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Abstract

Glass fibrereinforced polymef(GFRP)composites havemerged as a potentistructural material

for building floor structuresPultruded GFRP (pGFRP) sections are easily manufactured in a wide
range of common structural section shapes and #ze&FRP floor system offers advantages such
as lower floor mass, efficient structural performance aondteffective construction process
Recently, at Monash Universitg, novel modularpGFRP sandwich panel has been proposed for
building floor applications. To datéhe studies othe bespok@GFRP sandwich parehave only
pertainedto the static behaviouir knowledge on its dynamic behaur, especially under human
induced loadings remains limited@his is a concern becauseyedto the relatively lower weight and
stiffness,pGFRP sandwich panel floor systewmuld be susceptible to excessive vibrations under
service loadsFurthermoregcurrentvibration serviceabilitydesign rules are based erperienceof
heavier and stiffer structures made from steel and concrete. The laglkappropriatelesign guide
means that current practice p&FRP floorscould beconservativelimiting the bendits for using

pGFRP in the first place.

The aim of this thesiss to investigate the vibration serviceabilityf pPGFRP sandwich panel floor
systemsTo achieve this aim, a research methodology involving numerical studigxperimental
studyis considerd to assess the vibration serviceability performanqGdfRP sandwich panelé
representativeGFRP sandwiclstructurels consideredor experimental studies. The representative
structure comprises pGFRP sandwich panel footbrid@jats boundary conditin providesa good
validation basis as a oiveay spanninggGFRPfloor systemThenumerical framework is developed
and validatedto analyse the vibration performance of {p8FRP sandwich panel floor3he
numerical framework includes representations of hustaucture system to account the interactions
of human body to the structure during walking. Additionally, model updating procedures are
considered irthis thesigo reconcile results of numerical ohels with experimental measurements.
Following the validationworks, the numerical framework is deemed reliable to predict vibration

responses @GFRP sandwich panel floors. Following this, a numbgG#RP sandwich floorare
i



first designed to satisfytatic design rulegprior tovibration analysisThen,the vibration assessment
is performed for thefloors using the developednumerical frameworkin addition, the vibration
assessments are performed using current design practices to draw comparidenosveBplthe
findingsof this thesisnakerecommendationsn the vibration serviceabilityerformance opGFRP
sandwich panel floors'he outputs of thisesearctcan be used in planning, desjgmd evaluation

of vibration performance fqgGFRP floor stuctures.
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1.1. Background

Steel and concrete are the masgtlely usedconstruction material for civiéngineeringstructure.
However, these traditional materials are vulnerable to corrosion and deteridration, these civil
structures require tremendous maintenance, which can be costly and difficult to perform. As a result,
thereis an increasing need for more durable materials to alleviate the impacts of corrosion in civil

structures.

Recently, tpss fibre-reinforced polyme (GFRP) composites have shown great potential as
constructiormaterialsof civil structures This stems from the excellent properties of GFRP: its light
weight allows offsite manufacturing potentials, ease of transportaimhsapid installationsvhile

its excellent corrosion resistance alleviates maintenance cost of civil stru¢tuges properties can
lead to overall reduction in construction and maintenance costs of strudturdsermore, the
production cost gpultrudedGFRP has been reduced samlerably due to advances in manufacturing
GFRP sectiong.g.the pultrusion procestitially used in retrofitting and rehabilitatiorf existing
civil structures[1], GFRP composites have seen increasing applications as completecbvac)
membes of civil structuresThis has been seen in mareal wotd applicationsincludingfloors[2],

roofs[3], wall pane$ [4], housegb5, 6] and bridge superstructurgs12].

1.2. Pultruded GFRP sandwich panels floors

In an effort to introduce new applications miltrudedGFRP compositegdenoted as pGFRPa
novel pPGFRPsandwich pandloor system has been introduced for building struct{t8s Figure
1.1lillustratesthe proposed systefor building floor frameswhich comprised of anodular GFRP
sandwich panehat replaces the oorete slabgf floor framesystems ThepGFRP sandwich panel
is assembled from individuplGFRP box profiles that are incorporateebetween twpGFRP flat
panels using either adhesive bonding or mechanical @dalysire 1.2) The modular construction

method is beneficial fananufacturingvorksin terms of quality control as well as offering quick on
3
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site assemblyAdditionally, the lightweight of components allows easy handling and quieiten

assembly.

a_ GFRP sandwich slab

Column L

N

Primary
beam

- ~ Secondary beam
] >
.~ «—Foundation

Figurel.l. Typical building floor frame with the proposed GFRP sandwich panel syaftam13)]).

Pultrusion direction of flat panels

A
A J

e

DMD%JC]MDMDL/IDMD

Adhesive

Figure1.2. Modular GFRP sandwich panel with adhesively bonded individual components, with a
bidirectional pultrusion orientatiofafter[13]).

1.2.1. Mechanical performance
To date, thenechanicaperformance of th bespoke@gGFRP sandwich panel has been investigated
through experimental studies @ubscale specimens including sandwich bedi¥, two-way

sandwich slab§l5], and GFRPsteel composite beami6]. For pGFRP, the main strength of the
4
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material lies in direction of fibres (longitudinal). Consequeniy pGFRP sandwh panel has
orthotropic properties ard proneto cracking intheweaker (transverse) directiofo alleviate this

the a bidirectional pultrusion directiam adoptedwhereby the pultrusion direction of flat panels are
aligned perpendicular to pultios direction of box profiles (Figure 1.2). In addition, bidirectional
orientation of componentswas shown to provide greater bending stiffneaspGFRP i steel
composite beams than the traditional GFRP decks which have fibres ahgmnadsverselirection

of the beamThe bidirectionafeatureis notachievable in many existing pultruded dewksch have

its fibre pultrusion direction fixed to a single directidwwcording to[16], the addition of foam cores
between spacings of box profilean further enhance the bending stiffness in the transverse direction

(along box profile).

For structural connections, it was shown that adhesive bonding providesmpisite actions
between components. In contrary, mechanical bolts offer varying degree of composite actions which
depends on the bolt spacing, type of bolt, and longitudinal shear force at inteBlawbsolts can

be used over conventional throdiblts, dlowing components to be connected from one face of the
sandwich panel (e.g. flat panels and box profiles). Between both connection methods, mechanical
bolts are easier to operate over adhesive bonding. This is because adhesive bonding requires high
degreeof controls and preparations to ensure quality of the bonds. For example, sufficient clamping
pressures must be appliedto bonded layerduring curing period of adhesive bonds. For this reason,

it is recommendetb consider adhesive bondiigr off-site assemblyof sandwich pane)swvhere

qguality of bonds can be ensured through a factory setting. Overall, both adhesive bonding and
mechanical bolts are both viable options for the structural connectionsp@ B sandwich panels

andpGFRPi steel compose beams.

1.2.2. Vibration serviceability performance
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To date,research into dynamic behaviour of sandwich paheilge been performed. Specifically,
dynamic behaviour under blddi7-19] and impact loadin§20-23] have beestudied extensively on
smaltscale sandwich paneMlithin these studieginly a handful are pertinent pisFRP sandwich
parels[19]. Some studies perform vibration analysis on sandwich panelg2@)gHowever, smail
scale sandwich panel specimens could not directly describe its behaviour ascaléultructure.
Interestingly there are currently no studies that evaluate dynamic performapGF8&fP sandwich
panes under humasinduced vibrations (known as vibration serviceability)regards to fulscale
structures,although studies of vibration serviceability haveen performedonsidemng pGFRP
sandwich panelm bridges[25], thesepGFRP sandwich panels are unidirectioh&laving only one
pultrusion directionConsequently, existing research outcomes cannot be applied directly to describe
dynamic behavioupof the bespokeGFRP sandwich panelsith bidirectional fibre orientations
Furthermore, outcomes pertinent p&6FRP sandwich panel bridge structures cannot be directly

applied to describe its behaviour as floor structures withutitervalidation studies.

Compared to traditional materiaf§GFRP is associated witbwer massandlowerdampirg. In turn,
structures made fropGFRPcanhavehigher accelerance (acceleration per unit harmonic ftinea)
comparable structures made of traditional matef8k In turn,vibration serviceability can govern

the desige of pGFRP sandwich panefloor systems.Currently, research into sandwich panel
structures have focused static performancée.g.[27, 28]). In contrast, thex is lack of dynamic
performance studies in the literature. Consequently, the lack of dynamic performance data means that
currentpGFRP floor systemarelimited to short span applicatioh29]. In addition,there is lack of
universallyacceptedvibration serviceability design guideliner pGFRP structuresNotably, the
currentavailable design guidelines pEFRPhave based oexisting knowledge of steel and concrete.

With different properties of steel and concret@rentdesignguidelines for vibration serviceability

of pGFRP structuresan be conservativa his can resulin overly-largepGFRP sectionsdefeatng
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the purpose of using lightweigllGFRP composites inthe first place.Hence,quantification of

vibration serviceabity performance fopGFRP sandwich panel floor systerasieeded.

1.3. Research aimand scope

Themainaim of the research is tovestigate the vibration serviceability p&6FRP sandwich panel
floor systemNotably, the vibration serviceability of floor syste isrequiredto ensure comfort of
floor occupantsas well as théolerancdimits for vibration sensitive equipmerithis thesis focuses
on the formerequirement of vibration serviceability, whiotlatesto humaninduced vibrationfom
activities floor occupants such as walking or jumpirlg this thesis,other aspects of dynamic
performance such as impact, wind, and seismiare not investigatedt should be noted that this
thesis regards vibration serviceability in the vertical directionbration serviceability for lateral

vibrations are not covered.

1.4. Research methodology

Theresearch methodologf the thesiss shownin Figurel.3. As will be required latetthe chapters
relevant to each research process are outlmedgsideFigure 1.3. In essencethe research
methodologyinvolves severaprocesseghat collectively work towards vibration assessments of
pGFRP sandwich panel floors. The research methodology is multidisciplinary in nature, involving

the field of GFRP material and humarduced vibrationgFigure 1.3).

First, apGFRP sandwich structure is considered in the experimental testing framework of the thesis
(Chapter 2) Experimental testing alloweelevantexperimentaldatato be acquired.e. dynamic
properties and responsektest structureFollowing, a numerical modellingrameworkdeveloped

for vibrationserviceability assessment @BFRP sandwich panel floo(€hapter 4)The numerical
framework is applied tthe experimental test structure to validate its usevitmation analysisof

pGFRP sandwich panel floord model updating framework is consideretlowingimprovements
7
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to numerical model® matchnumericalpredictionswith experimental result&Chapter 3)Note that
model updating framework is first presedtin Chapter 3 as it will be used in Chaptédfdllowing,
prototypicalfloors - with pGFRP sandwich panek the slab solutionare considereébr vibration
assessmentsing theestablishechumerical frameworkPrior to numerical modelling, thstatic
designof pGFRP sandwich panel floors performedo establish feasiblpGFRP sandwich panel
floors for vibration assessmerfhapter 5) Finally, vibration serviceability assessmeotpGFRP

sandwich panel floorare performed (Chapter 6) and the teesincludes the outcomes of the studies.

