

accounting for the variability in measurements. Deterministic model updating based on a single 

set of measurements cannot account for this variability and therefore, is not able to provide 

robustness with respect to changing ambient and environmental conditions. Damage identification 

in this study was performed by updating stiffness of certain number of grouped wall elements 

using different data sets at the reference and damaged states. Overall, the damage identification 

results were consistent with the induced damage in the structure. However, as mentioned 

previously, the choice of data sets used in each of the reference or damaged states affect the results. 

Another important observation is that the accuracy of damage identification does not have strong 

correlation with the goodness-of-fit of models to the data, i.e., calibrated models with better match 

to the data do not necessarily provide more accurate estimation of damage. This observation also 

emphasizes the need for performing model updating and damage identification in a 

probabilistic/statistical framework whether it is a Bayesian approach or a frequentist approach as 

it was done in this study. Using a probabilistic framework and several data sets allows for 

accounting the uncertainty and variability of measured data and provides a level of confidence or 

uncertainty in the model updating results.    
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Chapter 4: Finite Element Model Updating and Damage Identification of a 

School Building in Sankhu, Nepal 

 

The material provided in this chapter is from the research work presented in: 

× Nozari, A., Bose, S., Moaveni, B., and Stavridis, A. (2016). ñFinite element model updating 

and damage identification of a school building in Sankhu, Nepal.ò 16th World Conference 

on Earthquake Engineering, Santiago, Chile. 

 

For further reading on this topic, the readers can refer to these articles: 

× Bose, S., Nozari, A., Mohammadi, M. E., Stavridis, A., Moaveni, B., Wood, R.  L., Gillins, 

D., and Barbosa, A. (2016). ñStructural assessment of a school building in Sankhu, Nepal 

damaged due to torsional response during the 2015 Gorkha earthquake.ò Dynamics of 

Civil Structures, Volume 2, 31-41. 

× Bose, S., Nozari, A., Stavridis, A., and Moaveni, B. (2016). ñNonlinear modeling of the 

seismic performance of a building as Sankhu during the 2015 Nepal earthquake.ò 16th 

World Conference on Earthquake Engineering, Santiago, Chile. 

× Bose, S., Nozari, A., Mohammadi, M. E., Martindale, G. P., Stavridis, A., Moaveni, B., 

Wood, R. L., (2018). ñDamage assessment and nonlinear modelling of a school building 

at Sankhu following the 2015 Nepal earthquake.ò Prepared for submission. 
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4.1 Int roduction 

Finite element models are commonly used for performance assessment of civil structures. 

Using existing information about the geometry and material properties of structural components 

significantly contributes to the reduction of the modeling errors which results in more reliable 

models. Model updating based on available vibration data can further improve the accuracy of FE 

models [1, 2]. The updated FE models can then be used for more reliable performance assessment 

of the structure at the current state. In the application of finite element model updating approach, 

certain dynamic features of the model such as modal parameters are matched with those from the 

experimental data. Successful applications of FE model updating for structural performance 

assessment and damage identification can be found in the literature [3-6].  

The magnitude 7.8 Gorkha earthquake occurred in 80 km northwest of Kathmandu (district of 

Gorkha), Nepal on April 25, 2015 (Figure 4.1). A magnitude 7.3 major aftershock also occurred 

on May 12 in 80 km northeast of Kathmandu along with several medium level aftershocks hitting 

the region for a few months after the main earthquake. As a catastrophic event, the Gorkha 

earthquake caused numerous structural failures resulting in thousands of fatalities and injuries in 

the affected areas. More information on the seismic performance of structures during the Gorkha 

earthquake can be found in [7]. To perform a post-earthquake assessment for certain structures 

affected by the earthquake, the authors visited the country two months after the main event. 

Ambient vibration recordings along with data from advanced sensing technologies (LiDAR) were 

collected to be used for the identification of structural damage due to the earthquake [8]. 
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Figure 4.1 Location of the school building and epicenters of the main earthquake and aftershock 

(Credit: Andre Barbosa, OSU)  

The focus of this chapter is finite element model updating of a four-story infilled reinforced 

concrete school building, located in Sankhu, Nepal, which was severely damaged during the 

Gorkha earthquake. Modal parameters of the building were identified from post-earthquake 

ambient vibration recordings. An initial finite element model was created based on the in-situ 

inspections as well as the gathered primary design information. The intensely damaged structural 

elements were removed from the initial model to represent the damaged state of the building after 

experiencing the earthquake. Similar structural components were grouped together to reduce the 

number of updating parameters, and a global optimization approach was employed in the model 

updating process. The elasticity moduli of structural elements were updated in order to fit the 

model estimated modal properties to those extracted from ambient measurements. The changes in 

the updating parameters representing the seismic damage in different structural components were 

compared to the observed damage after the main earthquake event and its aftershocks.  

