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Abstract

Civil engineering structures caxperiencelamage due to extrenevents such as earthquakes
(low-cycle fatigue)or accumulaté damage over time due to various sources including severe
environmental conditionévinds, waves, temperature variations) atlker service loadghigh
cycle fatigue) as well as material degtation of multiple typesReliable damage identification
and condition assessment methods are needsduce the safety and serviceabilitfystructures
This dissertation providea 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 thiswork, aFinite Element model updating apprbawhichis the most commonwibration
based damage identification methacsused forcondition assesment oflifferentstructures to
seismic actionsThesewere: (i)a 3-story reinforced concrete frame which was tested on the large
outdoor shake table &iniversity of California at San Diegdii) afull scale 10story reinforced
concrete buildingn Utica, New Yorkwhich experienced a predesigned damage scepiaoioto
total demolition and (iii) a4-story school building in Sankhu, Nepal, which wagesely damaged
through the Gorkha earthquake in 20IHhese threeexamiratiors were usedto developa
framework for reliabledamage identification and response predicfmnthe structures which
experienced loveycle fatigue damagén the second part tis thesis projecg highcycle fatigue
damage assessmenas performed for monopile support sttuces of offshore wind turbines.
Effects of various environmental catidns anddesignassumptions, such asnd directionality
wind directional resolutiomesidual and mean stresses, fatigue in base material and weldments,
corrosive environmengnd exstence ofcorrosion protectionon the fatiguelamage assessment
of monopileswereinvestigated. Sensitivity of the estimdfatigue life of monopiles to the effects

of wind shear profile and local scour behawi@realsoexplored.
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Chapter 1: Introduction

1.1Background

Civil engineering structures can be damaged due to extreme events suthcaskaglow-
cycle fatigue)or accumulate damage over time due to various sources including severe
environmentaland service loadghigh-cycle fatigue) and/or mateal deterioration. Reliable
damage identification and condition assessment methods edec&ensuretheir safety and
serviceability. A comprehensive damage identification process includegiltiaetection of
damage(ii) localization of damagsiii) quantification of extenvf damageand (iv) prediction of

remaining service life of thstructure.

While most of the civil structures and buildingsteriorate as they experience loycle
fatigue damages, certain structures, such as bridges and i@ tsmpport structures, encounter
high-cycle fatigue damages due to the periodic natfreheir loading eventsThe harsh
environmental conditionfwvind, waves, temperature variatiorske also applied for structures,
such as offshore wind turbine suppsiructureswhich makeghe condition assessment process

for structures more challenyy, time-consumingand expensive.

Although \sual inspectionis the most common approach in practice to detect structural
damagethe major shortcoming of thegoproachs that it can become costly, tire@nsumingand
more importantly, it could be hinded by lack of access to critical areAiternatively, vibration
based damage identification methods can be used for the condition assessment of large and
comple 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 dynamicigsopferivil structures. Hence,
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damage can be estimated from the changes in the dynamict@®plerough the solution of an

inverse problem.

Finite Element (FE) model updating one of the most commonly used vibratioased
approaches for damage idéicttion of civil structures. The FE model updating framewsrk
capable of detecting, localimy, and quantifying structural damage, while the updated FE models
can potentially beisedfor structural response prediction which may lead to an updatedytife
information of the structurén the first part of this dissertatipwhich includes Chaprs 2, 3, and
4, the Finite Element model updating approaeisused for the condition assessmendifferent
types ofstructuresthose being 3-story reinfoced concrete frame, a full scale-4i@ry reinforced

concrete buildingn Utica, New York,anda 4story school building in Sankhu, Nepal

Although the finite element model updating approechighly effective in identification of
low-cycle fatigue damage in common civil structures, the-bigtie fatigue damage identification
of the structures sth as offshore wind turbine support structures througlfrEhenodel updating
methodologyis still challenging due to the lack of available field measuremamnigfurthermore
lack of knowledge about quantity and type of required instrumentation for thi®gmuFor
examplethe highcycle fatigue loadings commonly recognized to be the governing logdment
in the design of offshore wind turbine support structuaed,therebymprovements to the support
structures reliability under fatigue loadimdays a significant role in reducing thBalance of
System (BOS) Capital Expenditure (CapEM)e secondpart of thisstudy, whichis presented in
Chapter5, a highcycle fatigue damage assessmeasperformed for monopile support structures
of offshore windturbines. Effects of various environmental conditions and design assumptions,

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

fatigue damage assessment of monopileeinvestigatedn this chapter

1.2 Objectives and Original Contributions

The keyobjectives anadontributions of this dissertation include:

1 Accounting for effects of frequency content and exidtatevel in the nonlinear finite
element model updating of asBory reinforcedconcrete frame, and propagation of the
model updating uncertainties into seismic response prediction of the structure.

1 Development of a statistical framework to investigate thariability of ambient
vibration measurement of a -Bfory building and its efict on model updating and
damage identification of the structure.

1 Application of the linear finite element model updating to seismic damage assessment
of a school building wich was severely damaged through the 2015 Gorkha earthquake
in Sankhu, Nepal.

91 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 ThesisOrganization

Chapter 2 of this dissertatidncuses on calibrating a simplified nonlinear FE model for a
threestory infilled reinforced concretitame in order to evaluate the capapibf the calibrated
model to predict the response of the system to unknowrt eyaitations, i. e. the excitations
which are different from the input excitations used in the model updating précdstailed FE

model of the frame which hal been valideed through previous analytical and experimental

17



studies wasusedto simulate the response time history datae error between predicted response
data obtained by the calibrated model and the simulated responseagatansidered ashe
objective functbn of the calibration. Effects of tweources of uncertainty in modedlibration
procesgfrequency content and intensityinput excitation} in the modelpdating pocesswvere
investigated. The calibrated modehsevaluated through selected groundhotion suite and the
predicted responsesere compared tdhe estimate performance of the franfer the ®lected

earthquakeecords

In Chapter 3, atatisticalfinite element (FEmodel updating framewoiik proposed fotinear
FE model updating and dage identification of a testory 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 bdfafiean
the induced damage which are referred to as the referereasthtlamaged state of the building,
respectively. An operational modal analysis metivagdused to identify the natural frequencies,
damping ratios, and mode shapes of the structumg udifferent sets of ambient vibration
measurements at the referentaes and the damaged state of the building. An initial linear FE
model of the structureascreated based on-gitu geometry measurements and testing of material
samples. The initial mdel wasthen updated to reference models using different sets of ambie
vibration measurements at the reference state of the buiMar@bility of the updated model
parametersissociated with the uncertainties in the identified modal features ofticeustwas
investigatedA subset of the updated reference moaessubsequently employed to detect the
location and extent of the induced damage by updating the equivalénesstifof 12 wall

substructures using the measured data at the damaged state.
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Chapter discussesinite element model updating of a festory infilled reinforced concrete
school building, located in Sankhu, Nepal, which was severely damaged during rittea Go
earthquaken April 25", 2015.A group of colleaguegisited the coumy, in June 2015, to conduct
a postearthquake assessment for certain structures including the case study building. To achieve
this purpose, postarthquake ambient vibration datere collected to be used for performance
assessment of the building. Thelaemt 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 sheg and damping ratiogjereidentified using an operational modal analysis
method, namely the Natural Excitation Technique combined with the BSiggem Realization
Algorithm. An initial finite elementmodel of the structurgvas created based on the gated
design information as well as site inspections. To account for thetsetié earthquake induced
damage on the effective stiffness of the model, severely damaged structural eleeremist
included in the model. The initial modehasthen updated tlough a finite element model updating
approach by minimizing an objective niction. The objective functionvas defined as the
difference between identified and model estimated modal parameters and a regularization term.
To achieve this goal, different sttural elementsvere grouped together and their equivalent
stiffness paramets (i.e., effective elasticity moduljereupdated through a global optimization
approach. Performance of the updating approaels studied when considering different
regularizaibn terms in the objective function. Finally, the obtained changes in tHating

parametersverecompared to the observed damage in the building.

Chapter 5 presents fatigue life assessment framework for monopile support structures of
offshore wind turbinesThe NREL 5 MW reference wind turbine on the OC3 monopile support

structure was used in thischapter. Apotential wind site close to a National Oceanic and
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Atmospheric Administration buoy in thBlortheasternU.S. waterswas considered in this study
The main metocean parameters, including wind speed, wind direction, sighif\ave height,
and wave peak spectral peris@reestimated using near to 40 years of hovecorded data for
the case study wind sit&ffects of various design conditions and assumptions, such as uni
directional and multdirectional wind and waveresidual andmean stress, tensile and
compressive stresses in critical spots, fatigue ine bamterial and weldments, corrosive
environment,and corrosion protectioron the fatigue life of monopilewere presentedn this
chapter. Furthermoreljstinct andndependent wind speed distribution for each wind direction to
wereestimated tonvestigae the effect of wind directionalitgnd wind directional resolutioon

the fatigue damage assessmeiitthe monopile support structureSensitivity of the estimate
fatigue life of monopiles to the effects wind shear profileandlocal scourbehaviorwerealso

examined in this chapter.

Chapter 6 provides summaryand list of conclusionsfrom this work along with some
suggestions for ture work, withanemphasion work related tohe fatigue life estimation of the
offshore wind turbinsupport structure3his includes suggestions for implementing the structural
health monitoring methodologies to offshore wind turbines in order taectthe operational and
mainenance associated costs of offshore wind farms, as well as suggestions for investigation of
severaknvironmental effects on the fatigue life of support structures particularly for modermn large

scale offshore wind turbines.

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

IEC 614003 for design ofixed-bottom offshore wind turbines.
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Appendix B presents the structural detail classifications provided by the Recommended
PracticeDNVGL-PR-C203 which have been studied ftre support structures of offshore wind

turbines in this thesis.

Appendix C provides the MATLAB codes developed to estimate the fatigue darhbgse
material and weldments of monopile support structures withéwit corrosion protection

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

an Infilled R einforced ConcreteFrame

The findings povidedin this chapter are from the materiaépentedn:

x Nozari, A., Behmanesh, IMoaveni, B., and Stavridis, A. (201 . Noriiinear model
calibration of a frame structure using earthquake data for probabilistic performance
evaluation O0Engineering Mechanicsinstitute Conference, McMaster University,

Hamilton, Orario, CA.

For further reading on this topic, the readers can refeidarticle:

x Asgarieh, E., Moaveni, BNozari, A, Barbosa AR., and Chatzi, E(2014) . Noriinear
identification of asevenstory shearwall building based omumericallysimulatedseismic

data. ®ynamics of Civil Structures, Volume 4, pp. 2458.
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2.1 Introduction

Predction of the structural responge an unknown futurground excitation is of utmost
importance for the safety and reliahjlianalyses of civil structurefl, 2]. Although the
characteristics of future loadia@re usually the largest source of uncertainty for the structural
response mdiction, modeling errors due tearious effects such as imperfections in the
construction processincertainties in mateai propertiesvariation of geometric dimensiorts
structural components, andck of accuracy in modeling of boundary conditioren also
contribute significantly to the variability of ¢hpredicted structural respon&8]. However, in
the case of aviible measurememtfrom the experimental tests fexisting buildings and
prototypes, the initial models can be calibratedunoha way that they can estimate the structural

responses to future dynamic loadings within acceptable range of acfenbgy

This study focuses on calibrating a simplified nonlinear FE model thregstory infilled
reinforced concretrame in order t@valuate the capability of the calibrated model to predict the
response of the system to unknown input excitations, i. @xititations which are different from
the input excitations used in the model updating process. There exists a detailed FE tnedel o
frame which has been validated through previous analytical and experimental studies. This model
was usedto simulate theesponse time history data, which normally can be measured through
experimental tests, avdereassumed to represent the reassec performance of the framehe
error between predicted response data obtained by the calibrated model and the siraptated re
datawasconsidered asbjective functiorof the calibration. Effects of twsources of uncertainty
in model calibration grcess, i. efrequency content and intensityioput excitationsin updating

processwvereinvestigated. The calibrated modehsevaluated through selected ground motion
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suite and theredicted responsegere compared to estimated performance of tlanke against

the lectedearthquakes.