GFRP Material

) Design of feasible
Model pGFRP sandwich
Updating panel floors

J

-
Experimental Numerical
Testing modelling Chapter 3

\_ Chapter 4
Chapter 5

Human-
Chapter 6
Chapter 7

induced
vibrations

Chapter 2

Figurel.3. Schematic diagram of research methodo)daghlighting corresponding chapters of the
processesThe disciplinary fields oéach frameworlare alsamapped onto the processes.
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1.5. Structure of the dissertation

The thesis comprises of five chappaperqChapters 2 to 6FEach chaptewere originally prepared
as selfcontained paperfr publications In turn, there will becrossreferencing of mateais (e.g.
figures, tables, and results) between the chapiessuresmooth flow between thesis chaptdrse
chapterpapershave beerdevised to addressnkwledge gapsissociated witlhpGFRP structures
within the research methodology of Figure A3nore comprehensive review of the knowledge gaps
is provided in the introduction of each following chapters herediely after Chapters 2 to 5 can
thevibration serviceability opGFRP sandwich panel floors (Chapteh@)achievedAn overview
and linkage ofthe chapterswith respect to the research aimpi®vided as greface before each

chapter
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Preface

Chapter 2oresentshe experimental studiexf the thesis. This chapter presenygGFRPsandwich
panelfootbridge, covering the details of design, construciomn experimental testinghis pPGFRP
footbridgeis considered aarepresentativpGFRPsandwich panel structute providethe validation
basisfor the numerical frameworéf this thesisSpecifically, the numerical framework is applied to
model the PGFRP sandwich footbridge and predicits responsesirom walking experiments
(described latein Chapter 4). Only after this can the numerical framework be validated as reliable
for vibration predictions and assessméotpGFRP sandwich panel flogi@hapter 6)Furthermore,

the outcomes of Chapter 2 have made recommendation for studies oerShapand 4. The

experimental outputs fro@hapter 2nake up the inputor Chapters 3 and 4.

This chapteipaper is preparefdr thefollowing publication:
1 C.C. Caprani, Y.Bai, S. Satasivam, EAhmadi, JW.Ng a n , & S. Bksign,Zh an
Construction, ad Performance of the Monash pultruded glass fibre reinforced polymer

footbridged, to be submitted t€ompositeStructures(2019).

The contents of this chapter have been modi fi

smooth flow of thehesis.
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Abstract

Thischapteidescribes the design, construction, and experimental testing ckadidl epoxyponded
pultruded glass fibreeinforced polymer (pGFRP) footbridge with an orthotropic sandwich deck. The
structure is lightweight and wetluited to modular constructionh@& footbridge was constructed in
the civil engineering laboratory at Monash University. Tesign of the footbridge wdacilitated

by experimental data on smaltale specimens and a numerical model. Thapterdocuments the
stepsand detailgts constuction, from which lessons are learned that may be releteastmilar
structuresof this kind Finally, thischapterreports on the structural performance obtained from
experimental static and dynamic testing. THe&~RP footbridge is shown to be a vialsblution for

new and replacement footbridges. Its light weight and good strevakéit easy to transporinaking

it suitable for short spaimotbridgeconstructions.

KEYWORDS

Pultruded Glass Fibreeinforced polymer; Sandwich panel; Footbridge; Design; Construction

process; Finitelement;Static load test; Experimental modal analysis
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2.1. Introduction

2.1.1.Background

In the last two decades, glass fiveenforced polymer (GFRP) composites have been incrdgsing
applied in footbridge constructions. This stems from its advantages: its light wealglgt enefits

such as rapid construction, minimal disruption as well as low labour [d§stshile its excellent
durability and corrosion resistance permits lower maintenance cost, making it particuladwiveell

for the replacement of deteriorated footbridffdsHowever, there is still some reluctance for the use

of GFRP in bridge construction, due to lack of structural performance8ladh Regardless, an
increasing number of GFRP footbridges have been built around the world as there is a pressing need
for the renewal of deteriorating bridges with more durable matgBhlg he first FRP Bridge was
constructed in Miyun, Beijing in 1982. In the United States;\émne Creek Bridge is the first all

FRP honeycomb core sandwich panel brifileThe Al ber f el dy Bridge i n ¢
longest GFRP footbridge with a main span of 681 [7]. Over the last decade, significantdits

have been performed on footbridges with GFRP superstructure. The mafj@ésformance studies

have focused on static performan@&. In contrast, aly a few studies focus on thdynamic

performance of existing GFRP footbridd@s9-11].

Currently, there are very few design guides for GFRP footbridges and even those often use design
approaches developed for traditional steel and concrete structures. As a pertinent etkample,
AASHTO GFRP Bridge Design Guid&2] and UK publication BD 90/0BL3] specifythe3Hz &ér ul e
oft humbé in which vibration problems are deenm
frequency of GFRR footbridges is at leastHiz. Thisassumeshat the higher harmonics of human
induced forces will not cause vibration problems, and thisofstaumb has served well in the past

for much heavier concrete and steel footbridges. But with the differguenpies of GFRP bridgés

the strength of steel, stiffness of concrete, and weight of dense dirtiiisolutions from these

design rules may not be optimal for GFRP footbridges. SpecifialgP structures have a higher
16
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accelerance (acceleration per uratrnonic force]14], making thenpotentially more susceptible to

humaninduced vibrations.

Pultruded GFRP (pGFRP) is a means of manufacturing regular structural section shapes from GFRP.
It is an efficient manufacturing process, and facilitates much cheaper construction thap laid
laminated GFRP. In pGFRP, besides the chopped strand mat surface veils, the main structural fibres
are oriented in one direction (longitudinal). As a consequence, pGFRP is an orthotropic material that
is prone to cracking in its transverse direc{id®. To maintain the advantages of GFRP, and remove

the disadvantage of pGFRP, a novel, orthotrgicdwich assembly has been propddégl. This

modular sandwich panel is comprised of pGFRP boxpofiles incorporated between pGFRP flat
panel® seeFigure 2.1. Previously, theanechanical properties of this sandwich panel have been
investigated by constructing and testing srsallle sandwich specimens including sandwich beams

[16, 17], two-way spanning slaf 18], and a GFRRteel composite beaft9].

Pultrusion direction of flat panels

A

A\

e

DMDVL/JCJMDMDMDMQ

Adhesive

Figure2.1. GFRP sandwich panel system, showing fibre directions of componentgl&fter

2.1.2.Contributions

The benefits of a light, strong, and durable material are significant, in termssifeofabrication,

easy transport and erection, and low maintenance costs. Pultruded GFRP footbridges comprised of

17
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the orthotropic sandwich deck will meet this demand. However, as has beennsestnof the
published work relates to laminated GFRP and knowledge of thsérince vibration performance
under humafnduced loads remains very limitgt4, 20, 21]. This work aims to address the gaps in
current knowledge on:

(1) Relevantmanufacturing issues of epokpnded pGFRP structures;

(2) The static performance of a fidtale orthotropic sandwich deck epdxynded pGFRP

bridge;

(3) The dynamic performance of lightweigh® FRP structures under humarduced vibration.
To achieve these aims full-scaleorthotropic sandwich deck epokpnded pGFRRaboratory
footbridge has been constructed at Monash University.CHaiptempresents the design, construction

and performance testing of the novel MonBsitge (MB).

2.1.3.Description of the MB

TheMB is a 9m long, twin girder footbridge as illustratedrigure2.2. The MB has anassper unit

length of 92.5&g/m, making it a very lightweight footbridgeA comparablesteetconcrete
footbridged the Warwick University footbridge has a linear mass of 829 kgf&2]. Epoxy bonding

was used for all structural connections of the MB. To reduce extraneous sources of uncertainties in
experimental testshe MB hasno external attachme&nsuch as handrails for example. The deck of

the MB is a modular sandwich panel made from individual pPGFRP box profiles and flat panels which
spans transversely between two pGFRIeam girders, which are in turn supported at both ends. The

bridge span aabe changed by moving the supports.

18
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Beam Fibres

()

Figure 2.2. Overview of the MB: (a) photograph view; (b) composite section showing fibre
orientations of different componen{s) photograph of sideview.

The MB is constructed from individual pGFRP components as showkigure 2.3. Unlike the
Advanced Composites Component systg28], where pGFRP decks consist of prefabricated
composite building parts, the sandwich deck is constructed from standard pGFRP sections e.g. flat
panels and box profiles. The individual pGFRP flat paneises in length of either 1.5 m or 3 m,
which are therconstructel in a staggered configuration to form the entire deck surface of the MB
seeFigure 2.3a. To ensure structural continuity in the longitudinal direction, thepfatels are
connected to adjacent panels usthignmthick pGFRP connecting platelsonded from within
sandwich paneldndividual pGFRP box profiles with dimensions#f x 76 x 9.5mm spans in the
transverse direction, forming the core layer of the sardpa@nel. The girders consist of pGFRP |

beam with dimensions of 203 x 203 xm@n. In addition, five pGFRP T-beam sectionswere

incorporated between the two girders to add transverse stiffness and stability against distortion. These

19
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stiffeners also serve wevent unwanted localized vibrational modes pertinenb&ams that would
pollute the responses from global bending and torsional modes. The maximum available length of the
individual Fbeams is @n. In turn, two segmenteebleams (a 8 and a 6n lengh) were connected

by pGFRP connecting plates along the webs and flanges.

9000
3000 3000 3000

00§

1500
00§

00S

y %.
Flat panel fiber Connecting plates
" direction
@
1500
500 500 500
r r

89
76
=

900 300

203

Lo

203 ‘

(b)

Figure2.3. Dimensions of the MB showing builtp of individual componentst) plan view andb)
typical crosssection (units: mm).

2.2. Structural design

2.2.1.Design requirements

From the onset, the purpose of constructing a footbridge specimen stems from interests in multiple
research studies pertinent to structural dynamicgp@¥RP structures. Thesearch intentions are
as follows (ranked according to interest):

- Study 1. Humanstructure interactions (HSI) in lightweight and lighttgmped structures.

20
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- Study 2: Evaluation of current vibration rules fp6GFRP footbridges.

- Study 3 Static and dynamiperformance of fulGFRP structures.

- Study 4 Explore epoxy bonding techniques for modular construcp®@fRP structures.
Consequently, a footbridge made entirely of pGFRP composites complements requirements for Study
1 (lightweight of pGFRP), Study &ERP testbed for experiments) and Study 4 (considering-a full

bonded construction).

The requirement for Study 2 is achieved by designing the dynamic behaviour of the MB. In context
of accelerance, the targeted dynamic behaviour of the MB shaigure2.4. For comparisons, the
accelerance of several comparable footbridges @dmv a rjid]\are &lso shown iRigure2.4. The
harmonic ranges of common walking frequencies (first harmonic frorilA® 2.2Hz [24]) are

shown shaded, along with the commoR5rulei as a dashed line iRigure2.4.As the common

5 Hz rule is based oassumption that excitations of higher harmonics (more than two) are negligible,
the performance of thetz rule can be assessed by checking the vibrations levels of the MB due to
excitations from higher walking harmonics. To this, the MB is designedaitstnatural frequency

f1 within the third harmonicange of walking frequencies (between BZto 6.6Hz).
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Figure 2.4. Relationshipof first mode FRFs (accelerancdjetween different footbridges; tiyal
walking harmonics (shaded grey), and the 5 Hz rule (dashed line)i ABerfeldy
Footbridge (GFRP); PBPodgoricia Bridge (Steel); WBWarwick Bridge (SteeConcrete
Composite); SB Sheffield Bridge (Concrete); EB EMPA Bridge (GFRP deck)MB 1
Monash Bridge (GFRPs0medaa from[14]).

2.2.2.Design checks using numerical analysis

Apart for structural requirements, the MB is designed to conform allowable stress design (ASD) and
deflection check according to the AASHTO GFRP Bridge Design JdiZle A nominal ufformly
distributed load of 4.0RN/m? ( A A S H T1Q]Gesjuirement for serviceability) is considered for the
design checks. The maximum allowable stress of sections under checking must not exceed 20% of
corresponding strength capacity. For deflection checks, the maximum aefleaidler the design

service load is |Iimited to 1/ 500mmfortheShmespabr i dg

MB.