Damaged School 

at Sankhu 

Kanti Path, USGS Station 

Kathmandu, Nepal 

Epicenter 

25 April  

Epicenter 

12 May 
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4.2 Description of the Building and Observed Damage 

The four-story school building located in Sankhu, Nepal has a masonry-infilled reinforced 

concrete frame structural system with seven bays in the north-south direction and two bays in the 

west-east direction as displayed in Figure 4.2. There was a balcony in the west side of the building 

which was serving as a corridor and supported by bare RC columns. In the east side of the building, 

most of the infill walls have wide and relatively short windows, while in the west side of the 

building, the walls have either larger windows or doors. As it can be seen from plan view of the 

structure (Figure 4.2b), there was a staircase located in the north end of the building which 

develops some torsional irregularity in the structure. 

 

(a)                                                                   (b) 

Figure 4.2 The case study school building at Nepal: (a) west view, (b) typical plan view   

The building was intensely damaged due to the Gorkha earthquake and its main aftershocks. 

As it is presented in Figure 4.3, major damage in different structural components, specifically in 

the first story of the building, were observed during the post-earthquake assessment of the 

structure. Shear failure was observed in the columns of the first story towards the south side of the 

building, which can be attributed to the torsion induced by the irregularity due to the staircase on 

the north side (Figure 4.3b and Figure 4.3c). The damaged columns revealed improper 
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reinforcement detailing and also inadequate spacing of stirrups along the column. Extensive 

damage was also observed in the beam-column connections, and in some cases, the infill panels 

were found to be separated from the bounding RC elements. 

     

   (a)                                                             (b)                          (c) 

Figure 4.3 Damaged components at the first story of the building due to the Gorkha earthquake: 

(a) infill wall H12, (b) column G1, (c) column H1 

 

4.3 System Identification  

4.3.1 Ambient Measurements and Data Processing 

The ambient acceleration response measured through two experiment set-ups was used for 

system identification of the building. In the first experimental set-up, a total of 54 minutes of 

ambient acceleration response was recorded. The sampling rate of 2048 Hz was used for 

acceleration measurements. In this setup, 12 accelerometers were installed at three floor levels: 

roof, 4th floor, and 3rd floor. At each floor level, 4 accelerometers were installed at two opposite 

corners of the building, namely northwest and southeast corners, to measure the acceleration 

response at two perpendicular directions, defined as X and Y directions. In the second 
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experimental setup, accelerometers were installed at the 3rd, 2nd, and the 1st floor levels. In this 

setup, a total of 45 minutes of ambient acceleration data was acquired. 

In the application of system identification, every 9 minutes of data were used for estimation of 

modal parameters, resulting in 6 sets of modal parameters for the first experimental and 5 sets of 

modal parameters for the second experiment. The acceleration time histories of each data set were 

filtered in the frequency range of 1.0 ï 8.0 Hz using a Finite Impulse Response (FIR) filter of order 

4096. The filtered response was down-sampled to the 256 Hz to increase the computational 

efficiency. Figure 4.4(a) shows a sample filtered time-history measured at the northwest corner of 

the third floor during the first experiment setup, while Figure 4.4(b) displays the Fourier Amplitude 

Spectrum of the corresponding measurement. 

 

                             (a)                                                                                 (b) 

Figure 4.4 Filtered and down-sampled ambient measurement: (a) acceleration time history, (b) 

Fourier amplitude spectrum 

 

4.3.2 NexT-ERA Method for System Identification 

The Natural Excitation Technique combined with the Eigensystem Realization Algorithm 

(NexT-ERA) [9, 10] was employed to identify the natural frequencies of the structure from the 
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ambient vibration measurements. The NexT-ERA method is an output-only parametric system 

identification approach which estimates the modal parameters of a linear dynamic system from its 

measured response to a broadband excitation. This method has been successfully applied for 

system identification of civil structures when the input excitation measurements are not available 

[10-12]. 

In order to employ the NexT-ERA method for system identification of the building, the auto-

correlation and cross-correlation of the filtered ambient data were estimated as the inverse Fourier 

transformation of power spectral density and cross spectral density functions of the data. The 

spectral density functions were computed using equal length Hanning windows with 50 percent 

overlap based on the Welch method [13]. Two reference channels were used in the system 

identification to account for excitations in both X and Y directions. In the first experiment set-up, 

the acceleration measurements in the X-direction of the 3rd story and Y-direction of the 2nd story, 

both at south-east corner, were assumed to be the reference channels. In the second experiment 

set-up, the acceleration measurements in the X-direction of the 1st story and Y-direction of the 2nd 

story, both at the same corner, were considered as the reference channels. The estimated auto 

correlation and cross correlation were then used to establish a block Hankel matrix of size 

(12×400)×(400×2) for Eigensystem Realization Algorithm. This algorithm is based on the singular 

value decomposition of the Hankel matrix to estimate the underlying state-space matrices from 

which the modal parameters of the system (i.e., natural frequencies, mode shapes, and damping 

ratios) are identified [14]. A stabilization diagram was used to select an appropriate system order 

for identification of the stable modes. In the stabilization diagram, a mode is considered stable if 

the identified natural frequencies do not vary at increasing system orders. A sample stabilization 

diagram is illustrated in Figure 4.5. The implemented system identification approach was applied 
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to all data sets from the two experiment set-ups resulting 11 sets of identified modal parameters. 