2.2 Test Structure and Dynamic Experiments

2.2.1Descriptionof the Test Structure

Thetest structurés a 2/3 scaled reinforced concrete frame of a tstesy prototype structure
which was commonly built in the 1920s in California. These typical structures consist ef non
ductile RC frames with unreinforced masonry infill walls. The franas wested on the large
outdoor shake table at University of Califarat San Diego (UCSD) as shown in FigRre The
structure was densely instrumented with a large array of sensors including 59 uniaxial
accelerometers, 71 displacement transducers, #hdttain gages. 11 video cameras were also
employed to monitor theerformance of the structure under imposed dynamic excitations.
Through design specifications of the test structure and more details about its instrumentation have

been reported inlp, 14

el e——

Sakig direction

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

In order to investigate the seismic performance of the frame, a sequence of 44 dynamic tests
including 14 scaled ground motion records of increasitemsity, 15 whitenoise 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 Centrwvere scaled andsed as the input ground motions to provide different base
excitation intensities. Tabl@.1 presents the sequence and the scale factors of the applied

earthquake ground motions.

Table 2.1 Scaledearthquakeecords used in the experimefi$]

Test ID Testname Earthquake recort Scale factor [%]
6 gil1l0 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 gils3 Gilroy 3 83
33 gilo1 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 redwds been selected by comparihgir
response spectra with the proposed desjectra 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 foundlis, [16.
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Figure 2.2 Design and ground motions response spé¢t&h

2.3 Finite Element Modeland Data Simulation

2.3.1 Detailed Finite BEement Model

A detailed finite element of the structuwasused to simulate the response of the structure for
different earthquake records at different intensities. In practice, nparéorm experiments with
high input excitation intensities for a specific test structure to record the nonlinear response of the
structure, since the high amplitude vibrationg do one excitation solely coutduse significant
damages or may yield tokapse of the structure. Theredpm detailed FE model whitfad been
calibrated usinghe experimemal measurementsyas employeal in this study to simulate the

required responses of the structure
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The detailed finite elementodelof the framas a two-dimensional nonlinedfE modelwhich
is schematically shown in Figu&3. This model has beameated in OpenSees whiighan open
source platform for nonlinear dynamic analysis of structures developed at WypigéZalifornia
at Berkeley 17]. The infilled walls of the structurezeremodeled as nonlinear truss elements and
beamswere assumed to be rigid elements in the modelstFstory columns have nonlinear
behavior while the second and third story colummse considered asinearelastic members.
Yassinhysteretic material behavidre., Concrete02 material model in OpenSees3 assigned

to all nonlinear elements in the meld
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2.3.2 Simulating Response Data

A Suite of 22 edhquake recordpresented in FEMA?695was used for simulating the
response of the prototype structyfed]. The records are typically fdield records which are
recommended for nonlinear seismic assessment of stru@eissiic characteristics of tiggpound
motions are presented in Tal#. The acceleration response speatf the records are also
demonstatedin Figure2.4. It is observedhatthe ground maéions have different intensity levels
and frequency content, and this variabitibuld resulin uncertainty in prediction of the nonlinear
seismic response of the test structior¢he potential future earthquake.addition to variability
in frequency content of ground motions whisindicated from the response spectra of the records,
higherintensities of earthquakes generally result in higher nonlinearity in structural response. This
fact significantly influences both model updating and response prediction of structuséserin
words the level of excitation intensity at which a nonlineaodel was calibrated, could
significantly affect the capability of that model in prediction of nonlinear response of a structure

subjected to an input excitation wildifferent intensity.
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Figure 2.4 Acceleration response s of the ground motions
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Table 2.2 Characteristics of the suite of faeld ground motions presented in FEMZ695

No. Earthquake Recordname Year Z\’/I\Aasg)nitude Siteclass dt (sec) PGA (g) l(jirgi;/ec) 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 Valey, 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/CAP0O00 1989 6.9 D 0.0050 0.53 14 4
14 LomaPrieta, USA LOMAP/GO3000 1989 6.9 D 0.0050 0.55 14 3
15 Manijil, Iran MANJIL/ABBART L 1990 7.4 C 0.0200 0.51 17 6
16 SuperstitiorHills, USA SUPERST/BICC000 1987 6.5 D 0.0050 0.36 18 7
17 SuperstitiorHills, USA SUPERST/BPOE270 1987 6.5 D 0.0100 0.45 14 3
18 Cape Mendocino, USACAPEMEND/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/TCU045N 1999 7.6 Cc 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 Cc 0.0050 0.35 9

In this study Peak Ground Acceleration (PGA) of earthquake receatsconsidered as the
intensity measure of the ground mosoifen intensity measures from 0.15g to 1.8qually
distributedwith an interval of 0.15gwvereused to sale all the earthquake records. Hence, a total
of 22x10=220 earthquake record®re producel to be used as input ground excitations and
simulate the response of the structure (i.e., acceleration and displacement respehistotiiee

ateach story of the frame) by the detailed finite element model.

29



2.4 Finite Element Model Calibration

2.4.1Simplified Finite Eement Model

A simplified modelis introduced in this study to predict the response of the prototype structure
and evaluate its s&nic performance. This modsla 3DOF (Degreesf Freedom) finite edment
model as illustrated in Figu25. In this modeljt wasassumedhat the nonlinear behavior only
exists in the first storglement therefore the second and third stome=re consideredas linear
elements.This assumption was based on the observed damage in infill walls of thstdimst
through the conducted experiments on the frarhe.stiffness of the second and third stonesre
assumed to d equal, and thBoucWen modelwas assigned to the first stoty represent its
nonlinear behaviorl9, 2Q. Therefore, there will exish materialparameters in updatingrocess

of the simplifiedFE model:

(i) Two stiffness parameterk; stiffness of the first story, ard = ks stiffness of the second
and third stories.

(i) Three BoueWen parameters which control the nonlinear behavior of the first slaryd
b which control the posyield stiffness and the shape of the hysteretic maahelliy which
controls thestiffness degradation dumg the hysteretic loodt should k& noted that no

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

2.4.2 Input Excitation for Model Calibration

The first record in tle ground motion suite, depicted in Figu2#, was used in model
calibration of the simplified model. This ground motion recaoves from the Northridge
earthquake whickvasrecorded at the Beverly Hilslulholland station. The first tweeconds of
the recod whichis very low amplitude excitatiowasused for linear model updating, while the
first ten secondw/asconsidered as the high amplitude part of the excitation wiademployed

for the nonlinear model updating.
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Figure 2.6 Northridge earthquake cerd used for model calibration
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Figure2.7 shows base shear Vst story displacement hysteretic plots of the structure against
the Northridge record at foexcitation intensity levels. Is observed thatttheintensity measure
of 1 (.e., IM1 correspondingwith PGA = 0.153), the response of the structusdi near; however,
as the excitation intensity increases, the nonlinearity levisleofesponse increases, heasean
instance, at intensity level of 10¢, IM10 corresponding with PGA = 1), highly nonlinear
response of the strture can be simply regnized. Théow and moderate nonlinearity in structural
responseare also observeal intensity measures of 4 and 7, corresponding to PGA g ar&l

PGA = 1.05g, respectively.
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Figure 2.7 Hysteretic plots of base shear vs. first story displacemeiffertetht intensities
2.4.3 Calibration of The Simplified Model

2.4.3.1Linear Model Calibration

In the first step of model calibratiothe stiffness parameteof the simplified modelvere
updated inlow amplitude part othe inputexcitation inwhich the structural responseassmall
enough to be in thénear range, consequently, two parameters KieaandK; = K3, wereupdated
in thisstep. The misfit between modetedicted displacemergsponse and the simulated response

of structure at thee storieswas used as the objective functiaf optimizationin the model
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calibration process. 200 data poiitsdisplacement responsegre matched in the objective
function consideringhe two second duration of low amptude excitation andhe samplirg
frequency of the recdrwhichis 100 Hz (corresponding witthe time step of @M1 sec in the
dynamic analysis). Th@&enetic Algorithmwasemployed for model updating as a powerful global
optimizationapproach21]. The results of model updatingtimelinear phases presented in Table

2.3.

Table 2.3 Resultsof linear model updating

Updatednitial stiffnessvalues|ksi]

Firststory (K1) 45,500

Secondandthird storieg(Kz = K3) 25,000

Figure2.8 compares the low amplitude part of #isplacement response of the first and roof
storiesestimatedby the simplified FE model with the measudedisplacement response of the

structure whictwassimulated by the detailed FE model.

—— Simulated data

—— Model prediction
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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 stegf model calibration, thepdatedstiffness parameteos thesimplified finite
element model remain persistent, and thBemeicWen parameters ofhe nonlinear material
behavior of the firsstory were updated. The first teseconds of the earthquake recovds
employed as the high amplde part of the exation. Here again, the misfit between displacement
response of the simplified model and the simulated response of the structure forms the objective
function d model updating. Since Wwasassumedhat only the first story of the simpigd model
experienes the nonlinear response, the objective functmnly incorporatesthe first story
displacementasponses. 1000 data poimtsrematctedin the model calibration considering 100
Hz sampling frequency of the Northridge earthquake recbodaccount for theffect of input
excitation intensity in nonlinear metcalibration, the simplified FE modelas updated three
timesat three different excitation levels, i.e. IM4, IM7, and IM10 which are corresponding to low,

moderate, and high nonkarity level inthe structural response, respectively. The results of
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nonlinear model updating and the estimated displacement residtiadstbfeecalibratedmodels

are presented in Tablgg}t and2.5.

Table 2.4 Updated BoudNen hysteretic material pamneters

Model Intersity level U b = oy

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 excitattensities

Model IM4 IM7 IM10 Avg.
C1 8% 15% 25% 16%
Cc2 11% 11% 18% 13%
C3 18% 20% 14% 17%

It is observed from Tabl.5 thatthe FE model whichwasupdated irthemoderate nonlinear
level (IM7), named rodel C2, represents more consistent results for the lower igherh
nonlinearity levels inthe structural reponse. Consequentlthis modelwas selectedas the
calibrated model fronthe nonlinear model updating proceBgyure2.9 shows omparison othe
predicted and simulated responses of the structure in hightwahepexcitation part. Itan be
observed that in addition to the displacement responses wkighncorporated in the objective
function of the model updating process, thedel predicted ahsimulatel acceleration responses

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

displacement response, (b) acceleration respons

2.4.4Model Validation

The calibrated simplifiednodel, C2, wasvalidated through the suite of earthquakeords
introduced in SectioR.3.3. Displacement residuals of the model C2 at low, moderate, and high
intensity levels listed in Table2.6, were quantified for all 22 records in thelige to investigate
both effects of frequency content and intensftground motions on model calibration/validation.
The results indicate that although the simplified modek calibratedusing only the first

earthquake in the list, and only at moderate sitgrmeasure(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

remarkabldevel ofaccuracy.