The structural design of the MB is supported with numerical analysis. A finite element (FE) model
of the MB is developed in LUSASoftware[25] T seeFigure 2.5. All structuralcomponents

including flat panels, box sections, and bottoineam girdersvere modelled usingeightnode
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guadilateral shell element§QTS8). Theshell element has six degree of freedom at each node:
translation in nodat, y, andz directions and also rotation about noxlal, andz axes.All connected

pGFRP components (e.g. between beam flange and flat panel) were madalajuivalent shell
element withcombined thicknessAnisotropic properties of FRP were defined forthe shell
elements in the fibre direction of components accordingly. Pinned supports were considered at both
ends of the-beam girders. For dynamic behawicaanalysis,vertical spring elements have been
considered instead to represent support flexibility. Horizontal restraints were implemented at the

support nodes to limit the responses (i.e. deflections and accelerations) to the vertical direction

The FEmodel is used to check design requirements fomeaid 9m span configuration of the MB.
According to static load simulations, thenéspan of the MB conforms to stress limits and deflection
check, while the @n span only failed deflection check. Closspection reveal that the deflection
criteria of the 9m span is compromised to achieve the targeted dynamic behavimsir natural
frequency of about 6.2 Hz. Despite nesenformance to deflection limits, the performance of the
9m span can be justifiefor the evaluation of theibration serviceabilitydesign rule i.e. the Bz

requirement
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Figure2.5. FE model of the MBshowing details of shell elements and boundary condition spring

elements.

2.2.3.Material Characterization

To improve fidelity of the FE model, the input properties of pGFRP were obtained through tensile

testing of pPGFRP coupons cut from sacrificial sheets and members corresponding to those in the MB

[26]. The coupons wettakenfor two thicknesses6 mm (flat panel, connecting plates, antddams)

and 9mm (box profiles). A total of ten specimens were tested for each fibre directions, namely

longitudinal and transverse pultrusidimections. The tests were performed using aKNdOnstron

In addition, émm-thick pGFRP

Universal Testing Machine in accordance to ASTM 3(039.

couponsof size 250x25nmwasextracted ora 10° offaxisangle cut and tested determine thén-

plane shear modulu&.t. Preliminary burroff tests shows thébre volume fraction (FVF) othe
24
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Table2.1 summarises thenechanical properties of pGFRP, i.e. longitudinal and transverse elastic
modulus in tension, longitudinal tensile strength, and th@ane shear modulus. These properties
were taken from averages of ten specimens. Thetielasodul and Poi ssforrbétls r at

thicknessesverefoundb ased on Hookeds | aw.

Table2.1. Input material properties ggGFRPcoupons

Thickness
Property Unit - 5
mm 9 mm

Longitudinal elastic moduly&E * GPa 22.99 24.63
Transverse elastic modulsr*  GPa 10.32 10.03
Maj or Poi,swaso0on - 0.30 0.31
Mi nor Poi,sms8o0on - 0.15 0.14

In-plane shear modulu&.t GPa 4.45 -

2.3. Construction

2.3.1.Bonding sequence

A two-part epoxy (R180 epoxy resin and H180 hardener supplied by Fibre Glass International) was
mixed proportionally to adhesly-bond all pGFRP component total of 83 pGFRP components

are to be bonded during the assembly processligtiteveight nature of pGFRP components allows

the MB to be constructed in apsidedownsequencé building the sandwich deck first then bonding

the Fbeams on top of the deck to form the underside of the MB. This construction sequence
complements variouaspects of construction, such as the handling of epoxy, precision in aligning

pGFRP components, and instrumentations (described in detail later).

The entire bonding operation of the MB is showrrigure2.6 (a1 i). Prior to bonding operations,

all bonding interfaces wereughenedo improve the adherence of epoxy to pGFRP compongihts.
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bonding surfaces were cleaned using isopropanol to remove dust and improve cdh€hen
sandwich deck is constructed in segments, where the bonded modules are left for epoxy to dry while
simultaneously constructing other modules. This segmented bonding procedure allowed efficient
time management between bonding and drying periodffefreint segments. The sandwich panel is
constructed into five segments, which are joined together forming the entire deck. The flat panels on
the upper side are only bonded following instrumentations of sensors within the deck (later
described)Thereafterthe top flat panels were bonded to form the completed sandwich deck. The |
beams and by-8ections were subsequently bonded onto the sandwich deck. Wooden spacers were
used to help align thedeams during bonding procedures. The completed MB was tte#adaising

an overhead crane. Finally, the temporary construction platform was removed and the MB was lifted

to its final position.
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Figure2.6. Construction sequence: (a) fabrication of sandwich mod(Bg$oining of modules; (c)
bonding of top panel layer; (d) bonding ebéam girders; (e) installation of bond plates
between dbeam sections (f) installation of under deck strain gauges; (g) attaching of the T
sections; (h) flipping of MB, and (i) liftig of MB to final position.

2.3.2.Instrumentations

During construction,a total of 70 strain gauges (FR® supplied by TML, Japan) were
simultaneously installed along different positions of the MB. The measurement positions were
selected to plot strain distribans along the depth and width of the composite section. Each strain
gauge has a gauge factor of 2.11%,1and measures strains to a maximum of 5%stdlin gauges
wererecessed to thexternal surfaces (approximatelyrn from the surfaceandprote¢edwith a

clear epoxyilling i seeFigure2.7a. The recessed feature of strain gauges allows the application of
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clear epoxy coating to prevent damage and ensure adberestcain gauges onto the structure, which

is suitable for long term data recording. In turn, the strain analgsi®eadjusted to account fohe
recessed characteristicBne strain gauges are installed in two configurations, namely as a single
gaugeor a strain rosetteF{gure 2.7). The proposed construction sequence allowed easy access
various regions (e.g. beneath deck). The cables of strain gauges that aredroauthie sandwich

deck (top and bottom flat panel) were draw from within the sandwich panels and in turn, directed out

to the data acquisition point.

(b)

Figure2.7. Strain gauges: (a) showing recesgamperties and through panel wiring, (b) single strain
gauge sealed with clear epoxy, and (c) strain rosettes.

2.3.3.Key challenge and solutions

The key manufacturing issue is the handling of epoxy during bonding operations. Due to high fluidity
of epoxy, theunning epoxy is a major concern. Furthermore, the epoxy generally took dveuiz4

for sufficient hardening to occur, which required substantial measures to control excess epoxy during
the long curing time. During construction, running epoxy resultech fexcessive application of

epoxy onto bonding interfaces.

Figure 2.8 shows sections of the MB that are consequences of excess epoxy, with a description
following each image.In a fewinstances of poor epoxy control, several connecting plates have been
covered in hardened epoxy as showikrigure 2.8a. Several affected connecting plaltese strain

gauges that needs to be installed, which in turn required additional work in removing the hardened
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epoxy Figure 2.8b). Some coverag®f harderd epoxy was fand at the deck surface of the
completed MB FEigure2.8c) upon rotation Thisoccurredduring the bonding of adjacent flat panels,
whenthe epoxy flowed between gaps ofaxnt flat panels onto the underside of the sandwich panel.
Similar to the connecting plates, extra work was needed to remove excess epoxy due to
instrumentation positions of strain gauges as seé&mgure 2.8c. The control of excess epoxy was
complicated for bonding interfaces that are vertical (e.g. bonding of connecting plates onto underside
of beam flangen Figure 2.8d) and for bonding regions with multiple components (e.g. the section
between Tsection and beam flange Kigure 2.8e). Consequently, a clean bonding surface was
difficult to achieve at the aforementioned regions. Throughout construction, taping along bonding
lines was one of the methods of controlling running epoxy (e.dgrigeee2.8f). The maskingtape

remained in place until the end of drying period.

(d) ()

Figure2.8. Issues related to excess running epoxy.

Despite the issues thi running epoxy, the following features of the construction process has shown

to alleviate majority of the effects of running epoxy:
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- The levelled construction platform negates any uneven surfaces of compéigunts.9),
in turn improving the control on excess epoxy. Additionally, the levelled platform was
covered with large sheets polyethylene paper, whiekient99GFRP componentsickingto
the underlying levellinglatform.

- Masking ape along bonding lines serve aseasily removedolution for excess epoxy. The
tape can be removed (along with running epoxy) at the end of construction day during which
the epoxy has begun to dry up (lower fluidity).

- To ensurauniform epoxy bond thicknes® mm-long wire spacerof 0.7 mm thickneswere
placedat regular intervals along the adherence surfaces to ensure a uniform thickness of all
bond lines The spacerprovidegaps in between bonding components, wiielps enste a

thin layer of epoxy thenstance clamping pressures were applied onto bond interfaces.

Figure2.9. Bond control operations: (a) cleaning and taping, (b) spacer wires along bond lines, and
(c) clampingmeans through weights andd&amps.

2.4. Static performance

2.4.1.Static load test

Static load tests were performed to determine the vertical deflections and strain distributions of the
MB under service loadF{gure 2.10). The MB is tested for three span configurations, naraaly
8.785m singlespan(Test 1) a6 m singlespan(Test 2)and 4.39 m twespan(Test 3).The MB was

loaded withleadweightsand concret®locks upto a uniformly distributed load level df07kN/m?
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(following the AASHTO[12]). For Test 3, loading was performed on apanto simulate a
continuousspan behaviour. To ensurestatic response measuremetdading operations were
conducted in 10 incremental steps with a maximum data collection period of 5 minutes between each
step. All loading operationwere performed as fast as possitdeminimisecreep effectsDuring

loading operations, load cell readings were simultaneauslgitored to ensuré&uly symmetric

loading.

The acquisition systens shown inFigure2.11. Vertical deflections were measured using Linear
Voltage Displacement Transclers (LVDTSs) placed in a measuring grid as showRigure2.12. In
addition, four C10 HBMdad cellsvere placed at the four support ends ofdGBERP tbeam girders.
The load cells are capable of measuring static and dynamic forces ukNoAZth accuray class of
0.04% (i.e. maximum load cell deviation specified as percent&ge)each test, the LVDTs were
repositioredaccording to the measurement layout showhigure2.12. For Test 3,wo addition&

50 kN load cells were considered astmedle supporfLC 5 and LC 6 irFigure2.12).
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Figure2.10. Static Test: (a) Testil9 m singlespan,(b) Test Zi 6 m singlespan, and (c) Testi3
9 m singlespan

Figure 2.11. Measuring devices in static tests: (a) Data Acqgoisidevice connecting all strain
gauges, (b) Load cells, and (c) Linear voltage displacement transducers (LVDTS).
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Figure2.12. Plan view showing crossections and positions ofeasurement locatioriier: a) 8.785
simply supported (Test 1), b) 6 m simply supported (Test 2) and c) 4.39 m continuous two
spans (Test Jaftef28]).

2.4.2.L.oad-deflection responses

Figure2.13 shows he loaddeflection responsgdest 1, 2 and 3). The MB displayed linedastic
load-deflection responses up to the maximum applied load @7 To evaluate the difference in
deflectons, the bending stiffnes&l, of the MB crosssectionwas calculated from the load
displacement curves using Euler beam the®hg bending stiffness wésund to be 6.61x10 Nyn?
for Test 1 and 6.02x1®ONmn? for Test 2 (with a difference less than?a However, the bending

stiffness for Test 3 was 2.58X%Wmn?, which was about 60% lower than those calculated for Tests
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1 and 2.This significant difference isonsidered to bdue to the substantiahear deformations in

theshorter 4.39n span, whichs notaccounted form Euler beam theory.

