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ABSTRACT:Ambientvibrationtestingisthemosteconomicalnon-destructivetestingmethodtoacquirevi-
brationdatafromlargecivilengineeringstructures.Thepurposeofthispaperistodemonstratehowambient
vibrationModalIdentificationtechniquescanbeeffectivelyusedwithModelUpdatingtoolstodevelopreli-
ablefiniteelementmodelsof largecivilengineeringstructures.Afifteenstoryandaforty-eightstoryrein-
forcedconcretebuildingsareusedascasestudiesforthispurpose.Thedynamiccharacteristicsofinterestfor
thisstudywerethefirstfewlateralandtorsionalnaturalfrequenciesandthecorrespondingmodeshapes.The
degreeoftorsionalcouplingbetweenthemodeswasalsoinvestigated.Themodal identificationresultsob-
tainedfromambientvibrationmeasurementsofeachbuildingwereusedtoupdateafiniteelementmodelof
thestructure.Thestartingmodelofeachstructurewasdevelopedfromtheinformationprovidedinthedesign
documentationof the building. Differentparametersof the model were then modifiedusinganautomated
proceduretoimprovethecorrelationbetweenmeasuredandcalculatedmodalparameters.Carefulattention
wasplacedtotheselectionoftheparameterstobemodifiedbytheupdatingsoftwareinordertoensurethat
thenecessarychangestothemodelwererealisticandphysicallyrealisableandmeaningful.Thepaperhigh-
lightsthemodelupdatingprocessandprovidesanassessmentoftheusefulnessofusinganautomaticmodel
updatingprocedurecombinedwithresultsfromanambientvibrationmodalidentification.

1 INTRODUCTION

Fromtheviewpointofstructuralengineeringdesign
practice,thereareseveralreasonsforconductingvi-
brationmeasurements inexistingbuildings.Forin-
stance, theownerofabuilding located ina seismi-
cally active zone may be interested in determining
whether the structure complies with current earth-
quakeengineeringdesignpractice.Ifthestructureis
foundtobeatriskduringasevereearthquake, then
remedial structural modifications may have to be
implemented in different parts of the structure.  In
order toaccomplish this, the structural engineer re-
sponsible for this structural retrofit would aim to
provideadesignthatsatisfiesthesafetyandservice-
abilityrequirementsofthelocalbuildingcodeinthe
most economical way.  The structural engineer
wouldnotonlyneedinformationoftheactualcondi-
tionsof the building, including itsdynamiccharac-
teristics,butwouldalsoberequiredtodevelopare-
alistic finite element computer model of the
structure,whichcanbeusedtoevaluatepossibleret-
rofit scenarios.  In suchsituations it is notonlyde-
sirabletohaveeconomicalandeffectivewaysofde-

termining experimentally the dynamic properties of
large civil engineering structures, but also have ef-
fective ways to have a high degree of confidence
thatthestructure’sfiniteelementmodelisarealistic
representationofthephysicalstructure.
 TheaimofthispaperistodemonstratehowNatu-
ral-InputModalAnalysis(NIMA)techniquescanbe
effectively used with Model Updating tools to de-
velop reliable finite element models of large civil
engineering structures. A fifteenstoryanda forty-
fourstoryreinforcedconcretebuildingsareusedasa
casestudiesforthispurpose.
 The dynamic characteristics of interest for this
studywerethefirstfewlateralandtorsionalnatural
frequencies and the corresponding mode shapes.
Thedegreeoftorsionalcouplingbetweenthemodes
was also investigated.  The NIMA results obtained
fromambientvibrationmeasurementsofeachbuild-
ing were used to update a finite element model of
thestructure.Carefulattentionwasplacedtothese-
lectionof theparameters tobe modified by theup-
datingsoftwareinordertoensurethatthenecessary
changes to the model were realistic and physically
realisableandmeaningful.Thepaperhighlightsthe
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modelupdatingprocessandprovidesanassessment
oftheusefulnessofusinganautomaticmodelupdat-
ingprocedurecombinedwithresultsfromanatural-
inputmodalidentification.

2 FEMUPDATING

One of the purposes of conducting ambient vibra-
tionstestsonlargeCivilEngineeringstructuresisto
usethemodalinformationobtainedfromthesetests
toimprovethefiniteelementmodelofthestructure
being investigated.Thenatureofanyof theNIMA
methodspermitsonlythedeterminationofthenatu-
ral frequencies, associated mode shapes, and to a
certainextent,themodaldampingvalues.Informa-
tion tomodalparticipation factorsand modal mass
participation can not be obtained with the current
vibration testing techniques and analysis tools.
Nevertheless, it is still possible to update a fine
element model (FEM) using results from ambient
vibrationtestsbymakinguseofnaturalfrequencies
andmodeshapesonly.