Table 2.6 Displacement residuals (%) of calibrated model for different grourttbnsoat three

excitation intensities

No. Earthquakeecord 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 HECTORHECO090 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/SHIO00 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/CAPO0O 16 17 18 17
14 LOMAP/G0O3000 13 20 21 18
15 MANJIL/ABBARi L 17 21 25 21
16 SUPERST/BICC000 17 24 24 21
17 SUPERST/BPOE270 16 17 21 18
18 CAPEMEND/RIO360 11 27 17 18
19 CHICHI/CHY101-N 14 13 24 17
20 CHICHI/TCU045N 15 26 31 24
21 SFERN/PEL090 19 24 23 22
22 FRIULI/A-TMZ000 11 12 19 14
Avg. 13 18 22 18

Figure2.10compares the average of estimated maximum displacerht first story of the

framewith the simulated response from detaiféll model a different intensity meases. Itis
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observed thathe modelpredicted and simulated resp@s match reasonably well. The maich
even closearound PGA = 1.3 whichis expected as model C2 has been calibrated in moderated
intensity level (.e., IM7) thatis corresponded with PGA 1.05g. However, the misfit between
predicted and simulated responses eéases as the intensity measard consequently the

nonlinearity leel of the structural response raises
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Figure 2.10 Measured (simulated) vs. model predicted maximum dispt@ntof the first story

2.5 Seismic Performance Assessment

2.5.1Generating Fragility Curvesor the Test Structure

In order to generate fragility curves for the prototype frame structure at different seismic
performance levels, three damage leweése defined as: small, moderate, and sewdamage
based on drift ratio of the first story of structure as a comre@msc demand parameter. Table
2.7 indicates the correspondinigift ratios at each damagdevel. The samelamage levelsvere
used to generatbefragility curvesusing boththe simplified andthe detailed FE models.
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Figure 2.11 Four analytical steps in probabilistic performathesed earthquake engineering

Table 2.7 Drift ratiosused to define the damage levels

Damagdevel 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 levels depicted versus an intensity measure of earthquake, which coule peak
ground acceleration aswtasusedin this study. The same ground motion swasemployed to
generate the fragility curves at three damage levels and results demonstratedei@. Exgit is
observed that, for instance if the structure undergoesrthquake with peak ground acceleration
(PGA) of 0.60gthe probability that the structure will experierecemalllevel of damagés about
85%, and the probability that it will expencea moderatdevel of damagés less tharb%, and
finally thereis 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 Propagatiorof Uncertaintyof Modeling Erroron Fragility Curves

In order to propagate the uncertainty of the calibrated model (model C2) into fragility curves,
an error functiorwasdefined as the normalized root mean square (RMS) of the prediction error

for the first story displacement peaks as below:

SN (2.1)

It should be noted that only the peaks whachlarger than 50% of the maximum displacement
wereconsidered in the error function. Two sets of upper and lower bound fragility cueves
estimated bydding/subtracting the calculaterror functionand three times of its value to provide

both small and large confidence intervals. This approach for propagating the model calibration
uncertaintyis based on the assumption that the calibrated model hdarsomediction error for

the other ground motions (i.e., the error functisrcomparable 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, apevee damage levels respectively. The results exhibit that in all
the calibrated simplified modeffectively predict the response of structunghich wasestimated

by the detailed FE model in all damage levels. In fact, in most cases the confidervag aiste
equal to the introduced error functi@menough cover the discrepancy between the predicted

responses by the simplified and detailed FE models.
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Figure 2.13 Fragility curve of the frame atr&ll damage level with confidence intervals
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2.6 Conclusions

This study focuses on calibrating a simplified nonlinearnidtlel for athreestory infilled
reinforced concreterame in order to evaluate the capability of the calibrated model to predict the
response of the system to unknown input excitations, i. @xitieations which are different from
the input excitationsised in the model updating proceEke results exhibit that the acceleration
and displacement tirAeistory responses of the simplified FE model match well with the
corresponding responses obtairfeom a detailed FE model of the frame. The simplified rhode
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 inputiersita
It is observed that when the simplified modetalibrated 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 associatét either lower or higher levels of the response
nonlineaity. Furthermore, pbabilistic seismic demand analysistioé RC frameavasperformed
using the calibrated modehich provided consistent results with the detailed FE mderelgility
curves of he frame were developed by simplified model in different algenstates ande
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 this chapteare fromthe material published in:

x Nozari, A., Behmanesh, I., Yousefianmoghadam, S., Moaveni, B., and Stavridis, A. (2017).
AEffects of variability in ambiemmtagevi br at

identificationofal® t ory buil ding. 0 Engimeeri ng Str uc

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

x Behmanesh, I., Yousefianmoghadam, S., Nozari, A., Moaveni, B., and Satvridis, A. (2017).
A U n ciaty quantification and propagation in dynamic models using ambient vibration
measurements, application to a-§& ory buil ding. 06 Mechanical
Processing, 107, 50214.

x Yousefianmoghadam, S., Behmanesh, I., Satvridis, A., Moaveni, Bi, Ngzmnd Sacco,
A. (2017) . ASystem identi flly tsed iarw gradaatlyd mo d ¢
damaged 1 r ory reinforced concrete building. o

Dynamics, 47 (1), 287.
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3.1 Introduction

Civil engineeringstructures can be damaged due to extreme events such as earthquakes or
accumulate damage over time due to various sowfckmdingincluding severe environmental
conditions, service loads, and/or material deterioration. Reliable daideggfication and
condition assessment methods are needecdersure their safety and serviceability. A
comprehensive damage identification process includes (iheDetection of damage(ii)
Localization of damagdiii) Quantification of damage exterdand (iv) Prediction of remaining
service life of the structurd]. Visual inspections the most common approadkedin practice
to detect structural damage; however, the major shortcoming of this apjgtieatht carbecome
costly, time-consumingand more importantly, it could be hindered by lack of access to the critical
areaof the structurg2, 3]. Alternatively, vibratioAbased damage identification methods can be
used for the catlition assessmelnf large and complex structurgs 5]. These methods monitor
the global state of the structural health by analyzing its vibration response to ambient or forced
excitatons. These method®ly 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 pr&semrehensive

reviews of vibratioabased damage identification methods can be foufgi Bj.

Finite Element(FE) model updatings one of the most commonly used vibratioased
approaches for damage identification of civil structuf#@ 15]. The FE modelupdating
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 lifeycle information of he structurg14, 15] In the FE model updating process

used for damage identification, a linear elastic model of the strustafien considered, and the

47



structural damages estimated & the loss of stifiess in the structural elements. The updating
processis 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 bee
widely used fordamage identification of different types of structufE& 23]; however several
chalenges still remai when applied to actual large structures. Some of these challenges include
the (i) low sensitivity of vibration data to structural dam#gé); (ii) influence of modeling errors

[251 27]; (iii) high computational cost associated with updating large mof@&s 26]; (iv)
sensitvity of vibration measurements to environmental and ambient cond[@0n83]; and (v)
complications when extending the framework to nonlinear models and nonlinear structural

respons¢34i 36].

The FE model updating framewowkasimplemente in thischapterto identify the damage
inducedin a tenstory reinforced concrete building. First, an initial FE model of the buildiag)
created based on data obtained fiarsitu measurements and laboratory tests of geometric and
material propertiesThen, the initialmodel was updated to reference models by matching the
modelpredictedmodal parameters to those identified from different sets of the measured ambient
vibration data. This calibration processs repeated 40 times using the modal parameters
identified fram 40 different vibration datasets at the reference state resulting refdrence
models. An average reference modekalso defined based on the average values of the updating
parameters over the 40 reference models. The avenadehree distinct refence modelswere
then calibrated to match the modal parameters atldneaged state of the building. The re
calibrated models can be used to estimate structural damage. The variability of updating stiffness
parametersvereinvestigated and compared witie observed variability in the identified modal

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

imposed damage to thestture.

3.2 Description of Building and Dynamic Tests
3.2.1 General Characteristics of the Building

The tenstory reinforced concrete building considered in this study was constructed in 1914 in
Utica, NY. It consisted of a slatolumn struatral system with exterior concrete infill walls. A
five-story clay masary 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
testg[37] using the equipment of NEES at UCLRAgure 31 shows the west view of the building

ard the plan view of a typical floor.
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Figure 3.1 The 10story building: (a) west view and (b) plan view of a typitabr

3.2.2Induced amage

Damage was induced to the building by removing six exterior infill walls. The inducezbaa
would reduce the lateral stiffness of the structure in a manndasitm 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 lo¢ tthird story, and (iii) two walls of the second
story, one atthewesti de and one at the north side. I n t
the initial state of the building and the Adar

of the six walls. The damaged walls of the building are illustrat&igure 32.
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Figure 3.2 The induced damage: (a) wall remab by jack hammer, (b) location of six removed

walls defining the damaged state

3.2.3Dynamic Ests

Fifty two hours of ambient vibration response of the building were recorded before and after
the wall demolitions. The aeleration response of the struetwas measured using an array of
60 accelerometers including 24 uniaxial and 3@utral sensors. The sensors were fdvaknce
Kinemetrics accelerometers which were synchronized by a GPS clock with accuracy offless tha
1 millisecond[34, 35] These accelerometers are cdpalf recading accelerations between 0.1
Hg and 2 g with a sampling rate of 200 Hz. Quanterra Q300 A/D data loggers were employed for
data acquisitiofi39]. Thiswasa lowpower, 24bit system with dynamic rangd approximately
135 dB rootmeansquare (RMS). The accelerometers measured accelerations along the X, Y, and
Z directions at theortheas{NE) andsouthwes{SW) corners of each story as showrFigure
3.1(b). More details about the building, instrumentation and the dynamic testihg diuilding

can be found ifi37].
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3.3 System dentification

3.3.1 Identified Modal Brameters

The recorded acceleration time histonesredivided into sets of Bninute long windows. A
total of 312 5minute datasetwasavailable at the reference state and 22skts at the damaged
state of the building. The selection ofnrbnute long vindows 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 parametdiss variability is caused by (1)
measurement noise and system identifccatrrors, (2) changing ambient temperature, and (3)
changing ambient excitation forces due to wind speed and activity in the building. Vihitetit
possible to quantify the contribution from each source due to lack of information, the authors
believe hat the largest contribution comes from the changing ambient excitation forces caused by
pre-demolition activities in the buildindrigure 33 showghe identified natural frequencies versus
measured air temperature for 142 data sets at the referencé\stat¢that 142 (out of 313) data
sets have available temperature readings. The figure shows that (1) the changes in temperature
during the tests arnot drastic and the ambient temperature remains below the freezing point, and

(2) little correlation betwen frequency and temperature can be observed from these data sets.
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Figure 3.3 Identified natural frequencies vs. air temperature at the reference state
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The ambient vibration datavere filtered by a bandpass (0.5Hz 8.5Hz) Finite Impulse
ResponsdFIR) filter of order 2048. This frequency range includes the first three modés of
structure whichwere extracted using the Natural Excitation Technique combined with
Eigensystem Realization Algorithm éXIT-ERA) [38, 39]. Table 31 presents the mean and
coefficientof-variation (CoV) of the identiéd 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 deease due to damage while the damping ratios exhibit no clear trend. Moreover, the
identified frequencies show very small variability across different datasetshegitargest CoV
being equal td%. Thisis not the case for the identified damping ratidscln have CoV of larger
than 23% in all cases. The reduction of the identifiedrabftequencies between the initial and
the damaged staiga result of the loss of stiffness in the building caused by removal of the walls.
Finally, one can observe thae frequency reduction for modasignificantly smaller compared

to those of mdes 1 and 2.