To account for shear stiffness, the bending stiffness is instead evaluated using Timoshenko beam
theory for this shortest span configuratidime MB in Test 3 can be considered as a single span
proppedcantilevercontinuous beamThe newbending stiffnesfor Test 3was 5.5% 18 Nmm?, which

wasonly 9% less than that founging Euler beam thearyhis observation is as expected: tHagar
deformationis significant for the shortest span, contributiteg51% of the overall deflection.
Therefore, Timoshenko beam theory should be considered for serviceability checks of lower span

depth ratio of the MB, which in fact is far higher for comparable footbridges of traditional materials

(e.g. steel and conete).
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Figure2.13. Load vs maximum midspan deflections for Test 1, 2 and 3 of the staticatiéstE28].

2.4.3.Composite behaviour of cross section
The strain distributionacross the cross sectisreremeasured at midspdeeeFigure2.14). Since
bending moments were low in the negative bending regiomall strain valuesvere obtained at
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position CS 4 (see inFigure2.12) for Test 3 Consequently, my the positive bending region (CS

1-1) wasconsideredor Test 3. It is cleafrom Figure2.14 that the longitudinal strain distributions
presentalinear trend in two rangdselow 200 mm (from the lower flgganelto lower flange of

bean). For depth within the sandwich deck, it is difficult (at this stage) to classify the distributions as
linear- this requires further studieSurther, there wereompressive strains abotree200 mm depth

(from the lower flat plate to upper flat platend tensile strains below this levE€here is continuity

in the strain profile at the interface between thedsach deck and-beam indicating thatull

composite action was provided by the adhesive bonding.

The transverse web of the deck provided full compastih can be seen by the approximately
straight continuation of the strain profile (as opposed taoae uniform axiaforce-only strain
profile). This enhanced composite action may be due to the higher web thicknbesfobtbridge
sandwich deck, which used 9.5 nthick boxprofileswhile theprevious stug usedé mm thickness
[16]. Overall thenit is found thatfull composite actioracros the bridge deck can be achieved by

combining the use of epoxy bond and thicker box profiles.
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Figure2.14. Longitudinal strain distributions along specimen depth, [@8kr

2.5. Dynamic performance
2.5.1.Experimental modal analysis

Experimental modal analysis (EMA) was carried out to identify the dynamic properties i.e. natural
frequencies, mode shapes and damping ratios of the MB. The EMA was performed for tha 8.785
span configuration (Test). The MB is excited using an electrodynamic shaker (denoted as shaker
test). Vertical accelerations were measured using 10 piezoelectric accelerometers in a measurement

grid as shown ifrigure2.16a. The position of the shaker was placed offset the symmetric line of the

MB, at quarter spans, in order to excite a range of bending and torsional modes.

The shaker mass is considered to be significant to the mass of the falabut 5.6%) andiill
contribute mass to its overall vibrating system. To check this, an impact hammer test was performed

with threeaccelerometerplaced along the centre line of the bridge(re2.16b). In the hammer

test, t hree accel erometers were

pl aced al ong |

mode shapes with those from the shaker festampling period of 1Seconds was considered to
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allow free vibration responses from impact to dedaghould be noted that the hammer test is
performed with the hammer operator standing off the bridge (on the ground) to avoid mass loading

due to operatorods mass.

Figure 2.15. Experimental modal analysis setup with electrodynamic shaker and accelerometers
(aftef29])

w L ] L=} =} '\' ] l_&e_am 1

| Beam 2

SE———— |
|1500 1400 1600 1600 1400 1500

(@)
Accelerometer
— \— & — —
| | 1 | |
1500 3000 3000 1500
(b)

Figure2.16. Measurement grid for: (a) shaker tests, andinlipact hammer tests.

2.5.2.Modal properties
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The first three mode shapes from the shaker test and the FE model are sloguda2.17 and
Figure2.18 respectivelyThenatural frequenciesf the first six vbrational modes from the tests and
the FE model are summarizedTiable2.2. The MB has a first natural frequendypf 5.86Hz. The
uniformly lower natural frequenciesoin the shaker test clearly indicates thass loading of the
shaker From the hammer test, the first natural frequency of thefMiB,6.17Hz, which is close to

the natural frequency from the numerical model without the shaker masdzj6.Phe modal
damping for all vibrational modeis generally low (less than 1%), which is expected dfGFRP
which inherit low material damping. Notably, the damping ratios are relatively lower compared to
other GFRP footbridges reported in the literaf@% 30, 31] (ranging from 1% to 2%). This is most
likely due to the simple geometry of the MB, having no complicated attachments such as handrails
for exampleln contrast, the predions of higher natural frequency (mode 3 onwards) were closer in
the 3D detailed model than theld and 2D model. The lower accuracy of higher natural frequencies
in both 2D and 2D model is likely due to the influence of shear deformation in varioogonent

of the MB, which the @ FE modelconsidered in its representatidfor example, the intermediate
T-sections along thedeams are modelled in thedBFE model, where its shear and torsional stiffness
are included in the modal analysis can afteetnatural frequencies of torsional modes for example.
Despite differences in higher natural frequencies, the order of mode shapes-ih Bierdodels are

identical to those measured, which provide confidence in the numerical results.

Figure2.17. First three modes of vibration obtained from shaker testi £%.86 Hz, (bf> = 10.02,
(c) f3 = 18.14 HzContour is given to highlight theegion ofmaxima and minimavithin
mode shape featune regards to thgertical direction.
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Figure2.18. First three modes of vibration from FE model:ffa} 5.95 Hz; (b)Y, = 9.62 Hz; (cfz: =
20.27 Hz.Contour is given to highlight thglobal maxima and mimha of mode shape
feature.

Table2.2. Comparison between natural frequencies fexperiment and FE model. Damping ratios
are from shaker test.

Natural frequency (Hz) Damping 3
Mode Shaker test Hammer test FE model Diff (%) ( %) MA G
1 5.86 6.17 5.95 15 0.59 0.98
2 10.02 - 9.62 4.0 0.96 0.97
3 18.14 19.60 20.27 11.7 0.61 0.98
4 20.60 - 23.87 15.9 1.65 0.64
5 25.60 - 28.85 12.7 1.33 0.66
6 37.54 38.30 39.52 5.3 0.92 0.85

!Against shaker testModal assurance criterion

As can be seen ifable 2.2, the first and second natural frequencies of the FE model are in good
agreement with the measured natural frequenkiesever, larger natural frequency differences are
observed for higher vibrational modes. This is most probably due to the mass loading of the shaker
in the experiment, since the FE model did not consider the shakerMuaizd. Assurance Criterion

(MAC) is used to compare the correlation of mode shapes between FE model and shdk&}.test
From Table2.2 the MAC indicates good correlation for first thre®des shapes. The lower MAC

for higher vibrational modes is due to the lack of measurement points which are limited to the number
of accelerometers used in EMAverall, the dynamic properties predicted from FE model are

reasonable despite the lack of masgling representation in the FE model.
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A close inspection of the measured mode shepe=alsasymmetric modal behaviour in mode 1 and
mode 3. Interestingly this phenomenon is still observed even after several verification were performed
[33]. Since the shaker does not explicitly contribute stiffness to the over stiffness of the system, the
asymmetric modal behaviour may stem from the shaker mass balancing out some anomaly in
longitudinal stiffness. Possible sources leading to deviation gitlafinal stiffness can be due to (i)
geometric deviations introduced during construction, or (ii) material properties deviations (these are
furtherassessed i[83]). Detailed study on this interesting phenomenon is beyond the scope of this

chapterand has been perforehelsewherg34].

2.5.3.Walking trials

Limited walkingtrails were carried out to measure resonance responses of the first natural frequency
due to third harmonic excitations of walking. The wadkirails were performed based on controlling
pacing frequencie$y). Acceleration responses were measured and averaged from two accelerometers
placed at both sides at the mid span of the MB. Three test subjects (TS) participated in this walking
trial, with properties summarized in Tab®3 A metronome is used to regulate the pacing
frequencies of test subjects. Five acceptable (in terms of realized pacing frequencies) were performed
for each test subject at pacing frequenéjes 1.95Hz, 1.8Hz, and 21 Hz, intended to bracket the

third harmonic excitation. Vibrations are allowed to decay before commencing each subsatjuent

Table2.3. Properties of participants of walking trials.

Test Subject Gender Weight (N)  Height (cm)

TS1 Male 624 170
TS2 Male 706 178
TS3 Male 1060 183
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An initial attempt of numerical simulation is performed to predict the dominant response i.e. the first
bending mode of the MB. First, a edamensional Euler Bernoulli beam model is used to model the
MB. In this model, the first bending mode is replicatednatch the experimental measurements.
Two natural frequencies of the first bending mode are considered, namely from shaker test
(accounting possible mass loading), and from the impact hammer test. These are achieved by
manuallytuning the properties dhe beam model (i.e. the stiffness parameter). Additionally, the
damping of the beam model is defined as amplidej@endant, which are obtained for each cycle of

the accelerations from the free vibration portion of the response.

For this initial simulabn, amoving force(MF) modelis considereds shown irFigure2.19. The
MF model is chosen for this simulation due to its simplicity, allowing quick assessments of
accéeration responsed.he MF model has a concentrated force which varies over fti{tg, The

magnitude of-(t) is representetly a Fourier series as:
G() =W, & ,_ /1 cos 2kt + /) (2.1)

whereWp=mygi s t he s u bnpandgta®@ the wakkdr gpass and gravitational acceleration

respectivelyfw is the pacing frequencyis time; andx is the dynamic load factor (DLF) for theh

har moni c. For this study, Y[85) mpgtdfeur hdrgnanigasare ¢ | o
considered
F(r)
—>
\"
\ 4

A JAN

vt

Figure2.19. Moving force model to simulate walking responses of the test subjects
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Figure 2.20 shows the time series of mgban accelerations from the MF model and experimental
measurementsThe maximum midspan acceleration responses from numerical simulation and
measurements are surarized inTable 2.4, from which itis clear thathe walking model with
footbridge frequencyfd) of 5.86Hz presents the resonant response of the MB (evident by tlee larg
responses of all TS)The predictedaccelerationswere overestimated for TS1 and TS2 but
underestimated for TS®ho has a larger maskhisis presumablglue tophenomenon of the human
structuresystenthat is not captured by the relatively simple mgviorce model. Similar to the effect

of the shaker mass, thegestrian mass may have an effect on the dynamic properties MBthe
This is apparent in the walking trials of TS&uchaccelerations are perceivapénd consequently
may influencavalking behaviour of test subjects. Overall, this observation warrants hemasiure
representations in numerical simulatiamighe walking trials This can be achieved through the use

of human interactive models (e.g. sprmgssdamper model).

The observed sponsesn Table 2.4can be compared with the limits in the Sétra guideline [11], as
shown inTable2.4. Maximum midspan accelerations from measurements and moving force

model.
fo (Hz)
TS 1.80 1.95 2.10
Measured MF Modelfos Measured MF Modelfor Measured MF Modelfe
586 6.10 586 6.10 586 6.10

1 (624 N) 0.38 0.50 0.35 0.74 245 1.06 0.66 0.68 1.36
2 (706 N) 0.32 0.57 0.40 0.61 264 119 0.67 0.77 1.52
3(1060N) 1.16 0.85 0.60 2.26 3.27 171 2.86 1.16 2.17

Table 2.5. The MB attained high level of accelerations from the third harmonic of walking
frequencies even though the footbridges a natural frequency of &k (i.e.conform to the 3z

rule). Clearly, the responses from walking trials reaches the CL4 comfort level (unacceptable
discomfort). Therefore, this shows that 8z rule fromAASHTO [12] is notsuited for the design

of the MB, indicating that current rulest begenerallyapplicable folGFRP footbridges.
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Figure2.20. Measured and simulated vibration resp@for TS3 and pacing frequency of: (a) 1.8 Hz
(b) 1.95 Hz (c) 2.1 HAaftef29]).