Anattempttocorrelateexperimentalandanalyti-
calmodalpropertiesofahigh-risebuildingusinga
manual updating process is described by Ventura
andHoryna(2000).Thatstudyclearlyshowedthe
limitationsanddifficultiesintryingtoobtainagood
general correlation between experimental and ana-
lyticalmodalpropertiesforalargecivilengineering
structure. Although an acceptable match was ob-
tained between theanalyticalandexperimentaldy-
namic response of the building, this technique
showed limitations, mainly the number of parame-
ters thatone can vary concurrently in order toob-
tainsuchamatch.

During the last four years theauthorshave been
collaborating to develop and implement practical
ways to perform automated FEM model updating
using ambient vibration data. Computer programs
ARTeMIS and FEMtools have been used for this
work.  ARTeMIS (SVS, 2004) is a NIMA special
purposeprogram,whileFEMtools(DDS,2004)isa
multi-functionalcomputer-aidedengineering(CAE)
program for FEM updating. Two case studies are
describedbelowtoillustratehowambientvibration
data results can be used for FEM model updating
using theprogramsdescribedabove. Adiscussion
oftheengineeringinterpretationoftheresultsisin-
cludedforeachcasestudy.

3 CASESTUDY:15-STOREYREINFORCED-
CONCRETEBUILDING

ThebuildingconsideredinthisstudyiscalledHeri-
tageCourtTower(HCT)and it is located indown-
townVancouver,BritishColumbiainCanada.Itisa
relativelyregular15-storyreinforcedconcreteshear
corebuilding.Inplan,thebuildingisessentiallyrec-
tangular in shape with only small projections and
setbacks.  Typical floor dimensions of the upper
floorsareabout25mby31m,whilethedimensions
of the lower three levels are about 36 m by 30 m.
The footprintof the building belowground level is
about42mby36m.Typicalstoryheightsare2.70
m,whilethefirststoryheightis4.70m.Theeleva-
torandstairsareconcentratedat thecentercoreof
thebuildingand formthemain lateralresistingele-
mentsagainstpotentialwindandseismiclateraland
torsionalforces.

Thetowerstructuresitsontopoffourlevelsofre-
inforcedconcreteundergroundparking.Theparking
structure extends approximately 14 meters beyond
thetowerinthesouthdirectionforminganL-shaped
podium.Theparkingstructureandfirstfloorsofthe
tower are basically flush on the remaining three
sides. Theparkingstructureextendsapproximately
14mbeyondthetowerinthesouthdirectionbut is
essentially flushwiththe firstfloorwallsonthere-
mainingthreesides.Thebuildingtowerisstockyin
elevationhavingaheighttowidthaspectratioofap-
proximately1.7intheeast-westdirectionand1.3in
thenorth-southdirection.Anoverviewofthebuild-
ingandatypicalfloorplandiagramarepresentedin
Fig.1.

Figure1.ViewofHCTbuildingandtypicalfloorplandimen-
sions(m).

Aseriesofambientvibrationtestswasconducted
onApril28,1998byresearchersfromtheUniversity
of British Columbia toobtain modal characteristics
of this building. It was of practical interest to test
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this building because of its shear core, which con-
centrates mostof lateral and torsional resisting ele-
mentsat thecentercoreof the building. Additional
structuralwallsarelocatedclosetotheperimeterof
thebuildingbutarearrangedinsuchawaythatthey
offer no additional torsional restraint.  Shear core
buildings may exhibit increased torsional response
whensubjectedtostrongearthquakemotiondepend-
ing on the uncoupled lateral to torsional frequency
ratioandof theamountof static eccentricity in the
building plan. The dynamic characteristics of inter-
est for this study were the first few lateral and tor-
sional natural frequencies and the corresponding
modeshapes. Thedegreeof torsionalcouplingbe-
tween the modes was also investigated. The modal
identification for the HCT building was performed
usingcomputerprogramARTeMISExtractor.

3.1Selectionofparametersformodelupdating.

The following parameters were selected for the
modelupdating:

• The Young's modulus of Elasticity, E, of the
beams,columns,shearwalls,floorslabsandclad-
dingpanels.