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

State of Natural frequency [Hz] Damping ratio [%]

structure Mode 1 Mode?2 Mode 3 Mode 1 Mode2 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 34 shows the mean of the identified mode shapes for thettiinse modes at the
reference and damaged states, while the roof plan view of mode shapes from the FE model are
presented ifFigure 35. It can be seen that the first made translational modm the Y (east
west) direction while the second and thircdaes are torsional. The most evident chaisge

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), vinse values move apart at the damaged state
(crosses). Tis 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).
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Figure 3.4 Identified mode shapes at reference and damaged states of the structure

Mode 1 Mode 2 Mode 3

Figure 3.5 Plan view of modes shapes at the roof from FE model
Figure 36 presents the 312 identified natural frequencies and damping ratios versus the
ambient excitation level for the three modes at the reference state. The excitation lewalshere
represated by logarithm roemeansquare (RMS) of the signal recorded in Y direction of the SW

corner on the 9story. RMS provides a measure of average response amplitude ishlicactly
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correlated to the amplitude of excitation. Logaritbstalevaschoserb as ed on t he aut
experiencg¢31] that the identified natural frequencies are almost linearly coecktatthe respoes

amplitude in logarithmic scale. ¢an 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 amplitudey significant tendis observed for the damping ratios of

modes 2 and 3.
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Figure 3.6 Identified natural frequencies and damping ratiesrsus amplitude of response

defined as logarithm RMS ofraference channel ori'&tory
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3.3.2Down-Sampling of Systetdentification Data at Referencda®e

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 refestategvere downsampled to 40
sets. These 40 sets of modafrgmetersverethen used for updating the initial FE model at the
reference state. To dowgample the identified sets of modal parameters of the first three modes,
the 312 setswere first sorted based on their normalized average natural frequencies. The

normalized frequenciewerecomputed as:

. f, o .
=g — 112N}, {12

14y, (3.1)
i=1

where N denotes the total number of system identification data setsNi=312); f; refers to

the natural fregency of thej™ mode identified from the " data set, and‘ij* represents the

corresponding normalized value. The average of normalized natural frequencies over the three
modeswasused to sort the system identification data sets. Finally, the sdldét sets of modal

parametersvereuniformly sampled from the sorted data sets.

Table 32 reports the statistics of the sampled natural frequencies and compares them with the
statistics ofthe whole set of the identified quantities. It can be seen thhtthe mean and
coefficientof-variation (CoV) values of the complete and sampled data are close for the three
identified vibration modes. This indicates a comparable level of varialulityhé 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 3.4 4.69 2.24 3.34 4.70
CoV [%] 0.4 0.3 1.0 0.3 0.4 1.1

No downsamplingwasperformed at the damaged state due to the smaller number of available
data sets (22). Therefore, the identified modal parameters from all 22 dateesstsed in the
model uglating and damage identification process. Thisa setsvere 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 Mdel

An initial linear elastic FE model diie test structure was developed using SAP20@@tural
analysis softwarg43]. This threedimensional model was created based csitun geometry
measurements as well &ssts of concrete cores and masonry prismsaebed from different

structural components which are summarizetahle 33.

Table 3.3 Measured moduli of elasticity of different structural components

Number of Youngos [Gpa(@s)]l us
Structural component

samples 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 37 demonstrates a rendering of the initial FE model. A total of 503eslts 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 abaiitahe model

and material testing can be found37].

North-East Corner South-West Corner

Figure 3.7 Initial finite element model of the case study building

The initial FE modelvasusel 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
damagedstructure, the wall elements corresponding to the demolishedweksemoved from
the model and the modal analysiasconducted agairf.able 34 compares the average identified
natural frequencies from 312 and 22 data sets at the reference and datatagdespectively,
with the corresponding frequencies estimated from the irftalmodel. The average Modal
Assurance Criterion (MAC) values between identified and mpdedicted mode shapes are also

presented at both the reference and damaged sfdtesbuilding.
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Table 34 Initial modetpredicted and identified natural freaquoges of the structure

Reference structure Damaged structure

Natural frequencies Natural frequencies
Mode [Hz] Difference \acC [HZ] Difference MAC

Mean of Initial FE [%] Mean of Initial FE [%]

systemid model system id 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

FromTable 34, it can be observed that the natural frequencies of the first two vibration modes
predicted bythe initial FE model are in good agreement with their experimentally identified
counterparts. However, larger deviatias observed between the mogekdicted and he
experimentally identified frequencies for mode 3. The mode shapes of all three vibraties
estimated by the initial FE model reflect high correlation with the identified mode shapes using
ambient measurements as indicated by the MAC values thiat @ieases above 0.98. Based on
this comparison of the FE model and the modes obtaired the recorded data, it can be
concluded that the initial FE model provides a reasonably accurate representation of the building

and itis suitable for model updatg.

3.4.2Model Updating at Referencea®e

3.4.2.10bjective Function and @imization
Model updatingvasperformed by minimizing the difference between the mpadetliicted and
the experimentally identified natural frequencies and mode shapes foirsthiaree vibration

modes. The following objective functiavasused in the optimization pcess:

G(d)=u)d W) di{12,..,4) (3.2)
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whered is the vectorof the updating parametergj refers to a diagonal weighting matrix with

values of 1.0 for the natural frequency residuals and 0.1 forsteade residualst, (d) denotes

the residual vector between the mededdicted natural frequencies and mathi@pe components

and the identified quantities from thé' data set, that can be defined as:

&' (d)
r(d)=¢é 33
@=¢. 4 (33)
in which:
ef, (d)- f;
-

” or, {123 (34)

o )_é':ijr (d) T:“r

wherer," (d) and rf(d) are the natural frequency and mestepe residuals, for thd" data set,
respectively,f; (d) and ﬁj denote the modgiredicted and identified natural frequencies of the

" mode identified in the " data set, respectivgyand F; (d) and F; represent the model

predicted and identified moeshape vectors, respective§uperscript denotes the mode shape
components to be considered in the residualraeters to reference component for mode shape
normalization.A gradientbased leastquare optimization approactvasused to estimate the
updated modulus of elasticity of structural components in the FE rffgfelThe optimization
algorithmwasa subspace trusegion algorithm which employs the interi@flective Newton
method[42, 43] Considering the limited number of updating parameters and the fact that the
objective functiorwasfound to be convex from a sensitivianalysis, the gradiefiiased local

optimization nethod exhibed acceptable performance in the model updating process.
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Furthermore, the implemented optimization metheds computationally more efficient

compared to global optimization approaches.

3.4.2.2Updating Rarameters

The selection of updating sttwral parameters an important step in the updating process
and affects the performance of model updating. Thisportant in view of the vast array of
geometric and material properties, for differstuctural 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 largeale civil structures. However, ig often preferred to consider a
small number of pdating parameters (i.e. less than ~15) to limgt ¢dbmputational demand of
optimization process. Moreover, use of a large number of updating parameters can result in an

unidentifiable or ikconditioned inverse problem.

In this study, three sets of uptittey parametera/ereconsidered in the updating pess of the

FE model of the structure at the reference state:

Set lincludes two updating parameters: asi¢he modulus of elasticity of reinforced concrete
elements in the main building and the slab @etsin 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 buildifig(see

3.1(h)).

Set 2includes 11 updating parameters: the first ¢errespond to the moduli of elasticity of
concrete elements (i.e., columns, walls, and slabs) of each story in the main building, afid the 11

updating parametes the modulus of elasticity of all masonry mlents.
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Set 3includes 4 updating parametetsiee 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 sktgpdating parameterg/as
evaluated by compamy their goodnessf-fit to a system identification data set. Thé"2@t of
system identification data, representing the median identified natural frequerasased for the
comparison.Table 35 presentgshe modal frequencies obtained from the calibd reference
models for each set of updating parameters. It can be observed that Set 3 provides the best fit
between modepredicted and identified natural frequencies. Thus, the third set of updating
parameers, as schematically shownhigure 38, wasused to calibrate the reference models in

the following sections.

Table 35 Different sets of updating parameters for model calibration at reference state

Natural frequency [Hz] / Errof4]

Updating

parameters Mode 1 Mode 2 Mode 3 Average
error

Set 1l 2.20/1.7 3.31/0.6 485/2.1 14

Set 2 2.22/0.8 3.30/0.9 498/3.0 1.7

Set 3 2.24/0.1 3.33/0.0 471/0.0 0.1
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Figure 3.8 The four updating parameters used for calibrabibreference models

3.4.2.3. Reference Finite Elemenbdiéls

The initial FE modelvascalibrated 40 times by model updating to match the dsawnpled
system identification data at the reference states gifuicess results in 40 reference models, which
areused 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

modelswerenameda R 1, R2, é , R4 0, where®d R@tien dbifc 4 thees

Furthermore, an average reference FE model, naResascreated using the average updated

parameters over the 40 reference models.

Figure 39 compares the identified natural frequencies with themated 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 correspondingified values are reported Fable 36.
Since the systemdentification dataveresorted from the smallest to the largest normalized natural

frequencies, the models R1, R20, and RéBeessentially matched to the smallest, median, and
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largest identifiechatural frequencies at the reference state of the steudthe normalized error

between natural frequencies of the models and measured/identified wahleeslculated as

200 i {12,..4p,j {i12k (35)

1)

i

where f; is the natural frequency of thg" mode estirated by thei ™ reference model, andj

is its experimentally identified counterpart.
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Figure 3.9 Comparison of identified natural frequencwggh those from reference models

Table 36 indicates thathe reference FE models match ithentified natural frequencies very
accurately. The errors in th&%and 3¢ modal frequencies are found to be slightly lower than the
errors in the $¥mode. Furthermore, the errisiargest for R40 indicating a lesscacate match to
the data set witthe highest average identified frequenciezble 36 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 (j.eigher than 0.98) for all thregbration modes

indicate high correlations between megetdicted and identified mode shapes.
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Table 3.6 Modal parameters of selected reference ewdith comparison tmentified values

Natural frequency [Hz] / ErrdPo] MAC
Model Mode 1 Mode2 Mode 3 :\rvr((a):age 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 310 presents the values of the four updating parameters in the 40 reference models. It
can be seen that thgdated modulus of elasticiti, of the four groups of structairelements
show relatively large variabilities across the different models. The variaisilitigher for the
modulus of elasticity of columns which contribute more significantly to therdymeesponse of
the structure. lis also observed that the varibty of the updated modulus of elasticity for slabs
is similar to that of the masonry elements and slightly less than the variabéisticity modulus
of columns while the updated mails for the wall elements show much less variability than the
other structural component$able 37 provides the statistics of the updating parameters in the
reference FE models. The high coefficiefvariation (CoV) values of the updated elasticity
moduli compared to the much lower CoV values of the identifiedrabfxequencies presented in
Table 31 reflect the high sensitivity of the updating model parameters to the identified frequencies.
This points out the importance of accounting for the vditabf identified modal parameters and
their propagation to thepdated parameters through the model updating framewaskworth
noting that the sensitivity of updating parameters to measured data can vary for different model
updating applications gending on the selection of updating parameters and the avalkthle
However, in order to avoid #tonditioning and having a globally identifiable inverse problem, the

updating parameters should be sensitive to the data. This points out the impoir&sem®Iinting
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for the variability of identified modal parameteasd its propagation to the updated parameters

through the model updating framework.

Table 3.7 Updated elasticity moduli of structural components

Modulus of elasticity [Gp#ksi)]

Model Columns Walls Slabs Masonry
Initial 23.4(3326) 22.5(3B9)  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
Columns Walls
40.0 16.0
CoV =23% 15.0 CoV =3%
300 ®. 0 e9e ® o
D) o & 14.0 g
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Figure 3.10 Elasticity noduli of updated structural components in 40 reference FE models
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3.5 Damage tentification
3.5.1 Updating Parameters at Damagedts

Four of the reference FE models (i.8., R1, R20, and R40)ereupdated at theamaged
state toestimate 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 frothahd &
stories on the west and north sides of the buildBigce (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 tb reference FE nuelswereconsidered as updating parameters for the purpose of

damage identification.