Table2.4. Maximum midspan accelerations from measurements and moving force model.

fo (Hz)
TS 1.80 1.95 2.10
Measured MF Modelfp1 Measured MF Modelfp1 Measured MF Modelfp1
586 6.10 5.86 6.10 586 6.10
1 (624 N) 0.38 0.50 0.35 0.74 245 1.06 0.66 0.68 1.36
2 (706 N) 0.32 0.57 0.40 0.61 2.64 1.19 0.67 0.77 152
3 (1060 N) 1.16 0.85 0.60 2.26 3.27 1.71 2.86 1.16 2.17

Table2.5. Comfort levels from Setra guidelirj8§].

Comfort Level Degree of comfort Vertical acceleration limitsnf/s’)
CL1 Maximum <05
CL2 Medium 0.57 1.0
CL3 Minimum 1.07 2.5
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CL4 Unacceptable >2.5

2.6. Summary and Conclusions

This chaptersummarized the relevant aspects of the design, construction and performancefesting

a 9m long, epoxybonded pGFRP footbridge (MB) with a Irbwide orthotropic sandwich deck.

novel pultruded sandwich deck constructed from individual pGFRP profiles and are adhesively
bonded throughout, i.e. no mechanical bolts were used. The MB was desidpeed tesearch tool

in both areas of structural dynamics ap@FRP structures. Thegltweight of MB render
construction possible without any heavy machinery or tools. The construction process demonstrates

the potential of epoxponding for practical construction of similar footbridges.

Static tests were performed for several span caordigpn of the MB. Fromhese testst is found

that the deflection response is linear for all test scenarios. However, shear deformation has a
significant influence on the bending stiffness sborter spans (e.4.39 nj, accounting for 51% of

the overd deflection. In contrast, they are negligible the longer spatests. Consequently, it is
concluded that the design of such structures should consider shear deformations for serviceability
checks: they have far more significance fdBFRP structures thn for structures of traditional

materials

Experimental modaanalyseswere performed to determine the modal properties of the MB. The
damping ratios were estimated between 0.6% and 1.65%, which are relatively lower than comparable
GFRP footbridges. Thiis most likely due to the simpdeometry of the MB, having no complicated
attachments such as handrails for example. The numerical model was able to predict the mode shapes
and natural frequencies of the MB with reasonable accuracy. The first bendiegfrbe footbridge

is more than $z and lies in the third harmonic range of human walking frequency. Comparison of

mode shapes between numerical model and measurements reveal a clear asymmetry behaviour in the
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measured bending modes (i.e. mode 1 anden®pd/erifications showed that the mass of the shaker

is somewhat balancing out anomalies in structural stiffness.

Overall, he experience gained from the design and construction MBhpresented in thishapter
indicates the many significant advargagompared tmoreconventionaforms of constructionThe
lightweight and good performance makes it easy to transport, but suited to common short footbridge
spansFurthermore, the design procedure showed that current numerical and analytical methods can

be readily applied for design of such structure.
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Preface

Chapter 3investigates the use of shape descriptors, in particular Zernike Moment Deschiptors
model updating procedureshe goal of Chapter 3 is taddresshortcomingsf the conventional
model updating techniques i.e. correlation of mode shapes using thd Assimance Criterion
(MAC). This was observeduringmodel updating attempter the pGFRP footbridge in Chapter, 2
which results in theupdatel numerical modeldailing to capture the structural behaviour from
measurementhapter 3 subjects theGFRP footbridge in Chapter 2 ageference structure to
demonstrate the usef the proposedmodel updatingframework Overall, the model updating
framework of the thesis established ilChapter 3and will be considered in Chapter 4 for validation

of nunerical framework.

The contents of this chaptpaper have been publishiedhejournalMechanicalSystems andignal

Processig. The contents of this chaptpaper has been modified slightly, adding cnafsrencing

to Chapter 2to allow smooth flowbeween chaptersf the thesis.
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Abstract

The Modal Assurance Criterion (MAC) is a simple and powerful indicator to correlate experimental
and analytical mode shapes. However, the MAC is not optimal for use in modé&hgpaf structures

with localized mode shape features, since it is a global single index. Consequently, an alternative to
the MAC is needed to optimally update numerical models of such structures for improved
representation of structural dynamic behavi@eveloped from techniques in image processing and
pattern recognition, Zernike moment descriptors (ZMDs) have been proposed as alternative
correlation indicator in this study. They are highly sensitive to image features and so offer good
promise to cordate mode shapes of relevant structures. Thapterpresents a framework for the

use of ZMDs in model updating of structures exhibiting localized mode shapes. A particular example
of such structures increasingly being used in civil engineering are fidasseinforced polymer
(GFRP) structures, such as buildings and footbridges. The proposed approach is applied to a full
scale pultruded GFRPpGFRP) footbridge with localized features to produce a more faithful
numerical model. The effectiveness of bdMAC and ZMD are considered. It is found that the use

of ZMDs as the target response metrics improves mode shape correlation, giving improved FE
representation of theGFRP footbridge. Thishapterinforms on the applicability of ZMDs in FE
model updating fostructures with localized mode shapes and has recommendations for their use in

practice.

KEYWORDS

Model updating; Finite element; GFRP, Zernikoment Descriptors; Localized mode shape

features.
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3.1. Introduction

3.1.1.Motivation

Finite element (FE) analysis & powerful analysis tool for structures. Discrepancies between
measured and Fpredicted structural responses are often inevitable because of simplifications and
uncertainties in FE modelling. For this reason, model updating is carried out to redu@nciféer
between measured and numerical results, rendering an improved model for prediction of structural
behaviour. Model updating optimises parameters in an FE model to best correlate experimental with
numerical outputs. For structural dynamics, these d¢sigme typically natural frequencies and mode
shapes, and are matched to the experimental results using an ifiticatbe most widely used

indicator in model updating is the Modal Assurance Criterion (M[R))].

The MAC provide a simple and powerful tool to evaluate the correlation of two mode shapes or
modal vectorsThe MAC is a single number that takes values between 0 (indicating no correlation)
and 1 (perfect correlation). Since it was first presented in 1980 by Allef@hniy has been used
extensively to correlate mode shapes in model updating due to its sindpbckingle number
However, this means all information regarding mode shape difference is condensed into the scalar
index of the MA(5]. Consequently, it is difficult to detect localized mode shape differences from
the MAC. Even though this drawback can be remedied somewhat by increasing the coverage of
measurement points for mode shapes, such arrangements can be time consuming and difficult,
especially in large and complex structures. Moreover, the scalar index MAC issibivego small
changes in mode shapk 6]. Together, these properties of the MAC imply that model updating using

it for structues that may exhibit localized mode shape features could beptonal.

Although many forms of structure can exhibit localised mode shdgEl , a particular example of
such structures being increasingly used in civil engineering are glasgdibi@ced polyner

(GFRP) structures. For GFRP structures, the use of GFRP sections is typically centred on structural
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elements of buildings and footbridges for exampleltrudedGFRP (pGFRP)sections have glass
fibre reinforcements that run in one direction only (thatrpsion direction)12], making it an
orthotropic materialThe mechanical properties p&FRP are highly dependent on properties related

to the matrix of the composite such as stacking sequence, number of layers, mass and volume fraction
of fibre, and the chopped strand mat (CEM) 14]. Such properties, especially the CSM, impose
randomness on the contentpg@FRP material. As a resufiGFRP mateals can have variations in
mechanical properties among samples, even in a same manufactufibg.rkarther to material
variations, pGFRP structures are assembled in a variety of connection rfit?hoBslted and
adhesive bonding connection are most compd@n15] but both types of connectionrcaave non

ideal behavioyi6]. This can be caused by poorly tightened bolts or poor bonding, for example. By
its nature then, the variation in material properties and connectigp@®F#P structures means that
assumptions alub ideal structural behaviour may not be realized, especially in more complex designs
[17, 18]. Such effects can result in localized changes in mode §BapE&orsequently, model

updating ofpGFRP structures using the scalar index MAC may no longer be optimal.

3.1.2.Shape descriptors

Shape descriptors are feature representations of an image, somewhat analogous to a Fourier series
decomposition of a periodic signal irdime and/or cosine parts. For this study, images of mode shapes
can be categorised into small numbers of descriptors, each highlighting the degree of
similarity/dissimilarity/resemblance of corresponding shape features within. This nature of shape
descriggors improves characterisation of mode shape features, encapsulating more information than
the MAC. Because of this, shape descriptors are highly useful as an alternative indicator to correlate

mode shapes. Several types of shape descriptors have aleesdyrbposed in the literat{itg).

In the context of model updatiniipe use of shape descriptors in model updating procedures has been

well-considered, most notably by Wang, Mottershead and theif28anThey considered shape
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descriptors to correlate full field mode shap&g 21, 22] and strain field daf@3-25], leading to
updaed FE models. However, the applications of shape descriptors in model updating are still limited
and there are none for civil engineering structures such as building and footbridges. Consequently,
the full potential of shape descriptors in model updatnegnat well understood, especially as they

can be related to the growing aregpGFRP structures.

3.1.3.Contribution

This chapterintroduces a model updating approach for civil structures exhibiting localised mode
shapes using Zernike Moment Descriptors (ZM&8s)ndicators for mode shapes. ZMDs have many
advantageous properties as a shape des¢@fpfoOne of the properties of thedescriptorss its
orthogonality, which originate from the orthogonality nature of ZMDs. This property allows for quick
and effective feature characterization of images e.g. mode shapes. In turn model updating can then
be carried out by correlating these descriptBessed on this, the contributieof this work are: (1)

to consider the effectiveness of ZMDs for model updating; (2) to evaluate the use of approximated
full-field mode shapes using interpolation of discrete experimental mode shape data; (3) to provide a
benchmark study for comparison between model updating approaches using both the MAC and

ZMDs, and; (4) to make recommendations for the robust use of ZMDs in model updating.

3.2. ZMD -based model updating

The model updating framework is an iterative methodlaimbd that described if26]. In this work
the experimentally identified natural frequencies and mode shapes (expressed as ZMDs) are used to

update FE models iteratively.