The first three stable vibration modes are reported in this study. The average of identified natural 

frequencies and damping ratios, along with their corresponding Coefficient of Variation (CoV), 

are reported in Table 4.1 for each setup separately. It is observed that the identified natural 

frequencies exhibit little variability (i.e., low CoV values) at each experiment set-up, and they also 

reflect high consistency between results of two experiment set-ups. However, the identified 

damping ratios demonstrate a larger level of variability, either at each experiment set-up (i.e., low 

CoV values at each experiment), or by comparing the results of two experiment setups.  

The identified mode shapes were normalized based on the component corresponding to the 

northwest corner in X direction on the 3rd story for both setups, then the mode shapes from two 

experiments were combined to create a mode shape with 20 components for the structure. The size 

of mode shape vectors was finally reduced to 11 components after removing the recorded data 

from 9 channels which were recognized as highly noisy measurement signals.     

 

Figure 4.5 A simple stabilization diagram for identification of natural frequencies 
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Table 4.1 Statistical properties of identified modal parameters of the building 

Experiment 

set-up 
Mode 

Natural frequency [Hz]  Damping ratio [%] 

Mean CoV [%] Mean CoV [%] 

A 

1 1.18 0.7  2.2 15.3 

2 2.16 1.1  2.2 17.6 

3 3.15 1.1  3.0 36.2 

B 

1 1.19 0.5  1.8 32.5 

2 2.14 2.0  1.5 42.0 

3 3.19 0.6  2.4 18.4 

 

4.4 Initial Finite Element Model  

A nonlinear finite element model of the school building at Sankhu, has been developed in the 

structural analysis software, OpenSEES [15] adopting beam-column elements for the RC frame 

and strut elements for the infill panels [16, 17]. The geometry of the model was based on in-situ 

measurements and the material properties are according to the tests reported in [18]. The 

compressive strength was considered as 1.40 ksi and 0.50 ksi, while the elastic modulus as 2022 

ksi and 370 ksi for concrete and masonry, respectively. Simplified curves [17] representing the 

lateral force-vs.-drift behavior were developed for every single-story, single-bay sub-assemblies 

in the building based on a detailed parametric study [19]. The initial stiffness was reduced to 40% 

of the initial stiffness for both RC members and infills to simulate the damage that may have been 

induced to the structure prior to the earthquake [20]. 

The effect of the masonry infills was simulated with two diagonal struts [16]. The thickness of 

the diagonal struts was kept equal to the infill thickness (9 in). The strut width, the strains at peak 
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strength and at onset of residual strength were calibrated to match the simplified curves. Although 

the model can simulate the damage of the RC members and the infill panels, only the elastic 

properties of the structure were considered in this study. Therefore from the initial three-

dimensional model of the school building consisting of 428 frame elements, the elements 

corresponding to damaged columns and infills were removed since they were not expected to affect 

the structural response to ambient excitation that was considered here. The removed elements 

correspond to the infill panels (H12 and E12) and the RC columns (H1, H2, G1 and G2) of the 

first story that were severely damaged as indicated in Figure 4.6. 

  

 (a)                                                      (b) 

Figure 4.6 Initial finite element model: (a) diagonal strut model, (b) removed structural 

components  

The natural frequencies and mode shapes of the model are compared with the identified modal 

parameters from the ambient vibration recordings in Table 4.2. The comparison indicates that the 

numerically obtained frequencies are relatively close to the identified frequencies for the first three 

modes. In all cases, the frequencies estimated from the model are higher than the identified 

frequencies. This may be because the initial FE model have not reflected the damage in the 

structural members that were damaged during the earthquake, but the damage was not considered 
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so significant to remove these elements from the model. The damage in these element was assessed 

through the model updating process. The Modal Assurance Criterion (MAC) values comparing the 

mode shapes obtained from the numerical model and the identified mode shapes are summarized 

in Table 4.2. The average MAC value is 0.96 indicating a very good agreement between the model 

estimated and the experimentally identified mode shapes given the simplicity of the model. Figure 

4.7 demonstrates the modes shapes of the building obtained from the FE model. 

Table 4.2 Comparison of modal parameters of model with identification data 

Mode 

Natural Frequencies [Hz] 
Normalized 

Freq. Error [%] 
MAC System 

identification 

Initial FE 

model 

1 1.19 1.30 9.5 1.00 

2 2.15 2.69 25.2 0.95 

3 3.17 3.39 6.9 0.95 

Avg. - - 13.8 0.96 

 

 

  

Figure 4.7 Estimated mode shapes of the building by initial finite element model 

North-West corner South-East corner 
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4.5 Finite Element Model Updating 

4.5.1 Model Updating Process 

The first step in implementing the model updating is to determine the updating parameters. 

