AMBIENT MODAL IDENTIFICATION , FINITE ELEMENT MODEL UPDATING, AND
SEISMIC ANALYSIS OF BRIDGES ON TRANS-CANADA HIGHWAY

by

Bahram Khan

BEng, Cardiff University, 2015

A DISSERTATIONSUBMITTED IN PARTIAL FULFILLMENT OF THE REQUIREMENTS
FOR THE DEGREE OF

MASTER OF APPLIED SCIENCE
in
THE FACULTY OF GRADUATE AND POSTDOCTORAL STUDIES

(Civil Engineering)

THE UNIVERSITY OF BRITISH COLUMBIA

(Vancouver)

December 2017

© Bahram Khan2017



Abstract

This thesis featurdiite elemenimodel updating of two shedpan concrete bridges, namely
Gaglardi Way Underpass and Kensington Avenue Underpassmain objective was tstudythe
effect and determine the importangkfinite elementmodel updating by comparing tlséructural
responses faheupdated model tthe preliminarymodel. The study was carried out by developing a
finite element (FE) model and aperationalmodal analysis(OMA) model for each bridge. The FE
model representeithie analytical prototype athe actual structure, while the OMA model was used to
extract the modal information for existing structure using the vibration data recorded under normal
operating conditiog from permanent sensors installed on corners and aspaiu of these bridges.
The natural frequencies from OMA were set as a target for the FE moaelt¢h The process of
calibrating theanalyticalFE model tathe matchthemodal information acquirefilom theexperimental
model isknown asd Mo dJ@ Id a t Having thefrequency responses defined, a sensitivity analysis
was conducted to determine the parameters that are most sensitive to change, based on which the FI
model was automatically updated in an iterative mannernidaal assurance criterioMAC) and
mode shap responses wer®t usedduring calibration stepince the vibratin testing was not dense
enough,however, theywere solely used asa means of comparing the calibrated FE model to the
experimental result<Once the objective of model updating was accahptl, a linear modal time
history analysis was carried out usiiigeeground motiondaving a low medium range, andwveery
high peakgroundacceleration (BA), in addition to a fourttvery low ambient level ground motion
Comparing the resulting absatutnaximum base reactions ahe mid-span structural displacements
from updated model to the original model, it was concluded thatp#reentage changes were
significantly high, therefore, the chance of original model being uncertain is very high for which model
updating is an important and a highly effectitezhnique where possible, to generatehah

confidence FEnodel that in best possible manner represtre behaviour of an actual structure.



Lay Summary

In the past Civil and Structural Engineers used to manually design new buildings and study the
behaviourof anexisting buildingfor modificationsusing hand calculains This has gre&t changed
with innovation in technology that now allowsgenerata prototypemodelfor structureof any size
and complexitybe it a building, bridge, danetc. These models are capablesohulating the exact
behaviourof structures, howeveior thatit is important thathe modekepresergthe actual structure
in most realistic manneFor the existing structureshe original models developed are calibrated
according to the experimental resutsm testing carried outn an actual structureThis process is
called 6 Mdel Updatingd This thesis features the importarafecalibrating a model alongside the
whole process itsefor two bridges, Gaglardi Way Underpass and Kensington Avenue Underpass,

located in Metro Vancouver.
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1. Introduction

It is of prime importancéor structural engineers to understandtikbaviourof structuresbe
it simpleshortstructures ocomplexskyscrapersOver the decadede design process has gradually
advancedfrom hand calculations to computepftware that can now automatically predidhe
responsesThe evolution ofiinite elementmodellingand analysifias enabledrchitectso planand
engineerdo design ona much higher scaleas a result of which large amatcentricstructures can
easily be constructetHowever, there still lies some discrepandieswveenthe modelledandactual
responsesiue toerrorsin modellingand the assmptions involvedhat carrythe errorsFor already
existing structures, this issuedddresed by calibratingthe finite element model, by modifying the
structural propertiego match the experimental resuitsm ambient vibration testing carried aurt
structure to determinés modal propertiesT hi s t echni que i s klmasedupona s

which thisthesishas been produced.

This chapteremphasisethepurpose of this researaimderlineghe scope of workand states

the goals

1.1. ResearciMotivation

Engineering researchers have bpecticingmodel updating technique fdecade$o monitor
the health of structurand determine how it will respond to a particular eyvéni the value of
calibratingafinite elementmodel isstill ambiguousEverystudyis based oincomparablescope of
work with anexclusive set obbjectivesthatproducesaunique set of results amaicountergpeculiar
problemsAlthough the ultimate ains to generate inite elementmodel that best represeiats actual
structureby calibrating it to the finest detayetit is not absolutelyknown how the structure will
behaveunder an actual scenaoie to numerous assumptions involvAdjuestionthatmayariseis
whether updating dinite elementmodel is necessaryand how do the two, i.e. calibrated and

1
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uncalibrated, models compar&éherefore,a study is necessary to determine how conservative
uncalibrated finite element modiel Snce neither would give a hundrgercentexact response for
structurewould generating finite element model and analysihwithout calibratingbe sufficientto
determineghe structural responsesexisting structuresimilar to thesort ofapproach that is uséar

nonexistent structureguring the desigphasewherefinite element model updating is not viable