3.2.1.Sensitivity method

The iterative method uses a sensitivity method to update FE model parameters, as defjribed

each iteration, sensitivities of FE model parameters to proportional changes in outputs (i.e. ZMDs
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and natural frequencies) are comp(i#a§l This essentially linearizes ndinear model updating

problems. For this, a sensitivity matr&, is calculated for iteratiokaqg28§]:

. egR.
Sk = ' H_—e—’ I (32)
! gaP

j
wherd 1 is the difference in measurable outputs of the FE model due to an increment in model
parameters“E for response, and parametgr Thus far, the quantities are absolute. To compare
sensitivities of different model parameters (natural frequencies and ZMDs), which may have different
units or orders of magnitudes, a normalised sensitivity ma®ixs used where differences in
parameter changes and responses are divided by the initial values of the parameters and response:
respectively. The resulting normalised sensitivity matrix is a matrix with dimensionless numbers and

can thus be written g28]:

N
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wherePj represents a diagonal square matrix containing the updating parameter values. For all model
updating in this work, a parameter increment of 0.1% was determined to #gresu®D changes
are small enough to avoid ndinear increment effects in the sensitivity calculations. The iterative

updating equation is [14]:

9= 0 8S AS(R, R) (34)
where and are vectors containing the FE model parameter of current and next iterative steps;
 is the measured metric and is the output metric from the current iterative step. The final
parmmeters are found when the Euclidian norm of the parameter changes between increments is
sufficiently small (< 1%):

m " Rk

H R ©.01 (35)

k
In this study, the metric vectors andry contain both the natural frequencies and ZMDs of the

experimental and FE mode shapes respectively.
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3.2.2.Zernike moment descriptors

Originally developed by Zernik¢29] in 1934, ZMDs of an image are obtained from image
decomposition using orthogonal polynomials as kernel functions. The ZMDs of a greyscale image,
[(X,y), can be expressed as:

L a A (% y) V(% ) dxdy (36)

P 0¢x? w2 1t

ya =

n,m

whereVhm(X,y) is the complete set of orthogonal polynomials introduced by Zejeas:

Vo (% V)= Veulr, § =R, )€ (37)

where i W p; nis a nornegative integer, represary the order of the radial polynomialyis an
integer subjected to constraimgm| even, | r©r is the vector length from the origin tay); gthe

angle between vecterandx-axis; R.mis a radial polynomial defined as:

R(r) =8 (4 (n- 9 8

T, g
og 2

and finally the asterisk (*) denotes the complex conjugate. Detailed derivations of ZMDs are given

IOO
IOOI

in Zernike [29] & Wand21]. Each orthogonal polynomial represents a feature of the image as
illustratedin Figure3.1, where the degree of feature resemblance within the image is indicated by a
corresponding descriptor, i.e. ZMD. Note that the sequential indexing of ZMDs used 8iuithy

follows those from War{@1]; other forms of indexing also appear in different studies.

ZMD: 1 ZMD: 2 ZMD: 3 /MD: 4 ZMD: 5 ZMD: 6 ZMD: 7

O@®@2DHC

750 733 Z4.0
Figure3.1. Zernike polynomlals and features up to 4th order (n = 4 according to Equation 5).
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3.2.3.Approximation of full -field mode shape

According to Wand 25, 30], the use of shape descriptors are usually paired with mode shape data
obtained using Digital Image correlation (DIC) measurements. DIC measurements provieéifull
continuous measurement of mode shapes, equivalent toghafinite sets of sensors on a surface of

the structurd an ideal basis for using shape descriptors to describe mode shapes. However, DIC
equipment is expensive, and often may not be practically feasible for some applications; for example,
very large or omplex structures. Furthermore, DIC measurements require a controlled environment
to reduce noise effects on d&#, which is difficult to achieve for many dlvstructures. For
example, conditions that lead to movement of DIC scanning devices introduce noise that can affect
the quality of measured modal properties. Such issues outline the difficulty in obtainifigldull

mode shapes for civil engineering stiwres.

For largescale civil engineering structures, mode shapes are commonly obtained through discrete
measurements from discrete instrumentation, typically accelerometers. Using this ddild full

mode shapes can be approximated. In this studgretieismode shape measurements are converted
into continuous mode shape images using interpolation over the unmeasured regions within the
discrete measurement grid. The precision of the interpolated mode shapes can be controlled by the
choice of image int@olation method. For this study, biharmonic spline interpolation is used to
generate smooth mode shape surfaces, through the MATLB fugcitdiniata[32]. The performane

of mode shape images generated through interpolation for model updating will be evaluated later.

3.2.4.Image circle mapping

As can be seen from equations (2) and (3), ZMDs are defined on a unit circle. To obtain the ZMDs
of a (more typical) nowircular (but plane) mode shape image, scaling and transformation are
performed so that mode shape images are mapped into the dortteenZefrnike polynomials. For
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this, image mapping is carried out using an appropriate stpprarele mapping. Two common
metrics for image mapping are conformity (angteserving) and equiareal (anggeserving)33].

The conformity metric, also known as shape preservation, is especially imgoréarsure that the
features are retained and distortion is reduced as much as possible through the mapping
transformation. Therefore, a conformal mapping technique, the Sci@haistoffel mapping, is used

for the image transformations. The full mappi@ oectangular/square image with coordinafes)

to a disc with coordinatdgu,v) is given by the SchwaiZhristoffel mapping as:

al-i & 1+ ¢
u=Reg— K —~(x ) K. 7% ¢ (39
Q,/Ke ¢ 2 N
é ) . ~
1-1i 1+ 1 g (310)

wherex andy are the pixel coordinate of the original imageandv the pixel coordinate after

mapping;cnis the complex Jacobi elliptical function aldglis defined as33]:

P
2, dt .

K. = fr=——= 185 (3.11)
o [1- Zsirf(t)

For consistency across all model updating operations in this study, circular mode shapes from image
transformations are output at 4G¢-pixel resolution. To illustrate, the transformed mode shape

images a@ presented later Figure3.9.

It should be noted that other orthogonal polynomials are defined on a rectangular domain, such as
Tchebichef polynonails. A reasonable consideration is the potential for numerical error of the ZMD
based model updating algorithm caused by the mapping from the rectangular (structure) domain to
the circular (Zernike polynomials) domain. To address this aspect, Tchebityadpals are also
considered later.
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3.3. Demonstration structure

3.3.1.Structural description

The pGFRP footbridgan Chapter 2 is considered to demonstrate the performance of the model
updating procedure. Theotbridge is a 1.5n wide 9m long twin girder footbdge figure3.2a).

The footbridge has an average mass per unit length of Rg/B6 The deck is an orthotropic
sandwich panel made up of pultruded box sections sandwiched between flat sheets. The sandwich
panel therefore has two fibre orientations where the fibres of flat sheets is aligned perpendicular to
the fibres of the box profiled={gure 3.2b). The deck is supported by twaGFRP tbeam girders.

Both pultrudedpGFRP tbeam girders are stiffened by transverse web stiffeners at intervals along its
length. All pPGFRP components are joined using epoxy adhesive bonding to offeoifufiosite

action. No Iolted connections or steel components were used. The structure is supported on four load
cells placed at each end of thbdam girders. The supports of the footbridge are adjusted to make

the bridge level.

b)

Deck Fibres, .~

&

Beam Fibres

Figure3.2. The Monash UniversitpGFRP sandwichfootbridge: (a) photograph view; (b) Fibre
orientation of the pultruded sections.

3.3.2.Numerical Finite Element model

A FE model of the footbridge was developed using LUSAS soff@dfreAll components of the

footbridge including flat sheets, box profiles, antbtebm girders are modelled usingn&de
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guadrilateral shell element (QT38). The element has six degrees of freedom at each node: translation
in X, y, andz directions and rotatiombout nodalx, y, andz axes. OrthotropipGFRP material
properties are incorporated in this model. The material orientations of orthop@piRP were
assigned according to the fibre directions in the footbridge as shdwiguire3.2b. Springsupported
boundary conditions have been incorporated at each end of-betiml girders to allow for slight

vertical movement of the load cells.

The stiffnessof the vertical springs supports of the FE model is a key parameter influencing the
dynamic characteristics of the model. Horizontal springs are not considered since only the vertical
modes are of interest. All vertical spring support boundary were adfonhave the same stiffness.

A manual calculation was performed to identify the spring stiffness values that provide reasonable
match of the calculated natural frequencies to the experimental natural frequencies. A reasonable
match was achieved when tbler of natural frequencies from the FE model and experimental data
are close (<0.01). The best match between FE model and experimental data was found for a vertical
spring stiffness of 417x2N/m. This value was taken as the sum of the stiffnessesbfsegpport

components (i.e. steel plate, load cell, and underlying timber planks).
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Figure3.3. FE model of the Monash UniverspFRPsandwichfootbridge.

3.3.3.Experimental results

Experimental modal analysis (EMA) was carried out to determine the dynamic properties of the

hammer and

data for FE model updating. Both modal

and to provide modal

footbridge,

electrodynamic shaker excitations are used. However, just the shaker restdtssatered since, as

the mass loading effect is found to be useful in the study. The shaker is placed at the

will be seen

location shown irFigure 3.4 to ensure excitation of at least the first five vibrational modes of the

footbridge. The footbridge was instrumented using 10 accelerometers in a measurement grid shown

in Figure3.4 (Al to A10). System identification was performed on the acquired acceleration data

using combined deterministgtochastic subspace identification (S5, implemented in the

MATLAB to olbox MACEQ36].
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Accelerometer Shaker

® o ® L | o ‘7 ae@m 1

| Beam 2

\ \ \ \
1500 1400 1600 1600 1400 1500

Figure3.4. EMA test setup, showing measurement grid and shaker position.

The first three mode shapes identified from the EMA are showigime3.5. The first six vibrational

modes of the initial FE model were obtained from eigenvalue analysis, and the first three mode shapes
are given inFigure3.6. It can be seen frorigure 3.5 and Figure 3.6 that the mode shapes match

very well. Indeed, the ordering of modes with regards to bending or torsion, are found to be the same
for the first six modes. This is to be expected as the faméris built to closely resemble its FE

model, without complicating attachments such as handrails, for example.

Figure3.5. First three modes of vibration obtained from EMA:f(&)5.86 Hz; (b)f = 10.02Hz; (c)
f = 18.14 Hz Contour is given to highlight the region of maxima and minima within mode
shape feature in regards to the vertical direction.

Figure 3.6. First three modes of vibration from FE model: f()5.95 Hz; (b)f = 9.62 Hz; (c)f =
20.27 Hz Contour is given to highlight the region of maxima and minima within mode shape
feature.
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Table3.1 gives more detailed outputs of the EMA and FE model, along with comparisons. It can be
seen that the initial FE model consistently overestimates the natural frequencies, and that the damping
of the bridge idow. The MAC d each mode shape is also givenTable3.1. Generally, a MAC

value of more than 0.8 indicates high consistency between two mode[8i7ap@serall the MAC

values for modes 1, 2, 3, and 6 are high. The MAC of modes 4 and 5 are much lower, and these are
primarily torsional modes. A close inspection of these modes from the initial FE model shows that
these torsional modes are coupled mode#) Worizontal sway motion in each mode. Since the
acceleration data were sampled only in the vertical direction, the data is therefore unable to identify
these modes accurately. Further studies are being conducted to verify these vibration modes, but
becawse these modes are not accurately characterized they are excluded in the following updating

process.

Table3.1. Summary ofexperimental and initial FE model results (V = vertical, T = torsional, C =

Coupled)
Experiment Initial FE model

Mode Type Natural Damping, Natural Frequency MAC

Frequency, 3 ( %) Frequencyf Difference

f (Hz) (Hz2) (%)
1 1V  5.86 0.59 5.95 15 0.98
2 1T 10.02 0.96 9.62 4.0 0.97
3 2V 18.14 0.61 20.27 11.7 0.98
4 1C  20.60 1.65 23.87 15.9 0.64
5 2C 25.60 1.33 28.85 12.7 0.66
6 3V 37.54 0.92 39.52 5.3 0.85

3.3.4.Localized mode shape features

Il n structur al dynami cs, the term O6mode | ocali
magnitude of a specific part of tiree-vibrational modes is relatively large relative to the rest of the
moddg38]. Close examination of the experimental mode shapegure3.5 shows that (mostly) the

first and third modes exhibit some localized features. For example, the highest displacement in mode

shape 1Kigure3.5a) is localized off centreline in the longitudinal direction of the footbridge. This
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observation was initially identified as the shaker mass loading since the shaker is placed off the
centreline irthe longitudinal direction; the mass ratio of the bridge to shaker is about 17:1, and it was

postulated that the localized mode shape features were due to the shaker mass.