The type (geometric and/or material properties) and the number of updating parameters both play 

significant role in the performance of model updating process. In this study, only material 

properties were used as updating parameters, and since the initial FE model was used here only in 

its linear range of response, the elastic modulus (E) of different structural components were 

updated. Thus, the updating parameter for the kth structural component was defined as  

updated

k
k initial

k

E

E
q=  (4.1) 

Considering the large number and variety of structural components in the model, the 

components which have similar material properties or have comparable effect on structural 

response were grouped together to reduce the number of updating parameters. In this study, moduli 

of elasticity of infill walls were selected as the updating structural components as their stiffness 

have been estimated with high level of uncertainty in the initial FE model. Furthermore, the 

severely damaged columns and walls have been manually removed in the initial model; however, 

some infill walls particularly on the first and second stories have experienced slight damage, so 

the goal of model updating could be to determine the extent of damage through their updated 

elasticity moduli. As it is shown in Figure 4.8, there are 7 types (type A to type G) of infill walls 

on each story of the building, but they need to be grouped together as it was not practical to 

consider all types of the walls at each story as an individual updating component. Therefore, for 

the first and second stories, the walls on the west side of the building were grouped together at 

each story, and the walls on the east side of the building were grouped in a similar way, and the 
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infill walls in east-west direction were also grouped together, so we have 3 groups of walls for 

each of the first two stories of the building (Figure 4.8). Since the structural components on the 

upper stories commonly have less impact on the response of the structure, all the walls on the third 

and fourth stories were grouped together for each story. Considering one updating parameter for 

all the concrete columns and beams in the building, nine groups of structural components were 

included in the model updating process. The updating parameters consist of: all the columns and 

beams in the building (1 parameter), infill walls on the first story (3 parameters), infill walls on 

the second story (3 parameters), all the infill walls on the third story (1 parameter), and all the infill 

walls on the fourth story (1 parameter). 

  

Figure 4.8 Updating groups of infill wall components on the first story 

After a preliminary study of sensitivity of the estimated modal parameters to the updating 

parameters in the initial FE model, the model updating was implemented as an optimization 

process which minimizes the difference between model-predicted natural frequencies and mode 

shapes with their experimentally identified counterparts for the first three vibration modes. Genetic 

Algorithm (GA) was used as a global optimization method [21] to minimize the objective function 

which can be expressed as 

B 

N 
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where ɗ is the vector of updating parameters, W  refers to a diagonal weighting matrix, a is the 

regularization factor applied to constrain the updating parameters, and ()r ɗ  denotes the residual 
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where ()f
r ɗ  and ()s

r ɗ  are natural frequency and mode shape residuals, respectively, ()if ɗ  and 

if  denote model-predicted and identified natural frequencies of the i th mode, and ()i ɗF  and iF 

represent the model-predicted and identified mode shape vectors, respectively.  

To observe the effect of applying different regularization factors to the updating parameters, 

the initial FE model was once updated without applying regularization factor (i.e., 0a= ), also 

using three different regularization factors of 0.01, 0.02, and 0.05. The updated FE models from 

these four cases were called Model R0, Model R1, Model R2, and Model R3, respectively. 

4.5.2 Discussion of Results 

The natural frequencies of the first three vibration modes for the four updated FE models are 

compared to the quantities from system identification and initial FE model in Table 4.3. It is 
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observed that all the updated models exhibit very accurate match for the natural frequencies. The 

MAC values between models estimated and experimentally identified mode shapes are also 

provided in Table 4.3. It can be seen that all the MAC values (three vibration modes for each 

updated model) are higher than 0.99 which indicates a very good consistency between mode shapes 

of the updated FE models and the identified counterparts. Note that this accuracy was only 

achieved after removing the problematic data from nine sensors through the two experiment 

setups. Another interesting observation is that increasing the regularization weight will not 

deteriorate the goodness-of-fit of updated models. 

Table 4.3 Comparison of modal parameters of updated models with identification data 

  
System 

ID  

Initial  

model 

Model 

R0 

Model 

R1 

Model 

R2 

Model 

R3 

F
re

q
. 

[H
z
]  Mode 1 1.19 1.30 1.19 1.19 1.19 1.19 

Mode 2 2.15 2.69 2.15 2.15 2.15 2.15 

Mode 3 3.17 3.39 3.17 3.17 3.17 3.17 

M
A

C
 

Mode 1 - 1.00 1.00 1.00 1.00 1.00 

Mode 2 - 0.95 0.99 0.99 0.99 0.99 

Mode 3 - 0.95 0.99 0.99 0.99 0.99 

Avg. - 0.96 0.99 0.99 0.99 0.99 

 

The updated parameters (i.e., updated ratios of the elasticity moduli of structural components) 

for the four updated FE models are listed in Table 4.4. It is observed that updated parameters of 

Model R0, which was updated with no regularization factor, can be very different from those of 

the other three models, while Model R1-R3 which were updated using regularization factors of 

0.01, 0.02, and 0.05, respectively, have relatively close updated parameters. Particularly, 

considering the updated parameters for the walls of the fourth story ( 9q), it is observed that without 
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applying a regularization factor, an updated parameter of 2.20 was obtained indicating that the 

elasticity moduli of all the walls on the fourth story should increase by 120%. This effect does not 

seem to be realistic considering the low impact of walls of the top story on the structural response. 