1.2. Scope of Work

The technique dinite elemenimodel updating is used in maaiyil engineeringapplications
rangingfrom singlestoreybuildings tomulti-storeytowers, shorsinglespanbridges toong multi-
span bridgesdamsyetainingwalls, and other land andaterinfrastructureEvery study poses distinct
outcome in whichthe driving factor also includes the material used for construdtergoncrete,
steel,wood or a combinationThe scope of workni this project is limited tghorttwo-span concrete
bridges supported on argirder. Two suchbridges betweens5 m to 65 mjnstrumented under the
British Columbia Smart Infrastructutdonitoring System (BCSIMS) prograrhave been chosen.
Simpleabutment to abutmefihite element models were generated for each brisgesimplification
the approach slatamdmechanicallystabilisedearth (MSE)wvall were not included angthersprings
were incorporated in mitleight of columnsThe springs werassumed to behave @milar manner
theapproach slab would have reduced the flexibility of structdMogeover, the soil conditions on site
andthe depth of drilled pile shaftgserenot known thereforestiff soil was assumed at ground level
and the colmns were fixedat base Operational rodal analysiswas carried out to determine the
ambient modal informatiomf existing structuredased on which thereliminary finite element
modelswerecalibrated The unique feature of this study wasattempt to update finite element model
using sparsely distributedibration testing point&nd no sensors installed on columtierefore,
imposing limitationson matchingmode shapeand attaining reasonable MAC valu&éke aim was to

converganaximumnumber of modewithin 10% rangendto attain best possible mode shape match

2



and MAC valuestrying to overcomethe limitations Seismic analysis was carried out on both
preliminary and updated finite element mogdesng ground motionsaving low, mediunmange, and

high peak ground acceleratigRGA), to determine the impact dihite elementmodel updating on
structural responsdige base reactions and mgpan displacementshe outcomedrom two bridges
were comparedo reinforcethe conclusiors drawn Any inferencemay not be limitecandcould be
reasonably comparable to finite element model updating approach that usesdéhseger duration
ambient vibration testing as well applicable to steel bridges or longer spans, but for that another

study is required to compare the results andntuallyconclude.

1.3. ResearclGoals

Theultimategoalwasto generatan efficient, robust, andrealisticfinite element modeby
calibratingit to matchthetestdataand study the impact of finite element model updating on structural
responses when subjectedaseismic loadFor each bridgethe goak weredecomposed intfive

distinctobjectivesthat are listdunderneath.

1. Generate a finite element model.

2. Ambient nodal identificationof existing structure

3. Correlation betweethe preliminaryfinite element modeind thetest model

4. Calibrate or update thHenite elemenimodelto matchthetest data

5. Investigate thempact and importancef finite elementmodelupdatingusinglinear timehistory

analysis

For each bridge, the first two steps aim to generate a finite element modehrapdut
operational modal analys@n test modeldevelopedio determineambientmodal information i.e.
natural frequencies and ade shapesfor existing structureusing vibration data acquired from

permanents sensors installed on briddé® goal was to calibrate the formesing the mformation



obtained from latterThird step compares thexperimentatlata to the natural frequencies and modes
shapes from modal analysispreliminaryfinite element modeln stepfour, the finite element model

is eventuallyupdatedy adjusting parameteirs an iterative mannemtil it matches thembient modal
information determined in stefwo. Earthquake ground motiorsuldnow be appliedin stepfive, to

the updated angreliminaryfinite element model Thestructuralresponsefor bothFE models were

comparedo study the importance and effect of model updating.



2. Literature Review

This chaptehighlights the concept behind some of the terms that are repeatedly used in this
thesis It additionallyprovides a literature review of differetyipes ofanalysisandhow the model is

calibraed

2.1. British Columbia Smadrtfrastructure Monitoring System (BCSIMS)

The Cascadia Subduction Zone in the southwest coast of British Col@B®)jgrovince
encompassing lower mainlarid,considereismod active seismic zonie Canada. It is believed to
becapable of producingathquakes of large magudesup to 9.0 on the Richter scafuch an event
was last recorded approximately 300 years ago indicating towards strains being accumtieted
subduction boundanalthough Vancouver has not yet experienced a damaging eakibguowever,
the ongoing occurrences of small to medium scale earthquékesnoughpotental to damage
structures signifies the fact that the southwest coast of BC iarstittive seismizone.To alleviate
the risk of damage to structures due se@mic event, the British Columbia Ministry of Transportation
and Infrastructureéogether with the Earthquake Engineering Research Facility (EERF) athdB8C
been instrumenting bridges, tunnels, and builsiagover BC Lately, the duo launched program
namelyBritish Columbia Smart Infrastructure Monitoring System (BCSIMIS3t integrates the data
receivedrom the instrumented structures and &tieng MotionNetwork (SMN), which is the ground
motion vibration data maintained by the Geologatvey of Canada (GSC). This program allows a
predefined recipient to immediately receive a notification following an event, incorporating remote
Structural Health Monitoring (SHM) system. The main purpose of the BCSIMS program is to
determine theeismiccapacity of structures, detect any structural damages, and focus on retrofit efforts

(Kaya, Ventura, Hdfman, & Turek, 2017, pp. 57981).