To examine the shaker mass loading in detail, five separate EMA were conductaxyiby the

shaker to different positions, as showifrigure3.7 (positions 2 to 6). The first mode shape identified

from each EMA are also shown.dan be seen that most mode shapes are asymmetric, exhibiting
severe localized features, especially in positions 1 (the initial EMA setup) toFigume 3.7.
Interestingly, as the shaker is placed towards positions 5 anéiguire3.7, the localized behaviour
decreases. Eventually, when the shakat position 6Kigure3.7) the localized behaviour has almost

di sappeared. This indicates that téaasymméirgiker 0s
structural stiffness (since there are no obvious mass asymmetries). The results suggest that the soutr
side of the bridge (position 5 and 6 with referencEigure3.7) has higher stiffness than the north

side (position 1 and 4 with reference Rggure 3.7). Since the longitudinal stiffness is mainly
contributed by the-beam girders, the imbalanced stiffness surely originates from properties related
to the composite behaviour of théddéam andleck. Two possible explanations for this are: (1) poor
bond quality between thebeam girder and deck and/or within the deck component§iges3.2),

leading to reduced composite actions, and; (2) different material properties of the two longitudinal |
beams, perhaps due to different manufacturing runs of the sections. Both potential causes can be
represented as a lowered elastic modulus for tfeetal composite beam which is referred to as

Beam 1 for the rest of i chapter
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Figure3.7. The first vertical mode shape from EMA for each considered shaker position (the grey
box denotes the shakgosition).

3.4. Application of framework

The model updating framework presented earlier is applied to the demonstration footbridge to
calibrate and improve the FE model; specifically, to capture the reduced longitudinal stiffness and
improve natural frequeygoredictions. By identifying the FE model parameters that give the closest
match, the structural origins of the observed localized mode shape features can be better understood.
In practice, such knowledge assist damage detection and maintenance amtiexamiple. Several
updating cases are considered in which the proposed-E&$Bd updating framework is compared
against conventional MA®ased updating. This allows comparison of the performances between

full-field and scalar indicators, given later incgen 3.5.

3.4.1.FE modification and parameterization

Since the shaker mass has a large effect on the EMA mode shapes, the initial FE model is modified
to include the shaker mass. This FE model is denoted as the modified FE modelkfhaaks is
incorporated as a nestructural mass (i.e. does not conttéatructural stiffness) on the footbridge

deck as shown ifigure3.8. The natural frequencies and MAC obtained for the modified FE model
are given inTable 3.4 and Table 3.5 respectively: natural frequencies are found to be lowered of

course, and the MAC has slightly improved.
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The reduced longitudinal stiffness of the footbridge along Beam 1 can be representadowin

elastic modulus, regardless of the precise source of the stiffness reduction. Consequently, the elastic
modulus ofpGFRP in the FE model are parameterized into three regions; a region forkessh |

and one for the deck, denotedis, Eg> andEp respectively igure3.8). Since thegGFRF §bre
orientation of the-beams runs in the longitudinal direction, only the longitudinal elastic mgdk

adjusted Eg1, Eg2). ParameteEp, is the longitudinal elastic modulus of the deck structural elements
shown inFigure 3.2b. Since most longitudinal stiffness is contributed by thedm girders, the
contribution ofEp is assumed to be minimal and is thus excluded in the model updating. Therefore,
the parameter®r the updating process are only the longitudinal elastic modulus of Beam 1 and Beam

2 (Es1, Eg2). The elastic modulus of Beam 1 shall correspond to the beam with reduced longitudinal
stiffness as shown iRigure3.7. Material tests for theGFRP components of the footbridge suggest

a longitudinal elastic modulus of 24.GPa, and so this is used 6 and as the starting parameter

value forEgz; a garting reduced stiffness of ZzZPa is postulated fdfg;. It should be emphasized

that the parameterization of elastic modulus acts as a surrogate to represent the reduced stiffness,

which could be due to several sources mentioned previously.

Shaker mass

Figure3.8. FE model with added shaker mass and parameterized elastic modulus regions.
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3.4.2.ZMD of mode shapes

The extraction of ZMDs from the experimental and FE mode shapes is next described. For the
experimental modshapes, fulfield mode shapes are approximated as explained in Section 2.3.
Mode shapes from the modified FE model are extracted from LUSAS as monochrome Bodges
experimerfapproximated and FE mode shape imdge® a resolution of 400x800 pixelgmaintain
consistent ZMD scaling which are affected by different image resolutions. As an illustration, the FE
mode shapes are shownRigure 3.9, alorg with the corresponding image obtained from Schwarz

Christoffel mapping. All circlenapped images are output with resolution of 400x400 pixels.

Twenty-five terms of ZMDs corresponding to Zernike polynomials of 8th oadeused to describe

the feature®f the mode shape images. Because the values of ZMDs can be complex quantities, the
magnitude of the ZMDs are used for comparison (termed ZMD amplitude). The ZMD amplitudes
indicate the degree of resemblance of corresponding shape featafagyse3.10) within the mode

shape contour image. The plots of ZMD amplitude decompositions for the experimental and FE mode
shapes are shown kigure3.10 (a) and (b) respectively. The ZMD plots show that the twéagy

ZMD terms are sufficient to describe shape features of the first three mode shapes. From the ZMD
decompositions, the localized mode shapes are successfully characterized: a tilt fedbu2e(SE&/

Figure3.1), is represented in mode 1 for example.

Notably, a majority of significant ZMD amplitudes in both experimental and FE mode shapes are of
similar magitude and ranking. This gives confidence in the ability of ZMDs to characterize mode
shape features. Similar[&0], eachmode shape can be sufficiently described by retaining significant
ZMDs. The ZMDs selected as the model updating target nig#rfor Eq. (3) are marked iRigure

3.10 (as ranked by amplitude). These significant ZMDs can be used to better understand the origins

of the structural asymmetry in each mode, shape such as the tilt features of mode shape 1 (representec
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by ZMD 2). Further information can be olstad by analysing the sensitivities of these ZMDs towards
each parameter change, which is conducted at the start of the model updating. For the significant
ZMDs in Mode 1 Figure3.10), the magnitudes of ZMD 3 and 4 are interchanged for experimental
and FE mode shapes. Close inspectimlicatesthat the combination of ZMD 3 and 4egFigure

3.1) make up for the main shape of Mode 1, suggesting that the differences can be used to understand

the features

Mode 1

T —

mode 2 [ =

Mode 3 '

N —->

Figure3.9. Monochrome mode shapekkE model after circular mappping.
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Figure3.10. ZMD amplitudes of the first three mode shapes from: (a) Experiment; (b) FE model.
Note the first three significant ZMDs ranked for each nmsluspes.

Close inspection of ZMD amplitudes kgure 3.10 indicates different scaling of ZMD amplitudes
between ranked pairs in each mode. For exajmpkan be observed that the differences in ZMD
amplitudes for mode 3 are far larger than those of modes 1 and 2, even though the ranking of
significant ZMD terms are similar. This highlights the scaling problem which occurs because the
mode shape imageme generated from different sources (i.e. from FE software and MATLAB).
Intuitively, images from different software source will have different colour scaling, resulting in
different scaling of ZMD calculations. With this, solely comparing the ZMDs fitoentwo sources

will result in normeaningful comparison. To resolve this, the shape feature scale factor introduced
by Wang et a[3(] is implemented to scale the ZMD of the FE mode shap#set@xperimental

ZMDs. This feature scale factor is introduced tokineFE mode shape images, given as:

£f
=t

m, k' m k

(3.12)

wheref andfmare vectors containing the updating ZMD terms ofitheanode shape from FE model

and experiment (6émeasuredd) respectively.

3.4.3.Tchebichef moment descriptors
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As mentioned earlier, Zernike polynomials are based on a circular domain and thegrapp
rectangular domain mode shape images to the circular domain may introduce errors. To examine this,
Tchebichef Moment Descriptors (TMDs) which are defined on a rectangular domain are also used to
perform model updating for comparison with the ZMBsd updatinf23]. The framework for
TMD-based model updating is similar to that of the Zid&sed model updating; only the shape
descriptor differsThe updating results using TMDs are presented later in Section 5 and compared

with those from the ZMEbased approach.

Detailed derivation of TMDs have been summariz¢d3h [39], and40]. Only a brief description is
given here. The TMDsf a two dimensional intensity function i.e. mode shape imi&gg) can be

obtained as the product of two edenensional Tchebichef polynomial given by:

N,- 1Ny- 1

To=a abt.(xi.(y) f(xy (3.13)

x=0 y 9

whereNy andNy are the total number of image pixel in thendy dimensions of the image in which

the scaled Tchebichef polynomials is calculateglydm denote the Tchebichef polynomials of the
andy dimension respectively, arfq(x) is the scaled Tchebichef polynomial in tkalimension

definedas:

- t(x)
t(x)= B N) (3.14)

whereb(n,N) is the scaling constant independentafith definition outlined ip41]. The discrete

Tchebichef polynomiaks(x) up to order oN is defined agt1]:

t,(x)=(1-N) ;E( n x1 nkl N;} (315

wheresF2is the generalized hypergeometric function outlineftihy and 39].
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For TMD calculations, each mode shape images were decomposed into thirty descriptors: the first six

Tchebichef features are shownFigure3.11. The TMD decompositions of the first three FE mode

shapes are shown Figure 3.12. Similar to ZMDs, TMDs are also effective in characterizing the

features of the mode shapes which are distinctive from ZMDs based on the shape feature each TMDs

entails Figure3.11). For the TMDbased updating, the first six maximum TMDs are selected as the

target response metridR.

T™D 1

™D 2

TMD 3

Figure3.11 First six Tchebichef polynomials with corresponding at ur e s

domain.
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Figure3.12. TMD amplitudes of the first three mode shapes FE model.
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3.4.4.Validation of framework

Before applying the experimental mode shape results to update thedkel, the framework is first
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validated through a simulated model updating problem, based on results from the modified FE model.

As a pseudexperimental result, parametdts; and Eg2 in the FE model were set as G®a and

24 GPa respectively to obtathe target ZMDs of mode shapes. Then, model updating is started with

initial parameter values of 22Pa and 245Pa forEg1, Eg2 respectively. The parameter updating
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history is given inFigure 3.13 for both ZMDs and TMDs: both parameters converged to the
prescribed values within 10 iterations. The initial and final updated ZMD amplitudes are shown in
Figure3.14: all ZMD amplitudes converged to the target ZMD amplitudes. Further, both ZMDs and
TMDs vyield consistent convergencEiqure 3.13). This indicates that the rectangular to circular

mapping required for ZMDs has little influence in this case.
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Figure3.13. Parameter updating history Bg1 andEg2 using ZMDs and TMDs for updating (target
15 GPa and 24 GPa).
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Figure3.14. ZMD amplitudes of FE mode shapes considered (humbered accordfiiggite3.10) at
start and end of simulated updating. The ZMD rankings are grouped by modes 1 to 3, from
left to right.
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3.4.5.Model updating cases

Model updating cases considered in this study are as listeabla3.2. In each case the ZMbased
framework is conducted (swutases B) along with the conventional MAC (saases A). Case 1
considers just a single parameks: for model updating which implies perfect knowledge of the
elastic modulus for the remainder of thetbridge E = 24.07GPa). Case 2 represents a more realistic
model updating, considering the elastic moduli for the two parameterized regiora)d Eso, as
described earlier. For all cases, similar starting values for paranigteesd Es> were as gien
previously. In both Cases 1 and 2, only the ZMD/MAC indicators are used for updating. Case 3
extends Case 2 to include the natural frequencies in the response vector, and so should lead to
improved natural frequency match. In addition, the ThH3ed ugating (subcases C) is also

considered for Case 2 and 3.