However, it can be seen that by applying regularization factors, the same parameter is close to 1.00 

for the updated FE models, especially for Model R2 and Model R3. The average change of updated 

parameters for each model was computed and reported in Table 4.4. 

9

1

1

9

k
k

avg

q
q =

-ä

D =  (4.5) 

As expected, the average change of updating parameters decrease as the regularization factor 

is increased. It can also be seen that the regularization factors of 0.02 and 0.05 have very similar 

influence on the updating parameters Model R2 and Model R3 with average change of 0.26 and 

0.24 respectively. Hence, either of these two models could be chosen as the updated model, while 

we choose Model R3 as the final updated FE model in this manuscript. 
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Table 4.4 Updated stiffness parameters in calibrated FE models 

Updating 

parameter 
Structural component 

Initial 

elasticity 

modulus [ksi] 

Updated ratio of elasticity modulus 

Model R0 Model R1 Model R2 Model R3 

1q Columns and beams 467 1.20 1.15 1.15 1.18 

2q  
1st story (frame A) 250 

0.29 0.28 0.28 0.28 
1st story (frame B) 294 

3q  1st story (frames C, D, and E) 417 0.87 1.04 1.06 0.99 

4q  1st story (frames F and G) 313 0.28 0.37 0.30 0.27 

5q  
2nd story (frame A) 250 

0.36 0.66 0.96 0.98 
2nd story (frame B) 294 

6q  2nd story (frames C, D, and E) 417 0.73 0.74 0.81 0.78 

7q  2nd story (frames F and G) 313 0.92 0.46 0.67 0.78 

8q  

3rd story (frame A) 250 

1.16 1.21 0.88 1.04 
3rd story (frame B) 294 

3rd story (frames C, D, and E) 417 

3rd story (frames F and G) 313 

9q  

4th story (frame A) 250 

2.20 0.85 1.02 1.00 
4th story (frame B) 294 

4th story (frames C, D, and E) 417 

4th story (frames F and G) 313 

avgqD  Average change of updated parameters 0.46 0.34 0.26 0.24 

 

From the updated parameters of the model R3 in Table 4.4, it is observed that updated elasticity 

moduli of the frames A and B on the first floor (corresponding to 2q ) and the frames F and G on 

the same floor (corresponding to 4q ) are significantly reduced compared to the initial FE model 

with factors of 0.28 and 0.27, respectively. Since a 60% reduction has been considered for the 

initial stiffness of the RC member and infill panels to account for the potential existing damage on 
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these components, this effect can mostly refer to the induced damage due to the earthquake rather 

than estimation uncertainties in the elasticity modulus of structural components through the site 

measurements. Figure 4.9 shows one of the frames of type A and the frame type F on the first 

floor. The separation of infill wall A from the beam-column system and the major cracks on the 

wall F clearly interpret the stiffness reduction of those elements in the model updating process 

Hence, the FE model is capable of localizing and estimation of the extent of existing damage in 

these structural components. The model updating results also indicate minor damage for the frames 

of types C, D, E, F, and G on the second story (corresponding to 6q  and 7q ), while the results 

exhibit an underestimate effect for concrete elasticity modulus of columns and beams in the initial 

FE model (i.e., updated parameter 
1q is higher than 1.0). For all the other groups of structural 

components, the updated parameters are close to 1.0 which underlines the fact that these elements 

have not experienced major damage during the earthquake and the assumed parameters of the 

initial model are accurate.         

        

                                                   (a)                                                     (b) 

Figure 4.9 Damaged infill wall components on the first story: (a) frame A, (b) frame F 

 

The initial FE model of the Sankhu school building was a model which had been adjusted by 

removing the severely damaged structural elements due to the Gorkha earthquake. By updating 
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the elasticity modulus of different structural components, potential loss of stiffness in some 

structural elements corresponding to the experienced seismic damage can be estimated. This 

allows for creating a more detailed nonlinear FE model for the case study structure. The calibrated 

models of the building will be then employed for seismic performance assessment and response 

prediction of the school building. 

4.6 Summary and Conclusions 

Finite Element model updating of a four-story masonry-infilled reinforced concrete frame 

building was investigated in this chapter. The building which is located in Sankhu, Nepal, was 

intensely damaged during 2015 Gorkha earthquake. Modal properties of the building were 

extracted through ambient measurements performed after the earthquake, and an initial FE model 

was created based on the design layouts and site inspections. The severely damaged structural 

components were eliminated from the initial model, and different structural components were 

grouped together to reduce the number of updating parameters. The elasticity moduli of structural 

elements were updated in order to match the modal parameters of the FE model to those identified 

from ambient recordings. The updated FE models demonstrate very good match with the system 

identification data. Furthermore, the updated parameters reflect some existing damage in the 

infilled walls, particularly on the first and second stories of the building, while they do not show 

considerable change for the components on the third and fourth floors, representing no significant 

damage in those stories, which is consistent with the field observations.  
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Chapter 5: Effects of Various Environmental Conditions and Design Situations 

on Fatigue L ife Estimation of Monopile Support Structures for Offshore Wind 

Turbines   

 

A portion of material presented in this chapter has been submitted to TORQUE 2020 Conference 

for peer review.  