2.2. Finite Elemenfnalysis

Finite element analysis (FEA3 a numericalanalysis techniquéhat iscapable of solving
variousengineering problem®r which theunderlying theorydates back to early 1900ds.serves as
a basic foundatiothat all engineers need to understand to be successful analysts in their respective
fields. In the field ofCivil Engineering, it isgenerallyemployed to predict the response of strugture
when subjected tdeadand live loadsby discretisinghe geometry of structure into smaller elements
that are interconnected at nodes, without any overldpsbasic objective of FEA is to determaithe
unknown degrees of freedom at the nodes and the resulting support re@itiapsrti, 2017, p. 3)
The evolution in technology, over the decades, has enabled engineers to carry out this analysis in full
using a computer softwarglodelgeneratedvith the help olcomputer is called finite element model
(FEM). As shown in figure2.1, the analysis is carried out in three basic steps, therpoessing

phase, processing phase, and {postessing phase.

1. Pre-Processing Phase User
(Build Model) m—
2. Processing Phase C
omputer
(Conduct Analysis) |:lI> P
3. Post-Processing Phase
(Analyse Results) |::> User

Figure 2.1: Phases of FEAadaptedfrom (Pidaparti, 2017, p. 6)

The first step of prgprocessing phasgenerates discretisedinite element modeby defining

nodes and their connections, specifies the material properties, and applies loads and boundary



conditions. The secondprocessing phassimultaneouslydevelops a set of linear and nonlinear
algebraic expressions to obtain the nodal ressitd) as thedisplacemerst and/orforces The last
postprocessophasesimply holdsthe results obtainefr nodal stresseslisplacementsand support

reactiongPidaparti, 2017, p. 6)

2.2.1. Sources of Error in Finite Element Modelling

Mottershead, Link, anBriswell (2010, pp. 227#2276) hae categorisedhe sourcesf errors
in finite elementmodelling someof which can be corrected by model updating while others cannot.
The errors listed undarategory 1 and 2 amgenerallycalled modelktructure errorsince they are
related to the mathematical structure of the mo@eitegory3 errors camormally be fixed by

calibrating the model.

Category 1: ddealisationerrors triggered byassumptiongnvolved incharacterisingthe behaviour

of the physical structe.6 The most commorsource of such errorgare

U Simplificationof the structur@isingerroneousgassumptions

U Inaccuratéy assigedmass properties

U Neglectingparticularpropertiesn the finite element formulation
U Impreciseconnectivity of the mesh

U Incorrectassignment of boundary conditions

U Errorin jointmodelling

U Flawedassumptions for the external loads.

U Wrongassumptions for thegeometrical shape structure

U Assuming a lineabehaviourfor a nonlinear structure.

Category 2: Discretisationerrors introduced by numerical methods that are inherent in the finite

element methodBxample for such errors are:



U Coarse finite element meshat does allowhe modal datdo fully converge.
U Truncation erors in order reductiotechniques

U Higherstiffness as a result of element shape sensitivity.
Category 3:dnaccurately assuming the model parametebbese include, but are not limited to:

U Material properties.

U Framecrosssectionproperties
U Shell or plate thickness.

U Spring stiffness.

U Non-strudural mass

The categoriesand theirsources of error listeuh this subsectiohave beerfurtherexplained
in detail by Friswell andMottershead1996, pp. 2€30), in addition toother possiblecontributing

sources of error.

2.3. Operatioral Modal Analysis

Vibration testingis generallyconductedin two ways,using eitherforced vibration oran
ambient vibrationThe former is carriedut by subjecting the system to externdibration using a
dynamic shaker or an impulse hammer, whereas, the latter is put-only measurementarried
under naturaandoperating conditionto determine thenodalproperties of a structurén the fieldof
structural engineeringmbient vibration testing, also known as Operational Modal Analysis (OMA),
isused tadetermine th@atural frequency of a structusrad todeterminghe dynamic responses under
various environmeal and/or loadingconditions This tesing is carried outin a non-destructive
mannerunder normal operating conditionse. without external excitation (faed vibration), by

subjectinghe structure to ambient vibrations generated by widlisergBrincker & Ventura, 2015,

pp. 3-5).



Figure 2.2 shows a sample vibration data acquired from vibration testing of a structure under
normal operating conditiofwo methods are commonly employed to decigherkind of vibration

datg i.e. frequency domain decomposition and stochastic subspace identification

Accoleration [mis?] Accoleration Time Series Statistics
015 Madmum = -0.153 [m/s]
Minimum = -0.158 [mys*]
RMS = 0,156 [m/s?]

Median = -0.1586 [r/s%)
Mean = -0.155 [m/s7]
: Variance = 0 [m/sT?

Skewmass = 0035
016 Kurtosis = 5.73

0 400 800 1200 1600 2000
Time: [s]

Figure 2.2: Sample vibration datéaccelerations)n time series

2.3.1. Frequency Domain Decomposition

Brincker, Zhang, and Andersen (2001) introduced a meerfriendly method called
frequency domain decompositiieDD), in extensiorto thebasic frequency domain (BFRpproach
TheclassicaBFD or peak pickingechniqueprocesses theignal using a discrete Fourigansform
allowing well-separatednodeso be estimatedirectly from the power spectral densiiySD)matrix
at the peakhowever downside of this method was thdbse modesveredifficult to detect and the
estimatiorwould beheavily biasedThe FDDtechniquein contrastdecomposes the spectral density
function matrix to allow the response spectra to be separated into a set of single degree of freedom
systens with each correspaling to an individual modeThis methodhelpsdetermine closenodes
with high accuracy even in the case of strong noise contamination of tiassigs well ashe
harmonic components responsesignalsare clearly indicatedAs a result of FDD, the avage
normalisedsingular values of the PSD matrix are plotted against frequeheye the dominating
peaks represents different modeéigiure 2.3llustrates a typicaplot for normalisedsingular value of

spectral densitieBoth closely spaced modes and well separated modes can be clearly observed.