The goal of the selection of updating paramesersto include both damaged wall components
as well as undamaged walls while maintaining a manageabieear of paramets. 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 buildvegye grouped together andere assigned the same
modulus of elasticity to be upal. This provide a source of modeling error and smearing effect.
In the updating process, only the first four stories of the buildiege considered as the stories
above were not damaged. The walls in tfestbry (north, south, west)"®story (south and, &'
story (all sides) were removed before the tests, and therefore no updating parameters for these
missing wallsvereused. Therefore, thereerel2 parameters considered in the updating process

consisting of the stiffness of th&9239, and 4 stories at the st side g, ¢ .), the 2¢ 39 and
4" stories at the north sidey( g ), the £, 29, 39 and &' stories at the east sideg,( g ,47..),

and the 3 and 4" stories at the south sidey{ g). The first six updating parameters are
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schematically demonstrated kigure 311. The updating stiffness index for each group of walls

wasdefined as:

Eidamaged

qi = Eireference (36)
Thus, g =0 indicates that thé ™" group of wallsvascompletely damaged whilg =1 represents

no damage in those components.

SW Corner

NE Corner

Figure 3.116 updating parameters for damage identificationvest and north sidexf building

The objective function and optimization methodology presented in Se&fahwere also
used to update the reference FE models at the damaged state. Damage identiispgdiormed
in two cases, namely Case | in which the average refersaodelwasused, and Case Il in which

the three reference modelgreconsidered.
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3.5.2Damage ldentification Bsults
3.5.2.1 Case |: Damage Identification Using the Average Refeidndel

In this case, the average reference FE mo#&el Was updated to match different sets of
experimentally identified modal parameters of the structure at the damaged state. The 22 sets of
identified modal parameteet the damagd state of buildingvere considered; hence, 22 model
calibrationsvereperformed. The updated FE modelsrenamedRD1 throughRD22, wher e A DO

refers to the damaged state of the structure.

Table 38 presents the modal parameters of the calibrated FE models and their godditess
to the identified modal parameters. Similar to the reference state, the calibrated models at the
damagd state accurately match the identified natural frequencies and mode shapes. However, the
errors in the natural frequencies of modes 1 and 3 ardlgliggher than the observed errors for
the reference models shownTable 36. The average MAC value 6f995 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 |

Natural frequency [Hz] / Error [%] MAC
Model Mode 1 Mode 2 Mode 3 ,eArvrgrrage Mode1l Mode2 Mode3 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 0.9%
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 39 reports the updated parameters at the damaged state and compares them with the
imposed damage to the structuiguation3.6 wasused to quantify the induced damage to the
building at each of the 12 element groups. For example, since two of the eithow#he west
side of the third floor were demolished, the equivalent stiffness index for the corresponding group

of walls, g,, would be 0.75. This d$fnhess index introduces modeling errors as the effects of

demolished wallsvere averaged over all components of the substructuneerror metricwas
defined to represent the average of the differences between the updated stiffness indices and the

correspading indices from the induced damage:
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1 12 ate induce|
anvg = a‘ ﬁ)dtd Ti 27 ’j (37)
12 i=1
whereg isthe updating stiffness parameter of tHegroup of walls as defined by Equatidé.

The results shown iTable 39 indicate thatthe small variability of the identified modal
parameters yields more significant variation in the updated damage parameters. Some updated
models (e.g., modelRD19 and RD21) provide very accurate estition of danage while others
(e.g., modelsRD5 and RD6) demonstrate relatively larger deviations from the induced damage.
Overall, the updating parameters at the four damaged substructures (1, 2, 4, 5) daoyeshe
changes indicating the location of damage. The updated stiffness parameters for the e@shdamag
groups of walls on the east and south sides of the building 4.e., g), are close to one,
indicating that they are not damagedawever, the undamaged groups of walls at the west and
north sides of the fourth floor (i.eg, and g,) are estimated with some error/bias. This indicates
that the damage identification process effectivelstidguishes the undamaged sides of the
building from the damaged sides, although it exhibits soras ini differentiating between the

damaged and undamaged substructures located in the damaged sides of the building.

71



Table 39 Updated stiffness pameters of grouped walls for damage identification (Case )

Updating parameters

Model 24 q. aqs q, 25 s a; s qs Gho i G2 anvg
Induced 0.00 0.75 1.00 0.00 050 1.00 1.00 100 1.00 1.00 1.00 100 -
damage

RD1 0.25 035 057 002 038 072 100 1.00 1.00 1.00 096 0.95 0.13
RD2 032 038 052 001 041 067 100 1.00 1.00 1.00 094 0.90 0.15
RD3 033 039 060 002 035 078 098 098 098 098 098 1.00 0.13
RD4 025 034 054 002 035 093 100 100 100 1.00 1.00 100 O0.11
RD5 039 042 046 006 038 070 098 099 098 098 100 0.81 0.17
RD6 040 043 048 001 041 068 098 099 098 098 090 0.89 0.16
RD7 005 056 071 003 032 080 1.00 1.00 100 1.00 097 0.84 0.09
RDS8 034 046 054 007 033 079 100 100 100 1.00 091 0.67 0.16
RD9 002 050 073 001 042 088 100 1.00 100 1.00 0.99 1.00 0.06
RD10 0.14 037 069 002 042 099 100 100 1.00 1.00 1.00 0.97 0.08
RD11 006 052 076 001 039 088 100 1.00 100 1.00 1.00 1.00 0.06
RD12 021 041 066 002 039 076 100 100 1.00 1.00 0.96 0.82 0.12
RD13 0.08 042 074 001 042 09 100 1.00 1.00 1.00 0.98 1.00 0.07
RD14 0.20 042 065 001 043 081 100 100 1.00 1.00 1.00 0.99 O0.10
RD15 0.01 042 068 001 050 095 100 1.00 1.00 1.00 1.00 0.99 0.06
RD16 0.14 046 064 002 047 080 100 1.00 1.00 1.00 1.00 1.00 0.09
RD17 036 043 054 002 041 086 100 1.00 1.00 1.00 096 0.94 0.12
RD18 0.24 040 067 0.02 042 095 100 1.00 1.00 1.00 1.00 0.98 0.09
RD19 002 042 091 001 050 094 100 100 1.00 1.00 1.00 0.98 0.04
RD20 0.04 042 080 001 052 097 100 1.00 1.00 1.00 0.99 0.98 0.06
RD21 001 056 091 001 057 100 100 100 100 1.00 1.00 1.00 0.03
RD22 001 040 100 001 073 100 100 100 1.00 1.00 1.00 1.00 0.05

Avg. 0.18 043 067 002 043 086 100 1.00 1.00 1.00 0.98 0.94 O0.10
Min 0.01 034 046 001 032 067 098 098 098 098 090 0.67 0.03
Max 040 056 100 0.07 073 100 100 1.00 100 1.00 1.00 100 0.17
Std. 0.14 0.06 0.14 0.02 0.09 0.11 001 0.01 0.01 0.01 0.03 0.09 o0.04

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 damagaeasonably accurate for the walls at the north side of the

building (i.e.,q,, g, and g,), however, the results have larger error at the west side of the structure
(i.e., g, g, and g,). This may be caused by the shairhension of the building at the north side

(4 bays) compared to the west side (8 bays), which leads to the smaller contributioniddahdiv
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walls at the west side of the structure. Theran exception for the second storg( g,) which

has only one wall on the west side (Bégure 311).

Another observation from the data presented in Tah@sand4.9 is that a better match
between the calibrated model and the experimental data does not necessarily provide more accurate
damage identification results. For example, mo&&l6 shows a very close match with the
identified modal paranters, i.e., close to 0% misfit between frequencies and an average MAC
value of 0.996 over 3 modes, howeversibne of tle models with a relatively large error metric

in damage identificationg,,, =16%). A similar pattern can be obsedvior a number of models

such asRD3 and RD17, while some other models, such RD15 and RD21, have relatively
accurate estimation of the induced damage althoughdihveéyt provide as good of a match with
the identified modal parameters. This can be attributed to the contributions ding@deors that

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

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

In the second case of damage identification, three of the referencmdés R1, R20, and
R40wereupdated at the damaged state to investigate the effect of using differentoefadatels
in the damage identification process. Models R1, R20, andvedtralibrated using the smallest,
median, and largest identified natufi@quencies at the reference state. Each of these reference
modelswasupdated to match three of the 22 sdt&dentified 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 mods 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 Fismerenamed so that the names
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reflect both the reference model and the damaged state data set used idethepaiating. For
example, R20D11 indicates that the reference FE modemR20pdated 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 310. It an be observed that the updated models from reference model R1 show higher
level of discrepancies with the identified quantities; however, tberefpancies are remarkably
reduced when model R4fasused as the reference model. This effect becomes mabl@ot
considering that the modal properties of model R1 match more accurately the identified modal
parameters among the three reference modalsaagn inTable 36. Hence, the goodness of fit of
the reference models does not necessarily translate inazt¢heacy of the calibrated models at
damaged state. It also emphasizes the need to perform model updating and damage identification
in a probabiktic/statistical framework whetherig a Bayesian approa¢i7i 51] or a frequentist
approach as itvas done in this studyNote that probabiitic/statisticalframeworks maynot
necessarily improve the accuracy of updated models with inherent modeling errors and
simplification assumptions, however they ganovide a level of confidence for the use of updated

models in decision making.
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Table 310 Estimatel modal parameters of updated reference models at damaged state (Case II)

Natural frequency [Hz] / Error [%] MAC
Model Mode 1 Mode 2 Mode 3 Average Mode Mode  Mode Average
error 1 2 3
R1D1 2.16/29 3.09/0.1 4.53/22 1.7 0.992 0.996 0.994 0.994
R1D11 2.17/3.0 3.10/0.1 4.54/29 2.0 0.989 0.995 0.995 0.993
R1D22 2.20/4.6 3.11/0.1 4.56/39 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 4.67/25 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. 2.134.5 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 Il are listablen311. The
average updated parameters are very close to those from Glesertheless, iis observed that
the variability of the updated parameters in this easmgnificantly higher than the results of Case
| which involves 22 updated modelThisis due to the fact that the Case Il considers the most
extreme values of motparameters in both reference ataimagd 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 obseation is consistent with the obtained results from Casiol.
instance, the updated models from the reference model R40 provide less accurate damage
identification results while the updated models R40D1, R40D11, andDZAdit their
corresponding modakdia 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 walibrated reference model cannot ablly be used

to identify damage.
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Table 311 Updated stiffness parameters of grouped walls for damage identification (Case II)

Updating parameters

Model a, a q; q, aqs s a, gs (2 o aq.. & Dq..,

Induced
damage
R1D1 0.02 041 086 001 094 100 100 1.00 100 1.00 1.00 1.00 0.08
R1D11 0.03 039 095 0.05 1.00 100 100 100 1.00 1.00 1.00 1.00 0.08
Ri1D22 0.02 034 094 039 100 100 1.0 1.00 2100 1.00 1.00 1.00 0.12

R20D1 0.34 041 046 0.02 043 079 099 1.00 099 099 0.98 098 0.13
R20D11 0.24 037 0.65 001 061 078 100 1.00 1.00 100 0.99 096 0.11
R20D22 0.02 046 093 001 093 100 1.00 1.00 1.00 1.00 1.00 1.00 o0.07

R40D1 0.38 040 041 028 033 054 090 090 090 090 0.61 0.68 0.28
R40D11 0.35 040 042 0.07 056 059 092 092 092 092 090 071 0.21
R40D22 0.21 0.44 054 0.02 050 0.8 097 097 097 097 100 092 0.11

0.00 0.v5 1.00 000 050 100 100 1.00 100 1.00 1.00 1.00 -

Avg. 0.18 040 068 0.09 070 084 098 09 098 098 094 092 0.13
Min 002 034 041 001 033 054 090 090 090 090 0.61 0.68 0.07
Max 038 046 09 039 100 100 100 100 1.00 1.00 1.00 1.00 0.28
Std. 0.16 004 024 0.14 026 018 0.04 004 004 0.04 0.13 0.13 0.07