× Nozari, A., Kuchma, D., and Hines, E. (2020). ñEffect of wind directionality on fatigue life 

of monopile support structures for offshore wind turbines.ò 

 

A more comprehensive manuscript is under preparation and will be submitted to the journal of 

Renewable Energy: 

× Nozari, A., Kuchma, D., and Hines, E. (2020). ñUncertainties in fatigue limit state design 

of monopile substructures for offshore wind turbines.ò 
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5.1 Introduction  

The need for renewable energy and the decrease in the Levelized Cost of Energy (LCOE) from 

offshore wind has increased the global volume of installed and planned Offshore Wind Turbine 

(OWT) farms over the past two decades [1, 2]. The U.S. offshore wind sector, however, expects 

higher costs due to the lack of domestic experience with offshore wind technologies [3, 4]. The 

Balance of System (BOS) activities are the main cost drivers for a planned wind farm, and the cost 

of support structures are recognized as one of the significant portions of the BOS Capital 

Expenditure (CapEx). The reliability and performance of OWT support structures furthermore 

influences the lifespan and associated Operational and Maintenance (O&M) costs of offshore wind 

farms. Therefore, improvements to the performance of support structures under ultimate loading 

conditions as well as improvements to support structure reliability under fatigue loadings will help 

reduce the Levelized Cost of Energy (LCOE) of offshore wind. 

This chapter presents a study on effects of different environmental conditions and design 

assumptions on fatigue damage assessment of monopile support structures for offshore wind 

turbines. A potential wind site close to a National Oceanic and Atmospheric Administration 

(NOAA) buoy in the Northeastern US waters was considered in this study. The main metocean 

parameters, including wind speed, wind direction, significant wave height, and wave peak spectral 

period were estimated using near to 40 years of hourly data recorded by the NOAA buoy. The 5 

MW reference wind turbine of the National Renewable Energy Laboratory (NREL) was used in 

this study. The support structure was considered to be the same monopile which was introduced 

in the Offshore Code Comparison Collaboration (OC3) project. Effects of various design 

conditions and assumptions, such as uni-directional and multi-directional wind and wave, residual 

and mean stresses, tensile and compressive stresses in critical spots, fatigue in base material and 
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weldments, corrosive environment, and corrosion protection on the fatigue life of monopiles were 

investigated. Furthermore, distinct and independent wind speed distribution for each wind 

direction were estimated to investigate the effect of wind directionality and wind directional 

resolution on the fatigue damage assessment of the monopile support structures. Sensitivity of the 

estimate fatigue life of monopiles to the effects of wind shear profile and local scour behavior were 

also examined in this chapter.  

5.2 Reference wind turbine 

This study uses the NREL 5 MW reference wind turbine on a monopile support structure with 

geometry configurations and material properties as defined in the Offshore Code Comparison 

Collaboration (OC3) project for the International Energy Agency (IEA) [5, 6]. A schematic 

representation of common OWT support structures is presented in Figure 5.1. A monopile support 

structure was selected in this study for the following two reasons: (i) approximately 80% of OWTs 

have been installed on the monopile support structures; and (ii) the process of estimating fatigue 

life is relatively simple for the monopiles due to their axisymmetric properties. 

 

Figure 5.1 Offshore wind turbine support structures introduced in Offshore Code Comparison 

Collaboration projects [6] 
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The main properties of the NREL 5-MW wind turbine on the OC3 monopile are summarized 

in Table 5.1. The hub height for this OWT is 90 meters above the MSL, and the RNA (Rotor-

Nacelle Assembly) is supported by a 77.6 m linearly tapered tubular steel tower. The monopile 

has been designed as a tubular steel cylinder with 30 m length with constant section properties. 

Twenty meters of the monopile is embedded in the water from a presumed rigid foundation at the 

seabed up to the sea surface, and the remaining ten meters covers the distance between MSL and 

the transition piece (TP). Although the real water depth at the SE Nantucket site is 74.7 m, the 

design water depth in this study was assumed to be 20 m to match with the dimension of the OC3 

monopile. Although the wave climate is influenced by water depth, this assumption is common in 

literature as this study is highly focused on the effects of wind conditions on fatigue analyses [7]. 