dB | (1 m/s*y/ Hz Singular Values of Spectral Densities
20

lose Modes

éII—Separated Modes
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Frequency [Hz]

Figure 2.3: Singular values oPSD matrix reproduced fronfStructural Vibration Solutions)

2.3.2. Stochastic Subspace Identification

The data drivenstochastic subspace identificati@®SI) isa highly robusttechnigueamong
the knownmodalidentification techniques time domainlts complex mathematittheory, however,
andpoorly established connectido the classical correlatiariven time domain techniqueaakes it
difficult to understand for engineehnaving aclassicaknowledgeof structural dynamicéBrincker &
Andersen, 2006, p. 1)rhis methodidentifies the stochastistate spacenodel from outpubnly
measureents byconwertingthe measured time histories to spectra uBisgrete Fourier Transform
(DFT). The natural frequencies can igentified as the peaks of spectra, while mode shapes can be
determinedby calculatingthe transfer functions between all outputs and reference sétwoever,
the drawback of this method is that the natural frequersoreselectedubjectivdy, the damping

estimation is not quite accuratnd it determines the operational deflectshrapesrather than the
10



mode shapeasno modalmodelis fitted to the data. Nonetheledse prime advantage of this method
is that the identification process is faster as lasieonline andit alows to checkquality of data
acquired from recorders on ei{Peeters & Roeck, 2000, p. 48jigure 2.4illustrates atypical

stabilisation diagrarshowing the natural frequencifs estimated modes

Dimension Stabdizaton Diagram of Estimated Sfate Space Mocels
Test Selup: Measurement 1
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Figure 2.4: Stabilisation diagram, reproduced frog8tructuralVibration Solutions)

2.4. Finite ElemenModel Updating

Upon comparing the finite element model to the measurerfrentgeal structurgit turns out
that thefrequencies do not match for corresponding modks.reason fodiscrepancys generally
dueto errors outlined in section 2.2.Iherefore,the preliminary finite element model has to be
updatedbr calibratedso it caraccuratehpredict the measured resulidarwala, 2010, pp.-2). Finite

elementmodel updatings a process that strives tmrrectthe finite element model by processing

11



recordsacquired fromambient vibration testing carried out on structure under normal operating
conditions(Mottershead & Friswell, 1993, p. 34Mhe measured data from vibration testing carried
out on sitas always asasmedto be correcand the finite element modelust be calibrated by adjusting
the parameterto match theexperimentaldata A finite element modetan be updated using two
techniques, i.e. direct and iterativihe formerdoes not take intoonsideration the changestte
physical parametenshich is whythe updated finite elementodelsolely representshe measured
datawithout anyconsideratiorfor the sructure being analysed. The resulting mass and stiffness
matrices deem to be meaniegsanddoes not represeany physical changem the finite elements

of original model.Moreover,nodal connectivity is naénsuredand the matrices are fully populated
and not sparséOn thecontrary iterative methodupdates the physical parameters fofite element
modelusing iterationsintil themeasurd datais reproducedo adegree of accuragpecified by user

The advantage oiterative methodver direct method is that @nsures accurate nodal connectivity

and arathermeaningful mass and 8tiess matrice$Marwala, 2010, p2).

Mottershead et al. (2010, p. 22&ateshatthe finite element modedhould beassessed for
its quality after it is updatedA good quality modeshouldtypically be ableto predictstructural
responsefor typesof loadng other than those used wibrationtesing, it shouldhave the ability to
efficiently predict thestructuralbehaviourbeyond the frequencyangeused for updatinghe finite
elementmode| andshouldhave the capabilityo predict the effectsf structural modificationsThe
guality requirements shafienerallybe related to the intended purpose for which the model will be

used.

2.4.1. Parametesfor Model Updating
A finite element modeis generated based on the material properties anédndiions ofa
physical structure. The shape functfonthe choice of elementsill determinehe distribution of the

mass and stiffness properties the matrices can lphysicallyunderstoodtherefore,it is crucial to

12



carefully selectthe parameters for finiteelement model updatingsing engineering knowledge
However, ertain model updating schemes does not allow the user to select the parameters to be
updated.The direct methods, for example, updates the entire stiffness and mass matrices in a single
(nonriterative)step. This changes all the terms in the individual matrix, disregsatie element shape
functions, and consequently the physical meaning istoaewhere ibetweertheupdating process.

In contrast, the updating schemes that allows the useid¢ot the parameters to dadjustedequires
profound engineering knowledge and diligerntgementso make sure that the model being calibrated

is not only able toeproduceheexperimental resulisut alschavephysically meaningful coefficients.

Suchapproach leads to knowledgased modelFriswell & Mottershead, 1996, pp. 9B).