Error 0.18 035 032 009 020 0.16 0.02 0.02 0.02 0.02 0.06 0.08 -

3.6 Summary and Conclusions

A finite element model updating framewaoslasimplemented for damage assessment of-a 10
story building based on-situ measurements. Damage in the buildingiwdigced by demolishing
six infill walls. The updating framewonwas conducted at two states of the structure (reference
and damaged) in ordetio calibrate the initial finite element model of the structure, and
subsequently to identify damage. The modelatmg at each stateasperformed using the modal
parameters identified from distinct sets of ambient vibration recordings. The variabitityde!
updating and damage identification reswitsisinvestigated across different data sets. The model
updatirg framework has been able to accurately match the rpoddicted and identified modal
parameters for each data set. However, the updated| rpadmmeters exhibit considerable
variability across different sets of data despite the fact that the identifoeldl nparameters

demonstrate a significantly lower degree of variability. Teimainly due to the high sensitivity
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of updating parameters tbe vibration measurements and modal data and highlights the need for
accounting for the variability in measurengrDeterministic model updating based on a single

set of measurements cannot account for this variability and therefamnef able to prove
robustness with respect to changing ambient and environmental conditions. Damage identification
in this studywas performed by updating stiffness of certain number of grouped wall elements
using different data sets at the reference and damaged stegeall, Qhe damage identification
results were consistent with the induced damage in the structure. However, agsonesl
previously, the choice of data sets used in each of the reference or damaged states affect the results.
Another important observatida that the accuracy of damage identification does not have strong
correlation with the goodnesd-fit of modelsto the data, i.e., calibrated models with better match

to the data do not necessarily provide more accurate estimation of damisgebserviaon also
emphasizes the need for performing model updating and damage identification in a
probabilistic/statistial framework whether is a Bayesian approach or a frequentist approach as

it was done in this study. Using a probabilistic framework andessvdata sets allows for
accounting the uncertainty and variability of measured data and provides a leveliddémombr

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 chaptsfrom the research work presented in:

x Nozari, A., Bose, S., Moaveni, B., and Stavridis, A. (2016)i ni t e el ement mod
and damage identificaio of a school bui | 8WonidgComferenc8a nk h u

on Earthquake Engineering, Santiago, Chile.

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

x Bose, S., NozarA., Mohammadi, M. E., Stavridis, A., Moaveni,\Bgod, R.L., Gillins,

D., and Barbosa, A. (2016). AStructural as
damaged due to torsional response during t
Civil Structures, Volume 2, 341.

x Bose, S., Nozari, A, Stavd i s, A. and Moaveni, B. (2016
seismic performance of a building a% Sankt
World Conference on Earthquake Engineering, SantiagogChil

x Bose, S., Nozari, A., Mohammadi, M. E., Martind&e P., Stavridis, A., Moaveni, B.,

Wo o d, R. L., (2018) . ADamage assessment an

at Sankhu following the 2015 Nepal earthaqu
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4.1 Introduction

Finite element models are commonly used gerformance assessment of civil structures.
Using existing information about the geometry and material properties of structural components
significantly contributes to the reduction of the modeling rerrghich results in more reliable
models. Model updatg 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 currestate. In the application of finite element modellaging 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 fouhe iiterature [36].

The magnitude 7.8 Gorkha earthquake occurred in 80 km northwest of Kathmandu (district of
Gorkhg, Nepal on April 25, 2015Hjgure 41). A magnitude 7.3 major aftershock also ocedr
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 merous structural failures resulting in thoudsiof 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 fg@sthquake assessment for agrtstructures
affected by the earthquake, thathors visited the country two months after the main event.
Ambient vibration recordingalong with data from advanced sensing technologies (LiDRdr¢

collected to be used for the identification of struatulamage due to the earthquake [8].
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at Sankhu A
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Kanti Path, USGS Station
Kathmandu, Nepal

Figure 4.1 Location of the school building and epicenters of the main earthquaksdtarshock

(Credit: Andre Barbosa, OSU)

The focus of thichapteris finite element model updating of a festory infilled reinforced
concrete school building, located Bankhu, Nepal, which was severely damaged during the
Gorkha earthquake. Modal parerars of the buildingvere identified from posearthquake
ambient vibration recordings. An initial finite element models created based on the-situ
inspections as Weas the gathered primary design information. The intensely damaged structural
elematswereremoved from the initial model to represent the damaged state of the building after
experiencing the earthquake. Similar structural compomveasitsgrouped togetdr to reduce the
number of updating parameters, and a global optimization appwesobmployed in the model
updatingprocess. The elasticity modwi structural elementwaere updated in order to fit the
model estimated modal properties to those extrdobed ambient measurements. The changes in
the updating parameters representing ghensic damage in different structural componevise

compared to the observed damage after the main earthquake event and its aftershocks.
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4.2 Description of the Building and Observed Damage

The fourstory school building located iBankhu, Nepal has a masomnfilled reinforced
concrete frame structural system with seven bays in the-gouitihn direction and two bays in the
westeas direction as displayed irigure 42. Therewasa balcony in the west side of the building
whichwasserving 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 caseba fromplan view of the
structure Figure 42b), therewas a staircase located in the north end of the building which

develops some torsional irregularity in the structure.

Y
T N
X /
A B c D E F G H
}—3907—4—2794 3794_+_3794‘+_3794_+_3794+3-,94_,;

\ ( %,

Column Window

g S

\ Doors \
Tnfill ‘ Beam

(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 maincksersh
As it is presated inFigure 43, major damage in different structural components, specifically in
the first story of the building, were observed during the -pasthquake assessment of the
structure. Shear failure was observed in the columns of the firgttsteardsthe south side of the
building, which can be attributed to the torsion induced by the irregularity due to the staircase on

the north side Rigure 43b and Figure 43c). The damaged columns revealed improper
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reinforcement detailing and also inadatp spaiag of stirrups along the column. Extensive
damage was also observed in the bealomn connections, and in some cases, the infill panels

were found to be separated from the bounding RC elements.

€Y (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 ldentification

4.3.1 AmbienMeasurements aridata Processing

The ambient acceleration response measured through two experimeps seis used for
system identification of the building. In the first experimentalugeta total of 54 minutes of
ambient acceleration response was r@edr The sampling t@ of 2048 Hzwas used for
acceleration measurements. In this setup, 12 accelerometers were installed at three floor levels:
roof, 4" floor, and & floor. At each floor level, 4 accelerometers were installed at two opposite
corners ofthe building, namgl 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 atth2'8 and the ¥ 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 Wwataused for estimation of
modal parameters, resulting in 6 sets of modal parametersf@irdhexperimental and &t of
modal parameters for the second experiment. The acceleration time histories of each data set were
filtered in the frequency range of 1.8.0 Hz using a Finite Impulse Response (FIR) filter of order
4096. The filtered mponse was dowsampled to he 256 Hz to increase éhcomputational
efficiency.Figure 44(a)shows a sample filtered tirtestory measured at the northwest corner of
the third floor during the fst experiment setup, whikggure 44(b) displays the Fouer Amplitude

Spectrum of theorresponding measurement.
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Figure 4.4 Filtered and dowssampled ambient measurement: (a) acceleration time history, (b)

Fourier amplitueé spectrum

4.3.2 NexT-ERAMethod forSystemidentification

The Natural Excitation Technique combined with the Eigensystem Realization Algorithm

(NexT-ERA) [9, 10]wasemployed to identify the natural frequencies of the structure from the
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ambient vibratiormeasurements. TheeXNT-ERA methodis an outputonly parametric system
identification approach which estimates the modal parameters of a linear dynanmcfsysiats
measured response to a broadband excitation. This method has been successfullyoapplied f
system identification of civil structures when the input excitation measurements are not available

[10-12].

In order toemploy the NxT-ERA method for system identification of the building, the auto
correlation and crossorrelation of the filtered amént data were estimated as the inverse Fourier
transformation of power spectral density and cross spectral density functions of th&heata
spectral density functions were computed using equal length Hanning windows with 50 percent
overlap based on the &¢h method [13].Two referencechannels were used in the system
identification to account for excitations in both X and Y directiongheé first experiment seip,
the acceleration measurements in thdidéction of the % story and ¥direction of the2" story,
both at soutkeast corner, were assumed to be the reference channels. In the second experiment
setup, the acceleration measments in the lirection of the 1 story and Y¥direction of the »
story, both at the same corner, were considesetha reference channels. The estimated auto
correlation and cross correlatiomere then used to establish a block Hankel matrix of size
(12x400)x%(400x2) for Eigensystem Realization Algorithm. This algoritased on the singular
value decomposition dhe Hankel matrix to estimate the underlying stgiace matrices from
which the modal parameters of the system (i.e., natural freqasemabde shapes, and damping
ratios) are identified [14]. A stabilization diagram was used to select an appropriata syser
for identification of the stable modes. In the stabilization diagram, a mad&sidered stable if
the identified natural fiquencies do not vary at increasing system orders. A sample stahilizatio

diagramis illustrated inFigure 45. The implenented system identification approaghsapplied
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to all data sets from the two experimentges resulting 11 sets of identified mogarameters.

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 inrable 41 for each setup sepaely. It is observed that the identified natural
frequencies exhibit little variability (i.e., low CoV values) at eaghegiment seup, and they also

reflect high consistency between results of two experimentipset However, the identified
damping ratbs demonstrate a larger level of variability, either at each experiman §iet., low

CoV values at each experimenty by comparing the results of two experiment setups.

The identified mode shapegere normalized based on the component correspontdiripe
northwest corner in X direction on th& 8tory for both setups, then the mode shapes from two
experimentsverecombined to create a mode shape with 20 components for the structisgzz& h
of mode shape vectowasfinally reduced to 11 componenafter removing the recorded data

from 9 channels whictvererecognized as highly noisy measurement signals.
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Figure 4.5 A simple stabilization diagram for identification of natural frequencies
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Table 4.1 Statistical properties aflentified modal parameters of the building

Experiment Mode Natural frequency [Hz] Damping ratio [%]
setup Mean CoV [%)] Mean CoV [%]
1 1.18 0.7 2.2 15.3
A 2 2.16 1.1 2.2 17.6
3 3.15 1.1 3.0 36.2
1 1.19 0.5 1.8 325
B 2 2.14 2.0 15 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, hasdeseloped in the
structural analysis software, OpenSEES [15] adopting bxdomn elements for the RC frame
andstrut elements for the infill panels [16, 17]. The geometry of the medebased on irsitu
measurements and the material properties arerdiog to the tests reported in [18]. The
compressive strengthasconsidered as 1.40 ksi and 0.50 ksi, whiledlastic modulus as 2022
ksi and 370 ksi for concrete and masonry, respectively. Simplified curves [17] representing the
lateral forcevs-drift behaviorweredeveloped for every singory, singlebay subassemblies
in the building based on a detailedgraetric study [19]. The initial stiffnesgasreduced to 40%
of the initial stiffness for both RC members and infills to simulate the dathagmay have been

induced to the structure prior to the earthquake [20].

The effect of the masonry infillsassimulated with two diagonal struts [16]. The thickness of

the diagonal strutwaskept equal to the infill thickness (9 in). The strut widtle #frains at peak
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strength and at onset of residual strengtinecalibrated to match the simplified curves. Altgh

the model can simulate the damage of the RC members and the infill panels, only the elastic
properties of the structureere considered inthis study. Therefore from the initial three
dimensional model of the school building consisting of 428 frammeaies, the elements
corresponding to damaged columns and infikseremoved since theyerenot expected to affect

the structural response ambient excitation thavas considered herelThe removed elements
correspond to the infill panels (H12 and Ed2d the RC columns (H1, H2, G1 and G2) of the

first story that were sevely damaged as indicatedkigure 46.