• Themassdensity,ρ,ofthesameelements.
• Themomentofinertia,I,ofthecolumns.
• Thethickness,H,ofthecladdingpanels.

Thisresultedin13differentparametersthatthepro-
gramcoulduseforupdatingthemodel.Bypermit-
ting independent variations of E for the different
groupsofstructuralelementsitispossibletohavea
sense of the sensitivity of the model to material
propertiesandhowtheseaffect theoverall stiffness
ofthestructure.Thereisalwaysadegreeofuncer-
tainty about the actual material properties of the
elementsaswellaswhat is themostrealisticrepre-
sentationoftheelementstiffnesswhendevelopinga
FE model of a building.  A variation of the mass
density,ρ,ofeachgroupofelementshelpstodeter-
minehowsensitiveisthebuildingmodeltothemass
distributionofthestructuralandsomenon-structural
elements attached to the structural system.  The
moment of inertia and as consequence the lateral
stiffness,ofthecolumnsisoneofthemostuncertain
parameters to model in concrete frame structures.
ThevalueofIishighlysensitivetothechoiceofthe
concrete section tobeused (crackedoruncracked),
and to how the composite action of the steel rein-
forcement with the concrete is included in the
model.  Inadditiontothis, thecolumnstiffnesscan
vary significantly as a function of its effective
length,sovariationsinthevaluesifIcanalsobein-

terpreted as needed changes of the model to better
represent the effective length of the columns.  Fi-
nally, the thickness of the cladding plates was al-
lowedtochangesincetheseelementswereincluded
inthemodel toaccountfor theadditionalmassand
somewhatadditionalstiffnessthattheexternalclad-
ding provides to the whole structure.  In practical
structuralanalysisofbuildings,very seldomthe in-
fluenceofcladdingistakenintoaccountinthestruc-
turalmodel.However,preliminarystudiesoftheFE
model without the cladding elements showed that
these do have an influence on the dynamic proper-
ties of the structure and should be included in the
model.  Their greatest influence is on the value of
therotationalmassmomentofinertiaofeachfloor.

Thecorrelationof responsesand computationof
MAC values between theexperimentalandanalyti-
calmodelswasdoneat40points(4pointsperfloor,
attendifferentlevels).

3.2Modelupdatingresults.

The resulting modal frequenciesafter thirteen it-
erationsofparameters'updatingarepresentedinTa-
ble2. Thetableincludestheexperimentalfrequen-
cies(EMAvalues),aswellas theFEMfrequencies
beforeandafterupdating.  The lastcolumnof the
tableshowstheMACvaluesof theupdatedmodel.
From this table it can be seen that someof the fre-
quencies of the updated model are for all practical
purposes the same as the experimental ones.  The
largest difference is about 12% for the third mode,
but this is still acceptable for practical purposes.
TheMACvaluesarealsoveryacceptable.

A3DplotoftheMACmatrixbeforeandafterthe
modelupdatingispresentedinFig.2,andagraphi-
calcomparisonof modeshapes ispresented in Fig.
3a and 3b.  The MAC matrix comparison clearly
shows how the automatic updating process accom-
plished a good matching of experimental and ana-
lyticalmodesandhowthemodesoftheinitialmodel
changedtomatchtheexperimentalmodes.Lackof
spaceforthispaperpreventsadditionaldiscussionof
thisfurtherrefinement.

Table1.ComparisonoffirstsixnaturalfrequenciesoftheHCT
Building(Hz)beforeandaftermodelupdating.

Mode

No.

EMA

freq.

FEM
before

FEMupdated

freq.MAC

1 1.23 1.33 1.20 83%

2 1.27 1.74 1.40 82%

3 1.44 2.07 1.63 85%

4 3.87 4.08 3.88 84%

5 4.25 4.38 4.25 73%

6 5.35 5.66 5.62 81%
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Table2providesa summaryof thechangesthat
FEMtoolsmadetotheFEmodelinordertoachieve
thecorrelation valuespresented in the tableabove.
Theunitsof thequantities in this tableare meters,
newtons and kilograms.  Although it appears that
someofthechangesareverysignificant,asensitiv-
ity analysis of the model to changes in some of
theseparametersshowedthattheiroverallinfluence
isnotthatgreat.Onesuchcaseisthechangeofthe
moment of inertia along the weak axis of the col-
umns.However,otherparameterssuchasthemass
density and stiffness parameters (E and H) of the
claddingchangedsignificantly.Theinitialcladding
masswasunderestimatedbutthestiffnesswasover-
estimated.  The initial stiffness of the floor slabs
wasalsounderestimated.