It is important to contemplate the number of parameters to be selected and the choice of
parametersTo attain hi¢n accuracy finite element model in least possible nurob&eratiors or
shortest possiblealibrationtime, tre besstrategyis tokeepnumber of parametetsw anduselarge
volume (measurement points and duratiofestdata(Friswell & Mottershead, 1996, p. 101).is
necessaryo selecthe parametershat are most sensitive changesndeffectivdy improves the FE

model

2.4.2. Sensitivity Analysis

Sensitivity analysis is a technique that allows the engineers determine how sthettaxabur
of afinite elementmodelis influenced by modification of parameters like spring stiffnessgdulus
of elasticity moment of inertiaetc This analysiscanbe carried out eithdocally or globaly. The
local sensitivity analysis (LSAg¢xaminesthe impactof modifying parameter$or local elements
while keeping others constantshereas, thelgbal sensitivity analysis (GSAgssessethe impact
over the entireange of interestAs an example, the LSA analgdbe resultdy assigning a unique
parameter to each girdexhile, theGSA assigis an identicalparameteto all girders(Wan & Ren,

2015, p. 2)
13



2.4.3. Modal Assurance Criterion

Oncethepreliminary finite element model is ready ahdmodaldata is acquiretbr physical
structure, thenatural frequencies anmdode shapecan be compared for two modeBne of the most
commonly used techniqu®r quantitative comparisoof mode shapess the Modal Assurance
Criterion (MAC), which is &D or 3Dstatistical indicator that is most sensitive to large differences
and relativelyinsensitive to small differences in mode shapiemly yields the degree of consistency
between mode shapes, whereas, for natural frequencies a separate means of canalbibsarsed.
MAC can take a valuebetween 0 and for 100%) with close to zew represeimg inconsistent
correspondence between th® mode shapesvhereasyaluecloser tounity indicatesa good match
However, it does notalidate the modeleither is it suitable fasrthogonalitycheckas it does not take
into consideration thenass and stiffness matriceshich makes it a preest mode pairing tool
Moreover, itdoes not distinguishetween systematic errors and local discrepar(€lastor et a).

2012, p. 543545).

According to Pastor et al. (2012, p. 545 MAC value cabecloserto zero for the following

reasons:

U0 Nonstationarysystem

U Nortlinearity in system

U Noiseinreference mode shape

U Invalid parameteextraction techniqufor the measured data set

U Linearly independent mode shapes

Moreover, Pastor et al. (2012,%45) also states the possible reagbat can leado a MAC

value close to unity:

14



i

i

i

i

Inadequat@aumber of response degrees of freedom to distindugslieen independent mode
shapes

Mode shaperesulting fromunmeasured forces to the system

Mode shapesrpmarily beinga coherent noise

Mode shapes represerg identicalmation for distinctfrequencies

A unit matrix is not an ideal MAC matrix due to the fact that the modal vectors are not directly

orthogonal but mass orthogon®IAC matrix simply identifies twodiscretemodes fromwo sets of

datathat correspond to each oth{@astor et al., 2012, p. 54%jigure 2.5belowillustrates a typical

3D MAC plot

Figure 2.5: Sample ® MAC plot
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3. Descriptiorof Bridges

Two bridges have been studied in this project, nam@lgglardi Way Underpassand
Kensington Avenue Underpadscated in Vancouver, British Columbispanning across thigans
Canada HighwayBoth bridgeshave beemeconstructegpost 2010demolishing the old structurdsy
Kiewit Flatiron GeneralPartnership conceived as a pubfidvate partnershigontract Being apart
of the British Columbia Smart Infrastructure Monitoring System (BCSIMS) progthey are
instrumented to rexd theambientvibrationsin reaktime, i.e. without anyinitial excitation The
vibration datacollectedallows determinethe natural frequencies, mode shapes, and damping ratios
usingoperationaimodalanalysis (OMA) The informatiorobtained from thisnalysisassists iffinite
element model updatingvhich has beerurther explainedand discusseth the chaptersereafter.
This chapterin particular,highlights the structural detadf bridgesand ther instrument setup.
Structural drawinghave been attached as an appendix, whgvhagysfor bridgecomponentswhere

possible have beeincludedin the main bodyor better illustration

3.1. Gaglardi Way Underpass

The Gaglardi Way Underpassonstructed in 2013 atwo lane56.78 m long and 18.038 m
wide concrete bridgacross the Trar€anada HighwayFigures 3.1 and 32 shows theelevationview
of the bridgeand itslocationon map respectivelyThe drawings fogeneral plan layouthe elevation,

anddeck crosssection ca be found in figureé.1, A.2andA.3of O App.endi x AO

Figure 3.1: Elevation of Gaglardi Way Underpass
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Figure 3.2: Location ofGaglardi Way Underpassn satellitemap

3.1.1. Structural Components
The Gaglardi Way Underpass is &2an concrete briddeavingprecast {girders As shown
in figure A.2of appendix A, span 1 fromorthabutment (AO) to the pier (P0O) 27.46m, whilethe
span 2 from pie(P1)to southabutment (A2) is 29.32 nimportantcomponentgor this bridge, i.e.
the superstructure and substructure details and material propevriles the scope of this project
have been highlighted this subsectionTables 3.1 and3.2 shows the minimum conete strength for
different @mponents of the bridgthe steel material used in reinforcementd their propertie3.he
modulus of elasticitpf concretevas calculated using the formandardisedy American Concrete
| nst i BuldingCodeRequrements for Structural Concrete (ACI3I8B6 f or concr et e

betweerf0 and 160 Ib/ft(1442i 2563 kg/m). Since the weightr densityof concrete used was not

17



provided, therefore, SAP2000 default valuel 60 Ib/ft® (2403 kg/n3) was assumed.his densityis
regardedas normalweight of concrete bymost concrete handboqgksxcept for American Concrete
Institutes, where normal concrete weight is 0.1453§2823 kg/n{). Equation 1 below shows the

formula used to compute the modulus of elasticity (E) of concrete bassunpmessive strength and

weight.