A B C D E E G H
}—3901——4—2794——2794——2794——2794——2794—}—2794—
L E

1
\ {
l‘ o Column Window L t’
3 \ N AR /74
1 In\ﬁll Do[“/'( Beam /i\
| LS

(@) (b)

Figure 4.6 Initial finite element model: (a) diagonal strut model, (b) removed structural

components

The natural frequencies and mode shapes of the rame@mpared with the identified modal
parameters from th@mbient vibration recordings ifable 42. The comparison indicates that the
numerically obtained frequencies are relatively close to the identified frequencies for the first three
modes. In all caseshe frequencies estimated from the model are highan 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 earthdugkée damage was not considere
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so significant to remove these elements from theahddhe damage in these elemenasassessed

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 42. The averag®IAC valueis 0.96 indicating a vergood agreement between the model
estimated and thexperimentally identified mode shapes giviea simplicity of the modeFigure

4.7 demonstrates the modes shapes of the building obtained from the FE model.

Table 4.2 Comparison of modal parameters of rebdith identification data

Natural Frequencies [Hz]

Normalized
Mode System Initial FE MAC
Freq.Error [%]
identification 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.%
Avg. - - 13.8 0.96
g 5 5 5
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Figure 4.7 Estimated mode shapes of the building by initial finite element model
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4.5 Finite Element Model Updating

4.5.1 ModelUpdatingProcess

The first step in implementing the model updatiago determine the updatingarameters.
The type (geomtric 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
propertiesvereused as updating parameters, and sineenitial FE modeWwasused here only in
its linear range of response, the elastic modul)sof different structural componentgere

updated. Thus, the updating parameter fokthstructural componentasdefined as

updated

initial
Ek

G = (4.1)

Considering the large nuyar and variety of structural components in the model, the
components which have similar material properties or have comparable effect on structural
responseveregrouped together to reduce the number of updating parameteis.dtutty, moduli
of elastcity of infill walls wereselected 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 bemmually removed in theimal 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
elasticiy moduli. As it is shown inFigure4.8, there are 7 types (type A to type G) of infill walls
on each story of the building, but they need to be grouped togethewas nbt practical to
consider all types of the walls at each story as an individual updating nentpd herefore, for
the frst and second stories, the walls on the west side of the buildinggrouped together at

each story, and the walls on the east side of the buildarggrouped in a similar way, and the
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infill walls in eastwestdirectionwerealso grouped togetherp sve have 3 groups of walls for
each of the firstwo stories of the buildingr{gure 48). Since the structural components on the
upper stories commonly have less impact on the response of the structure, allstioa wedlthird

and fourth storiesveregrouped together for each story. Considering one updating parameter for
all the concrete columns and beams in the building, nine groups of structural compaarents
included in the model updating process. The updaierameters consist of: all the colusrand
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).
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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 updawag implemented as an optimization
process whichminimizes the difference between mogeédicted natural frequencies and mode
shapes with their experimentally identified counterparts for the first three vibration modes. Genetic
Algorithm (GA)wasused as a global optimization method [&1Lininimize tle objective function

which can be expressed as
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G(d)=()d W) wfr | (4.2)

whered is the vector of updating parametexs, refers to a diagonal weighting matrix, is the

regularization factor applied to constrain the updating parameters,(e[bdjenotes the residual

vector between the model predicted and identified naturaludregles and mode shape

Components.
&' (d
f(d)zés( ) 4.3)
g°(d)
in which
2 Cfild)-f oo eF' () E o
r (d)_gT lljl F( )d_gFlr—(d) F [,r, i |{1,2, (4.4)

wherer " (d) andr®(d) are natural frequency and mode shape residuals, respectiédlyand

f. denote modepredicted and identified natural frequencies of ithenode, andF, (d) andF,

represent the modgrredicted and identifemode shape vectors, respectively.

To observe the effect of applying different regularization factors to the updating parameters,
the initial FE modelvas onceupdated without applying regularization factor (i.e.x0), also
usingthree different regularization factors of 0.01, 0.02, and 0.05. The updated FE models from
these four caseserecalled Model RO, Model R1, Model R2, ahtbdel R3, respectively.

4.5.2 Discussion dResults
The natural frequencies of the first three vilmatmodes for the four updated FE models are

compared to the quantities from system identification and initial FE modehbie 43. It is
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observed thatlethe updated models exhibit very accurate match for the natural frequencies. The
MAC values betweemmodels estimated and experimentally identified mode shapes are also
provided inTable 43. It can be seen that all the MAC values (three vibration maxesatch
updated model) are higher than 0.99 which indicates a very good consistency between mede shape
of the updated FE models and the identified counterparts. Note that this aceasonly
achieved after removing the problematic data from nine serthoough the two experiment
setups.Another interesting observatiois that increasing the regulariman weight will not

deteriorate the goodnes$fit of updated models.

Table 4.3 Comparison of modal parameters of updated modelsiaétitification data

System Initial Model Model Model Model

ID model RO R1 R2 R3
= Mode 1 1.19 1.30 1.19 119 1.19 1.19
'%_ Mode 2 2.15 2.69 2.15 2.15 2.15 2.15
I-qf Mode 3 3.17 3.39 3.17 3.17 3.17 3.17
Mode 1 - 1.00 1.00 1.00 1.00 1.00
O Mode 2 - 0.95 0.99 0.99 0.99 0.99
<§E 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 parartegs (i.e., updated ratios of the elasticity moduli of structural components)
for the four updated FE models are listedable 44. It is observed that updated parameters of
Model RO, whichwasupdated with no regularization factor, daa very differenfrom those of
the other three models, while Model RB whichwere updated using regularization factors of

0.01, 0.02, and 0.05, respectively, have relatively close updated parameters. Particularly,

considering the updated parameterglierwalls of théourth story @, ), it is observed that without
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applying a regularization factor, an updated parameter of\#a@®btained indicating that the
elasticity moduli of all the walls on the fourth story should incrégsE20%. This effet 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 parsoheserto 1.00

for the updated FE molde especially foModel R2 and Model R3. The average change of updated

parameters for each modeascomputed and reported Trable 44.

9
a |1' Qk|
k=1

9

anvg (4 5)

As expected, the average change of updating parameters decrease as the reguilacioatio
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 modelkidze chosen abé¢ 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

. Initial Updated ratimf elasticity modulus
Updating -
. Structural component elasticity
parameter modulus [ksi] Model RO Model R1 Model R2  Model R3

a Columns and beams 467 1.20 1.15 1.15 1.18
1ststory (frame A) 250

q, 0.29 0.28 0.28 0.28
1ststory (frame B) 294

3 1ststory (frames C, D, and E) 417 0.87 1.04 1.06 0.99

A 1ststory (frames F and G) 313 0.28 0.37 0.30 0.27
2" story (frame A) 250

as 0.36 0.66 0.96 0.98
2" story (frame B) 294

Gs 2" story (frames C, D, and E) 417 0.73 0.74 0.81 0.78

q, 2"9story (frames F and G) 313 0.92 0.46 0.67 0.78
39 story (frame A) 250
3 story (frame B) 294

s 1.16 1.21 0.88 1.04
3 story (frames C, D, and E) 417
34 story (frames F and G) 313
4" story (frame A) 250
4" story (frame B) 294

dy 2.20 0.85 1.02 1.00
4% story (frames C, D, and E) 417
4% story (frames F and G) 313

anvg Average change of updated parameters 0.46 0.34 0.26 0.24

From the updated parameters of the model R&bile 44, itis observed that updated elasticity

moduli of the frames A and B on the first floor (corresponding,tpand the frames F and G on

the same floor (corresponding &) are significantly reduced compared to the initial FE model

with factors of 0.28 and 0.27, respectively. Since a 60% reduction has been considdred for t

initial stiffness of the RC member and infill panels to account for the pdteristing 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 mosldtistructural components tugh the site
measurementszigure 49 shows one ofhie frames of type A and the frame type F on the first

floor. The separation of infill wall A from the beaoolumn system and the major cracks on the

wall F clearly interprethe stiffness reduction of those elements in the model updating process
Hence, thd=E modelis capable of localizing and estimation of the extent of existing damage in

these structural components. The model updating results also indicate minor darntegidores

of types C, D, E, F, and G on the second story (correspondiflg &md 4, ), while the results

exhibit an underestimate effect for concrete elasticity modulus of columns and beams in the initial

FE model (i.e., updated parametgy is higher than 1.0). Faall 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 dytime earthquake and the assumed parameters of the

initial model are accurate.

(a) (b)

Figure 4.9 Damaged infill wall components on thiest story: (a) frame A, (b) frame F

The initial FE model of the Sanktaehool buildingwasa model which hédibeen adjusted by
removing the severely damaged structural elements due to the Gorkha earthquake. By updating
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the elasticity modulus of differérstructural components, potential loss of stiffness in some
structural elments 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
modds of the building will be then employed for seismic performance assesamgnésponse

prediction of the school building.
4.6 Summary and Conclusions

Finite Element model updating of a festory masonrnfilled reinforced concrete frame
building wasinvestigated in thighapter The building whichs located in Sankhu\Nepal, was
intensely damaged during 2015 Gorkha earthquake. Modal properties of the bwiglag
extracted through ambient measurements performed after the earthquake, and an mibtidéFE
was created based on the design layouts and site inspectibesseverely damaged structural
componentsvere eliminated from the initial model, and different structural componemise
grouped together to reduce the number of updating parameterslagticity modli of structural
elementavereupdated in order to atch 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. Furthermoréhe 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 norgignifica

damage in those stories, whishtonsistent with the field obseaatrons.
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Chapter 5: Effectsof Various Environmental Conditions and Design Situations
on Fatigue L ife Estimation of Monopile Support Structures for Offshore Wind

Turbines

A portion of material pesentedn this chaptehas been submitted to TORQUE 2020 Conference

for peer review

x Nozari, A.KuchmaD., and HinesE. (2020) .Effeft of wind directionality on fatigue life

of monopile support structures for offshore wind tods 0

A more comprehensive manuscriptunder preparation and will be submitted to the journal of

Renewable Energy:

x Nozari, A.KuchmaD., and HinesE. (2020) .Und®rtairties in fatigue limit state design

of monopilesubstructues for offshore wind turbies 0
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5.1 Introduction

The need for renewable energy and the decrease in the Levelized Cost of Energyf(b@OE)
offshore wind has increased thielgal volume of installed and planned Offshore Wind Turbine
(OWT) farmsover the past two decades [1, 2]. The U.S. offshore wind sector, however, expects
higher costs due to the lack of domestic experience with offshow technologes [3, 4]. The
Balane of System (BOS) activities are the main cost drivers for a planned wind farm, and the cost
of support structures are recognizeda® of the significanportions of the BOS Capital
Expenditure (CapEx)The reliability and performance of OWT support stturesfurthermore
influences the lifespaand associated Operational and Maintenance (O&M) cosfésbiore wind
farms Therefore, improvements to the performance of support structures under ultimate loading
conditions a well as improvements to suppsitucture reliability under fatigue loadings will help

reduce thé.evelized Cost of Energy.COE) of offshore wind.