Table2.Comparisonofinitialandfinalvaluesofparameters.
Type Element Initial

value
Actual
Value

%
diff.

E Columns 2.5E+010 1.3E+010 -50
E Beams 2.5E+010 3.8E+010 50
E FloorSlabs 3.0E+011 5.1E+011 70
E ShearWalls 2.5E+010 1.7E+010 -32
E Cladding 3.0E+010 1.4E+010 -54
ρ Columns 2.4E+003 2.9E+003 20
ρ Beams 2.4E+003 1.9E+003 -20
ρ FloorSlabs 3.0E+003 2.2E+003 -25
ρ ShearWalls 2.4E+003 1.9E+003 -20
ρ Cladding 3.0E+003 4.5E+003 50

Imax Columns varies varies 50
Imin Columns varies varies -50
H Cladding 0.02 0.006 -69

a)MACmatrixbeforeupdating b)MACmatrixafterupdating

Figure2.MACmatricesforsixmodeshapesofHCTbuilding.

Mode1   Mode2      Mode3

Figure3a.ComparisonofreducedFEmodeshapesofupdated
model and “experimental” mode shapes of HCT building
(modes1to3).

Mode4   Mode5     Mode6

Figure3b.ComparisonofreducedFEmodeshapesofupdated
model and “experimental” mode shapes of HCT building
(modes4to6).

4 CASE STUDY: 48-STOREY REINFORCED-
CONCRETEBUILDING

TheOneWallCentre(Fig.3)ispartofathreebuild-
ingcomplexlocatedintheheartofdowntownVan-
couver,British Columbia,Canada,and is the home
of the Sheraton Hotel.  The building is 48 storeys
highandincludes6additionallevelsofunderground
parking.  The bottom two thirds of the building is
usedforhoteloperationsandthetopthirdisforpri-
vatelyownedluxurysuites.
 At the time of its completion in March of 2001,
the One Wall Centre was the highest building in
Vancouver, standing 207 m above sea level.  The
buildingis137mtall,whichalsomakesitoneofthe
talleststructuresinthecity.Theparkinglevelsand
elevator shafts extend an additional 23 m into the
ground.  The floor heights are typically 2.615 m.
The building hasa7:1 height-to-width ratio,which
makes it a very slender structure, susceptible tovi-
brationsduetowind.Inplan,thebuildingis23.4m
by48.8mandisshapedlikeanellipsewithpointed
ends(Fig.4).

Figure4.ViewofOneWallCentrebuildingandtypicalfloor
plan.

A structure of the type of the One Wall Centre is
prone to excessive deformations due to wind be-
causeof its lightnessandslenderness.Thus,failure

OneWallCentre
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mayoccurataserviceabilitylevellongbeforestruc-
tural failure. Inorder topreventundesirable sensa-
tions for theoccupantsof theupper floors, theroof
of theOneWallCentrewas fittedwithtwo183-m3

tuned liquidcolumndampers (TLCD) to reducevi-
brationsduetowind.

 The ambient vibration tests were conducted to
capture the translational modes (in the transverse
(North-South (NS)) and longitudinal (East-West
(EW))directions)andtorsionalmodesof thebuild-
ing.ThemodalidentificationfortheOneWallCen-
tre was performed using computer program ARTe-
MISExtractor(LordandVentura,2002).

4.1Selectionofparametersformodelupdating.

Similar to the HCT, the parameters discussed in
3.1 were selected for the model updating. This re-
sulted in 161 different parameters that the program
computed the sensitivity for.  The analysis showed
thatthedynamicresponseoftheFEmodelwasvery
sensitivetoachangeinE(fortheshearwalls,floor
slabsandcladding),in (forthesameelements)and
inHforthecladding.Thedynamicresponseofthe
modelwasnotthatsensitivetoachangeinE, and
I for the beams and columns. In view of this, the
numberofparametersused formodelupdatingwas
reduced to 29 (E values of the shear walls, floor
slabsandcladding; valuesoftheshearwalls,floor
slabsandcladding;andHvalueofthecladding).