0O o6 8 Q (psi) 1
Where
0 = weight of concretdl/ft°) ; "Q = compressive strength of concrete at 28 days (psi)

As an alternativeshown below is thiormulastandardisetly Canadian Standards Association
(CSA)iné Desi gn of Concr-&4adacduldrhave beanrused. HoWAVES way
the formula is structureksulted in a lower modulus of elasticitgd, thus, lower frequencitsading

to higher discrepancies compared to experimental modal frequencies.

— 8
O OO @ W *F— (MPa) 2

Where;

r = weight of concretekg/mq) ; "Q = compressive strength of concrete at 28 d&MRd]

The modulus of elasticity is an estimated value and notifeestandardiseformulae can be
deemed as right or wrongor this reason,he CSA concrete design handbgoérmits aleeway
between 8@nd 120%of the valuecomputedising equation Lo attain the frequenci@ath minimum
discrepancyit was decided to usthe formulastandardisetty ACI in equation Iince theresulting
modulusof elasticity for each section wawithin the range specified by CSA&or example, the
modulus of elasticityor deck sectiorusing equation 2 wasalculatedas 28.21x 10° MPawhich is

5.26% lower thar29.78x 10 MPa, computed using equation 1.
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Table3.1: Concrete material Properties

Concrete
Component Grade (MPa) Modulus of Elasticity (MPa)
Column (Above Ground) 35 29.78x 10°
Pile Infill (Drilled Shaft) 30 27.57x 10°
Girder 50 35.60x 10°
Deck 35 29.78x 10°
Bent Cap 35 29.78x 10°

Table3.2: Steel material properties

Steel
Modulus of  Minimum Minimum Effective Effective
Component  Grade Elasticity  Yield Stress Tensile Stress Yield Stress Tensile Stress
(MPa) (MPa) (MPa) (MPa) (MPa)
A955M
Rebar 2x 1P 520 650 572 715
Grade 520
Structural

300w 2x 10 300 535 330 588

Steel

Columns: A total of 13 circular concrete columnsf 914 mm diameteare supporting the

superstructurg-our of these columns are at each abutment and five are supporting the

pier. A steelpipe pile, of same diameter, filled with concrete is drivéa ihe ground
that provides foundation suppoithe exterior columns are 1.7 m from the end of
abutment bentap andhe second& third columns are 2.6 m from tleentreof the

bent capln case of pier, they are equally spaced at 3.75 m, while the distancend
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Abutments:

to outer columnis the same as that for abutmenfsgure 33 shows the column

elevation, for whih the drawingan be found in figure Ad f 60 App.endi x AD

Figure 3.3: Gaglardi Way Underpass column elevation

A bent abutmeniconnected to girder bottom onhas been designed at both north and
south ends of this bridg&he bentapisan18.4x 1.6 x 1.5 mbeam supported by four
columns at each erahd is skewed & 9 A 1 8Moredveé,dh@ elevation abuth
abutment is 665 mm higher than the north abutment and 234 mm higher than the pier.
Figure3.4 shows the bent elevation for which thawiing can be found in figure A.5

of 6Appendi x AO6.
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Figure 3.4: Gagardi Way Underpass abutment bat¢vation

Pier: A pierwith an integral bentncorporating the girderdas been designed at rggan.
The bent cap is an 18.4 2.928 x 1.6 mskewedbeam supported by five columns.
Figure3.5 shows the elevation view pfer bent thedrawingfor which can be found

infigureA6ofAppendi x AO.

— L]

Figure 3.5: Gaglardi Way Underpass pidrentelevation

Girder: The design usek728 mmdype Dsix I-girder, shown in figure Adf &6 Appendi x
The deck is supported on six girdequally spaced at 2.95 amda constanthaunch

thickness of 75 mimA 250 mm thick girder pedestal has baaiudedat the abutments
21



for jacking.The girdercan somewhat be seen in figur&.3Additionally, figure A.8in

0 A p p e nshows theAl@yout of girders.

Bearings: Plate bearings have been used at abutments and a neopdeheaping at the pier.
Figure 36 shows the bearing anddgr pedestal at the abutments &igdres A.9 &

A.10in6 Ap p e nd i xtheArdawing$far besarings.

Figure 3.6: Gaglardi Way Underpass bearing at abutment

Deck: An 18.038 m an@50 mm thick deck has been designed, for this bridge, with 100 mm

thick panels.The castin-place concrete finish is a 135 mm thick layer.

Parapet: A standard P{2 (Tall) parapet has been used both sides of the bridges a guard.

The drawing for this parapet can be foumdigure A.11lo0f o6 Appendi x A6b.