Table 5.1 Main characteristics of the NREL 5 MW WT and OC3 monopile support structure 

Item Value 

Wind regime IEC Class 1B 

Rotor diameter (m) 126 

Hub diameter (m) 3 

Hub height (m) 90 

Cut-in wind speed (m/s) 3 

Rated wind speed (m/s) 11.4 

Cut-out wind speed (m/s) 25 

Rated rotor speed (rpm) 12.1 

RNA mass (Kg) 350,000 

Tower mass (Kg) 347,500 

Transition piece height (m) 10 

Monopile embedment depth (m) 30 

Monopile diameter (m) 6 

Monopile thickness (mm) 60 
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5.3 Metocean Parameter Estimation 

5.3.1 Case Study Wind Site 

A potential wind site in the Northeastern U.S. waters, which is close to the National Oceanic 

and Atmospheric Administration (NOAA) buoy 44008, was considered in this study which is 

shown in Figure 5.2. The NOAA buoy provides reliable information about the environmental 

conditions at this wind site. The motivations for selecting this wind site are: (i) it is close to the 

Massachusetts and Rhode Island wind energy areas as shown in Figure 5.2; and (ii) it is one of the 

23 NOAA buoy stations which were investigated by NREL as potential offshore wind site for the 

U.S. as shown in Figure 5.3 [8]; therefore, there exists some estimated metocean data for this site 

which was used for verification of the estimated metocean parameters in this study.  

 

Figure 5.2 Massachusetts and Rhode Island wind energy areas and SE Nantucket station [9] 

SE Nantucket 

Buoy Station 
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Figure 5.3 Locations of 23 NOAA buoy stations across the US waters studied by NREL [8] 

5.3.2 Wind Data 

The metocean data from 1982 to 2018 (except year 2014) were recorded as 1-hour mean values 

at the SE Nantucket wind site. A total of 272,534 data points was available for each metocean 

parameter; however, after cleaning and processing of the data, 237,148 data points of wind speed 

and wind direction were used in this study. This process was focused on removing all the data 

points which did not include one of the wind or wave parameters to be able to estimate the 

metocean parameters in a conditional probabilistic framework. The buoy located at 4 meters above 

the mean sea level (MSL). A power law profile was employed to represent the wind shear and to 

estimate the wind velocity at hub height which is 90 meters above MSL in this study. The power 

law wind shear profile is defined by the following equation: 

ὠᾀ ὠ   (5.1) 
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where ὠ represents the measured mean wind speed at the buoy height (ᾀ) and Ŭ is the roughness 

coefficient which is equal to 0.14 for offshore wind sites according to [10]. A Weibull Probability 

Density Function (PDF) was fitted to the wind speed data: 

Ὢὼ Ὡ           ὼ π

π                                    ὼ π
  (5.2) 

where Ὧ π is the shape parameter and ‗ π is the scale parameter of the distribution. The 

Cumulative Distribution Function (CDF) of the Weibull distribution is also defined as below: 

Ὂὼ ρ Ὡ            ὼ π
π                            ὼ π

  (5.3) 

The histogram of the wind data in and the fitted Weibull distributions are illustrated in Figure 

5.4, and the probability of occurrence of the wind in different directions is illustrated through a 

wind-rose diagram presented in Figure 5.5. It is worth mentioning that the mean wind speed in 

Figure 5.4 is based on the recorded 1-hour mean values adjusted to the hub height (90 m above 

MSL); therefore, the values given in y-axis on the histograms are the total number of hours for 

each wind speed bin that were observed at this wind site.  
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Figure 5.4 Wind speed histogram and fitted Weibull distribution at SE Nantucket wind site 

(adjusted to hub height at 90 m above MSL) 

 

Figure 5.5 Wind directional probability at SE Nantucket wind site 

The seasonal variation of the wind direction at SE Nantucket site is presented in Figure 5.6 for 

the year of 2018. It can be observed that the dominant wind direction is in south and west directions 

which is consistent with the observed dominant wind direction in the wind rose diagram (Figure 

Vavg = 9.96 m/s 
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5.7). It should be noted the wind direction is defined as the direction from which the wind 

originates. 

 

Figure 5.6 Seasonal variability of wind direction at SE Nantucket wind site (Source: 

www.weatherspark.com) 

5.3.3 Wave Parameters 

According to the IEC 61400-3 standard [10], significant wave height, Hs, and wave peak 

spectral period, Tp, are the two main wave parameters which need to be estimated in order to 

perform a fatigue limit state design of OWT support structures. These two parameters are included 

in the measured data set at SE Nantucket station. As explained in Section 5.3.1, Stewart et al., from 

the National Renewable Energy Laboratory (NREL), have developed three generic categories of 

metocean data for the US East Coast, West Coast, and Gulf of Mexico as shown in Figure 5.8 [8]. 