This chapter presents saudy on effects of different environmental conditions and design
assumptions on fatigue damagssessment of mondgisupport structures for offshore wind
turbines. Apotential wind site close to a National Oceanic and Atmospheric Administration
(NOAA) buoy in theNortheastern US watergasconsidered in this studyhe main metocean
parameters, including wind speednd/direction, significant wave height, and wave peak spectral
periodwereestimated using near to 40 years of hourly datarded by the ®AA buoy. The 5
MW reference wind turbinef the National Renewable Energy Laboratory (NREdasused in
this study.The support structure was considered to be the same monopile which was introduced
in the Offshore Code Comparison Collaborati¢@C3) projet. Effects of various design
conditions and assumptions, such asdirectional and multdirectional wind and wag; residual

and mean stresses, tensile and compressive stresses in critical spots, fatigue in base material and
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weldments, corrosive envirorent, and corrosion protection on the fatigue life of monopikre
investigated. Furthermorgistinct and indepeatent wind speed distribution for each wind
direction were estimated tanvestigate the effect of wind directionalignd wind directional
resolutionon thefatigue damage assessmehthe monopile support structuré&ensitivity of the
estimate fatiguefie of monopiles to the effects of wind shear profile and local scour behetier

also examined in this chapter.
5.2 Reference wind turbine

This study usethe NREL 5 MW reference wind turbine on a monopile support structure with
geometry configurationand material properties as defined in the Offshore Code Comparison
Collaboration (@3) project for the International Energy Agency (IEA) B]. A schematic
representation of common OWT support structis@sesented in Figure 5.A.monopile support
structurewasselected in this studpr the following two reasons: (i) approximately%8 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 axigsyatric properties.

Figure 5.1 0ffshore wind turbine support structures introduce@fishoreCodeComparison

Collaborationprojects ]
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The main properties of the NREENSW wind turbine on the OC3 monopile are summarized
in Table 51. The hub height fothis OWTis 90 meters above tHdSL, and the RNA (Roter
Nacelle Assembly)s supported by a 77.6 m linearly tapered tubular steel tower. The monopile
has beerdesigned as a tubular steslinder with 30 m lengthwith constant section properties.
Twenty neters of the monopiles 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 Nahsitdis 74.7 m, the
design water depth in this studyasassumed to be 20 m to match with the dimension of the OC3
monopile. Although the wave climate is influenced by water dejttis, assumptiois common in

literature as this studg highly focusedon the effects of windonditionson fatigue analysef/].

Table 5.1Main 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
Cutin wind speed (m/s) 3
Ratedwind gpeed (m/s) 11.4
Cutout 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 thidkness (mm) 60
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5.3 Metocean Parameter Estimation

5.3.1 Case Study Wind Site

A potential wind site in th&lortheastern 5. waters,whichis close to the National Oceanic
and Atmospheric Administration (NOAA) buoy 44Q08as considered in this study whicks i
shown inFigure 52. The NOAA buoy providesreliable information about the environmental
conditionsat this wind siteThe motivations for selecting this wind site are: (ijsitlose to the
Massachusetts and Rhode Islavidd energy areas as shown iguiire 5.2; and (ii) its one of the
23 NOAA buoy stations which were investigated by NREL as potential offshoresiténfbr the
U.S. as shown in Figure 5.8]; therefore there exiss some estimatethetocean dattor this site

whichwasused for veriftation of the estimated metocean parameters in this study.

% i T ZEy -
I ¢ PLYMOUTH ‘
= 4 W ; Ty
PROVIOENGE TAUNTON ’ .
-, -l g
‘ NEW BEDFORD Y5 e 2 }‘
+ AHODE VO o Ar
} ISLAND. .. ! G e .9;,.’ AT
5 f’(5 LY pd 42 if
. ;‘ ’5‘ .':‘._} N i !
Il T, 2 ta .. 44020
BUZZARDS BAY (BUZMJl: v W A o e
S 0 N S 5 /N N
=t . > / A ASIT, S »)
o £ L= B s -ond R
) v R S
DA . NANTUCKET
POty 5 — o
NI KRR : SE Nantucket
¥ Buoy Station
44017
. C RI/MA Lease
MASSCEC METOCEAN R Lense N 28|

O MA Lease OCS
D MA Lease OCS-A 0501
) Massachusetts WEA

DATA INITIATIVE
OFFSHORE, MA

-
-

@ AWS TRUEPOWER

Figure 5.2Massachusetts and Rhode Island wind energy areas and SE Nastaibhefo]

107



AR ‘ '\\’\\A
7 s North) % )
A Cape Elizabeth EErsans Dakota | 7
z 1 L Minnesota
/ AR T G e T R

| N : Dakota !
Oregon ’ )

WY Vet

__ Jllinois | EriLong Island 7 & Maszachusetts

\ Indiana e il
¢ P

West

scky, =" Virginia

b T / T cky 3
San Martin SRS Santa Maria SRS SR S BRI S Onslow Bay
%0 , =SS Y A-man.a » .“‘w. ! . - =T %
S Santa Rosa : it ST ML 1Ying Pan Shoals SSCe
mente Basin | .

| : 2 Columbia
Tanner Bank gl mz WD exas Luke Offshore I Bermuda
v 4 Lotisiana

s oo o SR
i G " .«,m &

iBay of Campeche e

Figure 5.3 Locatiors of 23 NOAA buoystatiors across the US waters studied by NRBL [

5.3.2 WindData

The metocean dafeom 1982 to 2018 (except year 2014) were recordeehamsilmean values
at theSE Nantucketvind site. A total of 272,534 data pointsasavailable for each metocean
parameterhowever after cleaning and processimg the data237,148 data points ofvind speed
and wind directiorwere used in this studyThis processvas focused omemoving all the data
points which did notinclude one of the wind or wave parameters to be able to estimate the
metocean parameters in a conditional prdlsic framework The buoylocated 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 whis®0 meters above MSL in this study. The power

law wind sheaprofile is defined by the following equation:

wa W — (5.1)
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where® represents the measured mean wind speed at the buoy kiejgimdUis the roughness
coefficient whichis equal to 0.14 for offshore wind sites accordingli@.[A Weibull Probability

Denrsity Function (PDF) was fitted to the wind speed data
o - Q0 @ T (5.2)

where™Q T is the shape parametand_ 1 is the scale parameter of tlstribuion. The

Cumulative Distribution Function (CDF) of the Weibull distributisralso defined as below:

Oh p Q (5.3)

(‘b T

W T
The histogram of the wind data in and the fitted Weibull distrons ae illustrated inFigure

5.4, and he probability of occurrence of the wind diifferent directiors is illustrated through a

wind-rose diagram presented in Figur®.3t is worth mentioning thathe mean wind speed in

Figure 54 is based on theecorded 1hour mean values adjusted to the hub height (90 m above

MSL); therefore, the values given inaxis on the histograms are the total number of hfmrs

each wind speed bihat wereobservedat this wind site
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Figure 5.4 Wind speed histogrand fitted Weibull distribution at SE Nantucket wind site

(adjusted to hub height at 90 m above MSL)
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Figure 5.5 Wind directional probability at SE Nantucket wind site

Theseasonal variation of the wind direction at SE Nantucketssiteesented in Figer56 for
the year of 2018. ttan be observed that the dominant wind direagiamsouth andvest directions

which is consistent with the observed dominant wind direction in the wind rose diagram (Figure
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5.7). It should be notedhe wind directionis defined asthe direction from which the wind

originates

Wind Direction
W S W

100% 0%

80% 20%
60% 40%
40% 60%

20% 80%

0% 100%

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

[north | east B south f west |

Figure 5.6 Seasonal variability of wind direction at SE Nantucket wind site (Source:

www.weatherspark.com

5.3.3 WaveParameters

According to the IEC 61408 standard10], significant wave height, §1and wave peak
spectral period, d are the two main wave parameters which need to be estimated in order to
perform a fatigue limit statdesign of OWT support structures. These two parameters are included
in the measured data set at SE Nantucket sta#{gaxplained in Section 5.3.%tevart et al., from
the National Renewable Energy Laboratory (NREL), have developed three genericiesitefyor
metocean data for the US East Coast, West Coast, and Gulf of Mexst@wn in Figure 5[8].

In order to estimate the metocean parameters,akasmined a comprehensive data set from 23

offshore sites across the US where the recorded buoy datdNiDAA is available.
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Figure 5.7NREL estimated metocean parameters for potential wind sites in the US \8aters [

In this study, the significant waveight and wave peak spectral period were directly estimated
from the SE Nantucket data set as a fumctof mean wind speed. Figure 58, the estimated
wave parameters are presented for different wind speeds and compared to the progutess

by the NREL study for the US East Coast.
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Figure 5.8 Estimated metocean parameters for different wind speed bins for SE Nantucket site

and comparison with NREL estimated parameters fouthé&ast Coast

The PiersorMoskowitz spectrum was emplaydo generate the irregular wave kinematics

basel on the IEC standard recommendations for fatigue analysis of offshore wind turbines. The

secondorder wave spreading effect was included in the sitions while the breaking waves

effect was not considerenl 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

Certainenvironmental conditions and metocean parameters cannot be estineateth#uack

of data for the case study site. For instance;ssuface current, marine growth, and sea icing

effectswerenot considered in this stud$oil-structure interactiomwasalso not investigated due

to a lack of data; howeveits impact on thefatigue life of offshore support structures could be

significant [L1].
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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 inflw wind speed (i.e., mean wind speed betweesincahd cutout
wind speeds in which the wind turbine generates enengigtbe ®nsidered. The IEGtandard

614001 recommends the minimum intervals of 2 m/s to cover this wind speed [aBpge

Therefore,1 wi nd

fatigue analysis.

The TurbSim programasused to generate full thredgimensional turbulent wind fields using
turbulence spectral parameters estimated based on Kaimaletucb model [3, 14]. Similar to
the approach used to generate the irregular wave sigdalgferent random representationsng
used to simulate the turbulent wind field$me-histories of thegenerated turbulent wind at hub
height for varying averag wind speeds between dnt and cutout wind speeds, and the

corresponding timduistories of the wave elevatignare presentedn Figures 5.9 and 5.10

respectively.
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Figure 5.9 Initial 5 minutes of generated turbulent wind at hub hdightutbSim (a) average

wind speed between cirt and rated wind speed, (b) average wind speed between rated-and cut

out windspeed
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Figure 5.10 Initial 3 minutes of generated wave tirhestories for different wind speeds
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5.4.2 Coupled AereHydro-ServeElasticAnalyses

Numerical simulation of offshore wind turbines requires a nplitisics modeling approach
due thevarious loading scenarios which are acting on these structures. Figure 5.11 represents

various types of loading phenomena on a sample offshoretwibide.

wake
turbulence

icing
3 4’, -

lightning

Figure 5.11 Multi-physics loading phenomena acting on offshore wind turbiris [

Fully coupled aerdydro-elastic time domain simulationgereconductedn this studyusing
the OpenFAST platform g]. OpenFASTis a modularized mukphysics mdeling tool whichhas
developed by NRELo performtime domain analyses of the horizontal axis aedigal axis, on
land and offshore, wind turbines. Figure 5.12 schematically represents the OpenFAST

modularization framework.
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Figure 5.12 OpenFAST modlarization framework for mukphysics engineering modeling5]

At least six 16minute or one -hour timehistory simulations are required for each wind speed
bin according to the IEC standard. For this study, the length of aldonm&in simulations wa
3630 seconds, where the first 30 sec of each simulation wasdbsicto alleviate the potential
impact of the transient state of wind turbine operation on the results of the fatigue afayses.
5.13 and 5.14 present the tithistories of rotor spe and blade pitch, respectively, for varying
average wind speedietween cutn and cutout wind speedslhe 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) kvle the inflow wind speed exceeds the rated wind speed whidh4 m/s.
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Figure 5.13 Time-history of rotor speed: (a) average wind speed between emnd rated wind

speed, (b) average wind speed between rated araitutind speed
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Figure 5.14 Time-history of blade pitch: (sgverage wind speed between-guand rated wind

speed, (b) average wind speed between rated aralitutind speed

The timehistories of reaction forces and bending moments were obtained at mudlinef leve
the monopile support structyrehich is consideed to carry the maximum bending moments
caused by the wind and hydrodynamic loadifigne timehistories of the foraft and sidgo-side

moments for varying inflow wind speeds are depicted in Figudesdnd 5.16 respectively.
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Figure 5.15 Time-history of foreaft moment at mudline: (a) average wind speed between cut

and rated wind speed, (b) average wind speed between rated -and wirid speed
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