Foundation: The bridge colums at pier and both abutmerfteent supportsare supportethy 914

mm pipe pileshafts drivennto the ground

3.1.2. Instrumentation

Multiple sensors have been installed on the Gaglardi Way Underpassltbats and records
vibrationdata, whichis usedto monitorthe healthof the structureThe Ministry of Transportation and
InfrastructureusesREF TEK(Trimble brand)seismic recorder®r all bridges orHighway 1 A total
of 12 sensors have beaetupon thedeckof span 1, i.enorth abutment (AO)o the pier (P1), and 1

sensoron the column at ground leved receive the testing datdiwo uniaxial accelerometers are
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installedmid-spanatthe sides ofhedeck recording in verticadlirection. Twoaccelerometersn deck
level ateach end of the pier are recording in three directiongarallel, vertical, and perpendicular

to the spanOnetri-axial accelerometeis installed on the middle colunuaf the pier at ground level,
recording in all three directionwo bi-axial accéerometers arsetupat each end of the abutment
over the bent caf hreedisplacemensensordiave also beeimstalled at the abutmentecordingthe
displacement of the bridge as it vibratédditionally, one triaxial freefield sensor placed 13 m away

to the east from the abutment, on the Ty+@asada Highway, measures in three orthogonal directions
and includes the true nortilemperature and humiditgonditions arealso being recorded
simutaneouslyFigure 37 showghe instrumensetup indetail One suctsensor can be seen, in figure

3.3, attached to the column.

N <— GAGLARDI WAY UNDERPASS 8 Aceremate i e P
oo
& Wil Series

o 387/388
Temp/Hum

317 ¢
376

SECTION A-A SECTION B-B

Figure 3.7: Gaglardi Way Underpass instrument setup
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3.2. Kensington Avenue Underpass

The Kensington Avenue Underpassnstructed in 2011s afive lane(including turn lane)
concrete bridgacross the Trar€anada HighwayThe length of the bridge &1.73 m ands 27.3 m
wide. The map in figure8.8 delineateghe location for the bridgand figure3.9 showsthe bridge in
elevation view Additionally, figures A.12, A.13 andA.14i n &6 Appendi x déaings!| | us

for general layoutthe elevation, andleckcrosssection.

KENSINGTON AVE,
UNDERPASS SITE

Figure 3.8: Location ofKensington Avenugnderpass on satellite map
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Figure 3.9: Elevation ofKensington Avenugnderpass

3.2.1. Structural Components

Similar to Gaglardi Bridge, the KensingtdAvenue Underpass isZaspanl-girder precast
concrete bridgeAs s hown i n f i gur suthabuttnend (A0) 16 hepee(RiPanx A0
28.545 m, whereaghe span fronpier (P1) to north abutment (A2), is 33.185 This sulsection
briefly outlines theessentialsuperstructure and substructw@mponents of the bridge arbdeir
propertiesFor the material properties refer to tadel and 3.2since they are consistent according to

the standards.

Columns: The bridge is suppted by12 columns. Six of these columns are supporting the pier,
whereas, the remaining asapporting thenorth abutment (A2) The diameter of the
columns is 914 mrfrom abutment téhe ground blow which al.22 mpipe pileshaft
filled with concrete grout is driven into the groumar both pier and north abutment
(A2), the distance from each end of bent eathe exterior column is 2.48 m and are
equally spaced at 5.25 iigure 310 shove the columns for which the dravgrcan be

found in figureA.15and A.léof O Appendi x AO.
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Figure 3.10: Kensington Avenudgnderpass columelevation

Abutments: The south abutment of this bridigessupportedy mechanically stabilized earthSE)
wall that issupportinga 31.185x 0.8 x 2.5m abutment beantornorth abutmentA2)
abent with six columnbasbeen designedoth north and south abutment are skewed
at 55A ThéhkEnt @ag i8H21 m longprismatic sectiorconnected to giter
bottom only For the first 1.5 m from eacknd, the section size is6 x 1.2 m.The
remaining 28.185 m section is 1x6L.5 m.Moreover, the elevation at north abutment
stationis 467 mm lower than the south abutmstationand 805 mm lower than the
elevation at piestation Figures 311 and3.12 shows theouthand north abutments

for which the dr Appendixp® air guatesadhdad amd
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Figure 3.12 Kensington Avenue Underpass north abutniemtelevation

Pier: Similar tonorth abutmentthe pieris askewedbent designed with six coluratut is
integrated, i.esitting directlyunder the deckThebent cap is 81.21x 1.6 mprismatic
section The depth offirst 1.5 msection, from each ends 2.628m deep, while the
depth ofremaining 28.21 nbent capsection i2.928 m Figure3.13 shows the photo

for pier forthewhi ch t he drawing can be found
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Figure 3.13: Kensington Avenue Underpass piEnt elevation

Girder: The girder designed is similar to what was seen for the bridgésection3.1.1. Nine
0type 5 @f 1g2B mde eqeally spaced at 2.95 @re supporting the
superstructureThe haunch is constant at 75 m¥n250 mm thick girder pedestal has
been included at the abutments for jackifige shape and layout of tlggrders canto
some extenbe seen in figure.33. Additionally, the girder layout is shown in figure

A.20, while the girder detail is illustratédn f i gure A. 7 of O6Apper

Bearings: Plate bearing has been used at the abutmemtsreasfabreekapad bearigs are
installed at the pieEigure 314and3.15shows thghotos for bearings at the abutments
along with girder pedestalloreover,thedrawings for bearings at abutments and pier
are illustrated in figure A.21A.22 and A.23Some detail for bearing at the pier can

also be foundinfigure A.9 of &6 Appendi x A6b.

Figure 3.14: Kensington Avenue Underpassaring and pedestal at sowbutment
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Figure 3.15: Kensington Avenue Underpass bearing and pedestal at north abutment

Deck: The width of the deck is 27.3 m with rest of the details similar to the bridges

sulsection 2.1.1.
Parapet: A standard P¥2 (Tall) parapeis alwaysused refer tosulsection 2.1.1.