In order to estimate the metocean parameters, they examined a comprehensive data set from 23 

offshore sites across the US where the recorded buoy data from NOAA is available.  

https://weatherspark.com/y/26821/Average-Weather-in-Nantucket-Massachusetts-United-States-Year-Round
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Figure 5.7 NREL estimated metocean parameters for potential wind sites in the US waters [8] 

In this study, the significant wave height and wave peak spectral period were directly estimated 

from the SE Nantucket data set as a function of mean wind speed. In Figure 5.8, the estimated 

wave parameters are presented for different wind speeds and compared to the proposed quantities 

by the NREL study for the US East Coast. 
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                  (a) Significant wave height                                   (b) Wave peak spectral period 

Figure 5.8 Estimated metocean parameters for different wind speed bins for SE Nantucket site 

and comparison with NREL estimated parameters for the US East Coast 

The Pierson-Moskowitz spectrum was employed to generate the irregular wave kinematics 

based on the IEC standard recommendations for fatigue analysis of offshore wind turbines. The 

second-order wave spreading effect was included in the simulations while the breaking waves 

effect was not considered in this study. Different random representations were used to generate the 

irregular wave signals corresponding to the different mean wind speeds.      

5.3.4 Further Assumptions 

Certain environmental conditions and metocean parameters cannot be estimated due to the lack 

of data for the case study site. For instance, sub-surface current, marine growth, and sea icing 

effects were not considered in this study. Soil-structure interaction was also not investigated due 

to a lack of data; however, its impact on the fatigue life of offshore support structures could be 

significant [11].  
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5.4 Time Domain Simulations 

5.4.1 Generating Wind Field 

In order to design the OWT support structures for fatigue limit state in the normal operational 

condition, a full range of inflow wind speed (i.e., mean wind speed between cut-in and cut-out 

wind speeds in which the wind turbine generates energy) must be considered. The IEC Standard 

61400-1 recommends the minimum intervals of 2 m/s to cover this wind speed range [12]. 

Therefore, 11 wind fields with mean wind speed of 4, 6, 8, é, 22, 24 m/s were generated for each 

fatigue analysis. 

The TurbSim program was used to generate full three-dimensional turbulent wind fields using 

turbulence spectral parameters estimated based on Kaimal turbulence model [13, 14]. Similar to 

the approach used to generate the irregular wave signals, 11 different random representations were 

used to simulate the turbulent wind fields. Time-histories of the generated turbulent wind at hub 

height for varying average wind speeds between cut-in and cut-out wind speeds, and the 

corresponding time-histories of the wave elevations, are presented in Figures 5.9 and 5.10 

respectively. 

 

(a) 
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(b) 

Figure 5.9 Initial 5 minutes of generated turbulent wind at hub height by TurbSim: (a) average 

wind speed between cut-in and rated wind speed, (b) average wind speed between rated and cut-

out wind speed  

 

Figure 5.10 Initial 3 minutes of generated wave time-histories for different wind speeds 



116 

 

5.4.2 Coupled Aero-Hydro-Servo-Elastic Analyses 

Numerical simulation of offshore wind turbines requires a multi-physics modeling approach 

due the various loading scenarios which are acting on these structures. Figure 5.11 represents 

various types of loading phenomena on a sample offshore wind turbine.  

 

Figure 5.11 Multi -physics loading phenomena acting on offshore wind turbines [15] 

Fully coupled aero-hydro-elastic time domain simulations were conducted in this study using 

the OpenFAST platform [16]. OpenFAST is a modularized multi-physics modeling tool which has 

developed by NREL to perform time domain analyses of the horizontal axis and vertical axis, on-

land and offshore, wind turbines. Figure 5.12 schematically represents the OpenFAST 

modularization framework.    
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Figure 5.12 OpenFAST modularization framework for multi-physics engineering modeling [15] 

At least six 10-minute or one 1-hour time-history simulations are required for each wind speed 

bin according to the IEC standard. For this study, the length of all time-domain simulations was 

3630 seconds, where the first 30 sec of each simulation was discarded to alleviate the potential 

impact of the transient state of wind turbine operation on the results of the fatigue analyses. Figures 

5.13 and 5.14 present the time-histories of rotor speed and blade pitch, respectively, for varying 

average wind speeds between cut-in and cut-out wind speeds. The influence of the wind turbine 

pitch control system can be observed in these figures as the rotor speed remains around the rated 

speed (12.1 rpm) while the inflow wind speed exceeds the rated wind speed which is 11.4 m/s.     
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(a) 

 

(b) 

Figure 5.13 Time-history of rotor speed: (a) average wind speed between cut-in and rated wind 

speed, (b) average wind speed between rated and cut-out wind speed 
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(a) 

 

(b) 

Figure 5.14 Time-history of blade pitch: (a) average wind speed between cut-in and rated wind 

speed, (b) average wind speed between rated and cut-out wind speed 

The time-histories of reaction forces and bending moments were obtained at mudline level of 

the monopile support structure, which is considered to carry the maximum bending moments 

caused by the wind and hydrodynamic loadings. The time-histories of the fore-aft and side-to-side 

moments for varying inflow wind speeds are depicted in Figures 5.15 and 5.16 respectively.  
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(a) 

 

(b) 

Figure 5.15 Time-history of fore-aft moment at mudline: (a) average wind speed between cut-in 

and rated wind speed, (b) average wind speed between rated and cut-out wind speed 

 

 


































































































