AvariationinEwasinterpretedasarequiredin-
crease/decrease in the overall stiffness of the se-
lected elements (EI), not as an increase/decrease in
the physical property itself.  A variation in  was
consideredtogiveinsightintohowsensitivewasthe
FE model tomassdistributionof the structuraland
non-structural elements.  The stiffness contribution
ofthewindowsandthenon-structuralelementswas
modeledbythe inclusionof thecladding. Avaria-
tion of H was necessary since a starting value for
suchaparameterwasdifficulttopredict.

4.2Modelupdatingresults.

Thecomputerprogramconvergedtoasolutionafter
fiveiterations.TheresultsaresummarizedinTable
3.TheFEMnaturalperiodsbeforeandaftermodel
updatingarecomparedandtheEMAnaturalperiods
are repeated for comparison.  The updated FEM
natural periods are now equal to the EMA natural
periods.  The last column of the table shows the
MAC values of the updated FE model.  It can be
seen that the experimental and analytical mode
shapesarewellcorrelated.
 A summary of the changes performed by FEM-
toolsinordertomatchtheFEMresultstotheEMA
results is presented in Table 4.  The Young’s

modulus of the shear walls was overestimated for
mostcases.ThisdecreaseinEshouldbethoughtas
a variation of the overall stiffness of the selected
elements(EI)asmentionedbefore.Thisvariationis
justified since the full cross-sectionof theelements
wasusedtocalculatetheeffectivemomentofinertia
(i.e.Igross)intheFEmodel.
 Thelargechangeincladdingthicknesscanbejus-
tified since an accurate initial value for such a pa-
rameterisdifficulttoestimate.Lackofspaceinthis
paper prevents from additional discussions on the
subject.

Table3.FirstsixmodeshapesoftheOneWallCentrebefore
andaftermodelupdating.

FEMUpdatedMode
No.

EMA
Period

(s)

FEMPeriod
Before

(s) Period(s)
MAC
(%)

1 3.57 3.01 3.57 99
2 2.07 1.52 2.07 87
3 1.46 1.05 1.46 99
4 0.81 0.76 0.81 99
5 0.52 0.40 0.52 86
6 0.49 0.36 0.49 87

A 3D plotof the MAC matrix before and after the
modelupdatingispresentedinFig.5,andagraphi-
calcomparisonof modeshapes ispresented in Fig.
6.TheMACmatrixcomparisonshowsthatinthis
case the automatic updating process just helped re-
fine the matching of experimental and analytical
modes and how the modes of the initial model
changedtomatchtheexperimentalmodes.Lackof
spaceforthispaperpreventsadditionaldiscussionof
this further refinement. For more details see Lord,
2003.

Table4.Parametersbeforeandaftermodelupdating.

Type Element
Initial
Value

(kN,m,kg)

Updated
Value

(kN,m,kg)

Diff.
(%)

E
ShearWalls

(Levels1-20)
3.65E+07 1.49E+07 -59

E
Shearwalls

(20-31)
3.52E+07 5.76E+07 64

E
Shearwalls
(31-Roof)

3.38E+07 1.25E+07 -63

E Floorslabs 3.65E+07 6.74E+07 84
E Cladding 3.25E+07 2.74E+07 -16

Shearwalls
(1-20)

2400 1590 -34

Shearwalls
(20-31)

2400 1220 -49

Shearwalls
(31-Roof)

2400 4470 86

 Floorslabs 2400 2280 -28
 Cladding 2200 2210 1

H Cladding 0.0125 0.00731 -42
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a)MACmatrixbeforeupdating  b)MACmatrixafterupdating

Figure5.OneWallCentre-MACmatricesfor6modeshapes

Figure6.Comparisonof reducedFEmodeshapesofupdated
modeland“experimental”modeshapesofOneWallCentre

5CONCLUSIONS

Natural frequencies and modes of vibrations of the
Heritage Tower Building and the One Wall Centre
were determined experimentally and analytically.
Thesecasestudiesshowthatisitpossibletoaccom-
plishaneffectivemodelupdatingofalargecivilen-
gineeringstructureusingtheresultsfromanNatural-
Input Modal Identification analysis.  The use of an
automaticmodel-updatingtoolgreatlyfacilitatesde-
termining,whichare the modelparameters thatcan
be modified in order to achieve a good correlation
betweenexperimentalandanalyticalresults. Butat
theendofamodelupdatingexercise it isuptothe
analyst toaccept thechanges suggestedby the mo-

dalupdatingprogramandtojustifyhowrealisticare
thechangestobedone.
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