Foundation: The columns at north abutment (bent support) and pier are supported bydri2&dn
shaft driveninto the ground. Theouth abutment, on the other hand, is supported by

mechanicallystabilisedearth (ME) wall.

3.2.2. Instrumentation

The Kensington Avenue Underpasmcompassed8 sensors (3@hannely for health
monitoring of the structurélhe sensors have been installed along full length of the br&jzn 2
have two urdaxial accelerometers installedid-spanat each siderecording the verticalibration
data The east end opier (P1) andnorth abutmen{A2) caps have two biaxial accelerometers
measuring in two directions, i.e. vertical and parallel to the spamwest end othe pier (P1) and
north abutmentA2) caps have twotri-axial accelerometers installed measure in three directions, i.e.
perpendicularly in addition of parallel and verticban 1 have only one uakial accelerometer setup
at midspan measuring vertical vibrations at thestern end of the bridg8outh abutment (A1) have
three uniaxial accelerometers installe@ne triaxial accelerometer isetupat the footing of pier
columnas well. Two freefield sensorsat 49A14638. 42606 N, 122A5867.

122°58 1 . 3 Q aré medNuring in three orthogonal directions and includes true nohitee
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displacement sensors amestalled at north abutment (A2) to record the displacements due to
vibrations.The onsite conditions are simultaneously recorded by humidity and temperature sensors to
take into account itaffect if any.Figures 3.16and3.17shows the detailed setup these instruments

in planand section viewOne suclsensor can be seen orrthcolumn from the left of the pierfigure

3.10.
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Figure 3.16: Kensington Avenue Underpass instrument setup in plan view
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Figure 3.17: Kensington Avenue Underpass instrument setup in section view
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4. Modelling

Two engineeringsoftware packagenamely CSI Bridgeand ARTeMIShavebeen used at
modellingstagefor finite element analysis araperational modaknalysis, respectivelyhe former
is a highly sophisticated, intuitiveversatile and userfriendly interface poweredwith a highly
effectiveanalysis engine and design toolslioidgeengineersit is used t@enerate prototype model
for a structure whether existing or in design stagesid mesh into finite element® carry out
structural analysjsdeterminingts expectedehaviour This can range from a simple static analysis
to a complex nonlinear dynamic analys@n the other hand, ARTeMIS] evel oped by
Vi brati on Siwah openi andrusdrieAdly létformusedfor ambient modahnalysisand
damage detectionf operational largescalestructures usingraw measuredsibration datg in time

seriesunder natural conditicn

ARTeMIS comprisestwo stagesfor carrying outmodal analysisThis chapter features the
setup stage only, whereas, the reporting stage has been included in the nextSiha|atdy, for CSI
Bridge the preprocessor stageas been included in this chapter and all the-pastessor results can
be found in chaptes. This chapteillustrates the final models generated atates the assumptions

(if any). For detail on how the structures wemnedelled refer to Appendices.

4.1. Finite Element Modsl

Finite element modeis a complex and finely detailediscretisedprototype ofan actual
structurewith minimal assumptionsvolved CSI Bridge smartly produces finite element model for
bridges of different categories several stepshis software is usdriendly compared to other finite
elementmodelling software sinceit automatically assembles angenerates a model usirthe
components defined by usdihe first step involves defining the layout line, i.e. the céineeof the

bridge.Next it requires different components, namehgperties substructure, and superstructure, to
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be defined.The properties component is where material properties and frame sections are defined.
Substructure primarily consists of the poping componentgbearings, abutments, bents, columns)

of any bridge whereas, the deck of the bridge is considered as a superstrédteredefining
structural loading, the bridge can be assembled by defining the span lengths and the boundary
conditions. This sectiondisplays the final assemblddll-scalebridge models generated based on
information in chapter 3The detail on how each component was definedlamassemly of bridges

has been proviCéed in O6Appendi x

Figures4.1 and 4.2shows the extruded and skeletal views for the finite element mofiels

GaglardiBridge producedn two different angles

Figure 4.1: Gaglardi Way UnderpasEE modelin 3D extruded (top) and skeletal (bottpwniew
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Figure 4.2: Gaglardi Way UnderpasBE modelelevation in extruded (top) and skeletal (bottom) views

As it can be seen in the figures abowvasjmplemodel of bridge was generated from abutment
to abutment with a pidsentsupportin the middle.The model is comprised of bulbQirder frame
sectionfor girders acircular concrete section for columns, rectangular concrete beam section for bent
capsor abutment spring acting as bearingsn area shell section was used for deck. To take into
aaccount the dead load of parapets andcretesurfacdayer, lineloadand area load distributions were
used. For parapets, weight per unit cresstion area was calculated applied across the length of
bridge. Similarly, for concrete layareight per unit area was calculated from concrete deaségin
material properés and applied along the whole length of bridgee assumptionand simplifications

madeduring finite elemenimodellinghave keen stated in subsection 4.1.1.

Additionally, figures 4.3 and 4.4 shows te&vation and 3D perspectives I§énsington
Bridge finite elementmodelin two different views.This finite element model for this bridge was
generated using similar protocol and assumptions. Thenwaglyrdifferencewas havingawider deck

andan abutment instead of bent support at one end.
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