Table3.2. Comparison of model updating cases

Case Subcase Updating Parameter(s) Indicator(s)
1 A Es1 MAC
B Es1 ZMD
A Eg1 andEg> MAC
2 B Eg1 andEg> ZMD
C Eg1 andEg> TMD
A Es1 andEs> MAC + nat. freq.
3 B Es1 andEs> ZMD + nat. freq.
C Es1 andEg: TMD + nat. freq.

For all updating sugases, the responses (ZMD, MAC, TMD, and natural frequencies) of the first
three modes are considered for the target response mBtricd,the updating process. Lower and
upper bounds of parameter changes are not enforced in thyspsixely to compare the performance

of the indicators (the MAC and ZMDs). Nevertheless, the physical meaning of the updated parameters

will be evaluated later in Section 5.
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3.5. Model updating results

3.5.1.Summary of results

Model updating results for the threases (each with sutases A, B, and C) are givenTable3.3
andTable3.4. In each case the first three mode shapes and frequencies are considered. As will be
discussed below, in Case 2B a clear convergence was not achieved; in such cases, the values abou
which oscillations occur are given insteahd marked with an asterisk (fable 3.5 shows the

starting and final values of the response metrics (the MAC and ZMDs) for Case 3, as an ekample

the model updating optimization.

Table 3.3. Model updating results for the three cases (andcssbks) considered (s&able 3.2).

Parameter values marked with an asterisk (*) did not fully converge and are approximated
by the value about which oscillations occur.

Case
1B 2A 2B 2C 3A 3B 3C
Eg1 (GPa) 22.00 248 153 152 11.8* 20.3 27.8 28.1 30.6
Eg2 (GPa) 24.07 - - 24.1 18.7* 259 448 415 425
f1(Hz) 5.42 - - - - 535 591 585 599

Parameter Modified
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Table3.4. Model updated natural frequencies (Hz) for the three cases (artaises) considered (see
Table3.3), showing percentage errors in brackets.

Case

Mode Exp. Initial
1A 1B 2A 2B* 2C 3A 3B 3C

542 544 512 512 464 535 595 585 5.99

L 58 75 (72) (126) (126) (20.8) (87) (1.5 (02) (2.2)
, 100, 931 932 914 914 883 928 97 957 971
(71) (7.0) (88) (88) (11.8) (7.3) (32) (45 (3.1)
s 1gq4 1721 173 1591 159 1428 1685 1856 18.34 1881
(5.1) (4.6) (123) (123) (21.2) (7.1) (23) (1.1) (3.7)
4 0o 2105 211 2059 2059 1953 2102 2273 22.30 2271

22) (24) (0.1) (0.1) (5.2) (2.0) (10.3) (8.3) (10.2)
& oggp 2425 243 236 236 2232 2417 2576 2536 2578

(5.3) (5.1) (7.8) (7.8) (12.8) (5.6) (0.6) (0.9) (1.0)
3452 347 31.95 3191 28.67 33.81 3697 36.6 37.45
(8.0) (7.6) (14.9) (15) (23.6) (9.8) (1.5 (2.5 (0.2)

! FE model withadded shaker mass
*Natural frequencies from approximated parameter valuésiie3.3

6 37.54

Table 3.5. Comparison of response metrics (the MAC and ZMDs) in model updating case 3A and

3B.

Case Mode Feature Number Starting Value Final Value

1 - 0.99 0.99

Case A 2 : 0.99 0.99

3 - 0.97 0.99

1 9648 9702

1 2 9523 9576

3 1378 2179

Case 3B 1 9700 9819

ZMD number* 2 2 2076 2078

& amplitude 3 1803 1808

1 8072 8060

3 2 3368 3351

3 2883 2873

*as ranked according teigure3.14
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3.5.2.Analysis of results

For Case 1, the model updating iterations are shoviAigure 3.15. ParameteEg; converged after

19 iterations for Case 1A (MAC), and after just six iterations for Case 1B (ZMD). Cleary both the
speed of convergence and final values are significantly diftejseegrigure 3.15 and Table 3.3).
Indeed,for the MAC (Case 1A), the updated parameter is not physically valid because the elastic
modulus should be lower than the initial value, corresponding to the observed reduced longitudinal
stiffness from the EMA. Conversely, for ZMBased updating (Case 1 Bhe result clearly describes

the reduced longitudinal stiffness, and is signifiGaabout 20% reduction in stiffness. However, the
natural frequencies for either Case 1A or Case 1B are not particularly good. This is unsurprising,
given that natural fragency was not included in the response meRig0f the updating process.
Omission of natural frequencies does give the model updating algorithm more freedom to match
mode shapes more accurately, and so this case is nonetheless a useful indicator oftthie f i d g e ¢

behaviour.
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Figure3.15. Case 1A (MAC) and 1B (ZMD) parameter updating hist&g ).

For Case 2, the parameter updating historieEgoandEs. from both sukcases are shown kigure

3.16. The results show that the parameters in the MMa€ed updating (Case 2A) achieved
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convergence of values. In contrast, convergence of gdeasnwas not observed for the ZMiased

updating (Case 2B). Instead, these parameters oscillate about values lower than their starting values.
Interestingly, the local oscillations of both parameters are of similar amplitude. The oscillations could
be dueto several reasons which are examined later. Nevertheless, the values about which the
oscillations occur (shown by * iihable3.3) indicate that inded Eg: is less tharkg.. Again, similar

to Case 1, since the natural frequencies are not a response metric the values arenaithesdl to

the EMA results (se@able3.4). It is interesting that the TMD results (Case 2C) converge to quite
different values compared to MAC and ZMD. It suggests that TMDs may not be quite as sensitive as

ZMDs to localized mode sipe features.
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Figure3.16. Case 2A parameter updating histdegi(andEgy).

To improve the natural frequency estimation, Case 3 extends Case 2 to include natural frequency of
the first three modes as the response méric,The parameter updating histories of Case 3A and 3B

are shown irFigure3.17: convergence of parametdfs: and Eg> was achieved in both sidases.

The natural frequencies from the updated FE model of both cases are Jiable®4. The majority

of natural frequencies are welatched in addition to the improved structural behaviour

representation (reduced longitudingfifeess ofEg1). The convergence of response metrics (the MAC
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and ZMDs) of Case 3 are summarised able3.5. The results show that the mode shapedives

(the MAC) in Case 2A is near to 1, indicating that the mode shapes are very close to optimal. It can
be seen that although the MAC can sufficiently update the FE model (i.e. with the reduced
longitudinal stiffness), the proposed ZMiased updatim framework results in a closer matched
frequency. Furthermore, the performance of TMDs as a mode shape indicator is now (compared with
Case 2C) similar to the other measures. The resuliahie 3.5 indicates that the ZMDs are more
sensitive than the MAC as mode shape indicators and provides more sensitivity when updating natural
frequency objectives, resulting in closer match of frequencies. Thizecagry beneficial in updating

more complexpGFRP structures considering more updating parameters.

It should be noted that the final values of the updating paramdiersafd Es2) are beyond
physicallymeaningful ranges of thgGFRP materials. Material tests for @ FRP components of

the footbridge suggest a longitudinal elastic modulus of 28R& with variation o&20%. This

means there is likely another phenomenon contributing to the overall longitudinal stiffness of the
footbridge, not explicitly considered in the updating process. Consequently, the par&medecs

Eg> are updated to physically neneaningful values to implicitly account for other sources of

stiffness changes.

Elastic modulus (GPa)

[teration number
—w-E, -MAC —0 -E_,-MAC —w -E_ -ZMD —o -E_,-ZMD = —E_ -TMD —o —E_,-TMD

Figure3.17. Case 3B parameter updating histdeyi(andEgy).
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3.5.3.Implementation Issues

From the demonstrated application of the Z¥M&sed model updating, several aspects of note for
implementation to practice are noted. Of course, these may bedrslalely to the nature of the
demonstration footbridge and may not be applicable for other updating cases. Nevertheless, these
issues could prove useful to know for practical application of Zd&Bed updating for civil

engineering structures.

In Case 2B(ZMD-based model updatingit was observed that the parameter changes exhibited
oscillations. Further examination of the cause reveals several close ZMD amplitudes for many
combinations oEg: andEg2 around the vicinity of the oscillating valuéddecause of this, there can

be many similar sets of parameters that result in suitable ZMD amplitudes. Consequently, the
updating algorithm oscillates between suitable sets of parameters. This problem is not apparent when
natural frequencies are includedtime metric since the updating parameters must fit the natural

frequency objective.

An issue was identified from an attempt of model updating using mode shapes from EMAs of
different shaker positions, as described in Section 3.4. Due to the circulaofébiBs, the ZMD
amplitudes are rotationally invariant with respect to a rotation of the imagd-igpe® 3.1)[21].

Hence ZMDBbased updating cannot distinguish between twagies, when one is a rotated version

of the other. To give a more practical example from the footbriigere3.18 shows two FE mode

shapes which have similar localized effect, but on opposite sides: one is the flipped version of the
other. This set of mode shapes were obtained from model updating checks using shaker position at
the stiffer side of the footbridge (esfto position 6 irFigure3.7). Due to the rotational invariance

of ZMDs, the ZMD amplitudes calculated for both mode shapes are identical. Foothedge

model, this means that ZMbased updating cannot distinguish when parameter values are swapped
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bet ween Beam 1 and Beam 2. Thus, the wupdating
parameters that influence the mode shape such thahiltits rotational symmetry. For practical
applications, it is imperative to ensure that the updating FE models have no rotationally symmetric
mode shapes which results from certain combination of model parameters in order to avoid non

convergence due tbis rotational invariance property of ZMDs.

10000

Reduced stiffness side Er1 =18 GPa ‘
................. ) 3 8000 MlE:, = 18 GPa
CL 3 E;, = 14 GPa
Shaker side Eg, = 24 GPa g 6000 F
‘O“ 4000
Reduced stiffness side Egi =14 GPa s
N 2000
__________________________________ a- -
5 20 25

n 10 15
Shaker side Eg, =24 GPa ZMD number

Figure3.18. Rotational invariance property of ZMDs: (a) First mode shapes with identical but flipped
shapes; (b) ZMD amplitude of both mode shapes.

The needdr mapping between the circular ZMD domain and the rectangular structure domain does
not appear to negatively influence the results. This is based on the comparative performance of TMDs
as a descriptor, which do not require mapping between domains. tiniglseshe ZMDs appear more

sensitive than TMDs in spite of the additional need for mapping (compare Case 2 with Case 3).

Lastly, the selected interpolation method (i.e. smooth interpolation) to generate the interpolated mode
shapes from discrete measuent points may not be fully justified in all types of structures. For
example, several structures may have more prominent localised effect where the smooth assumption
may be too strong in that regard. However, it is commonly assumed facéld civil egineering
structures that mode shapes can be sufficiently interpolated from discrete measuremgdf-points
44]. Nevertheless, validation checks are recommended when the presence of highly localized mode

shape feature is suspected.
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3.6. Summary

This chapterpresents a model updating framework for civil engineering structures exhibiting
localized mode shape features. The framework uses ZMDs to correlate mode shapes, which are shown
to be very effective and sensitive to mode shapes features. Further, fasqadhat futfield mode

shape images are interpolated from discrete experimental measurement points. In addition, this model
updating framework utilizes interpolated mode shape images generated from discrete FRF
measurements over DIC mode shape measmnwhich are typically more ideal for ZMD
correlation. The use of interpolated mode shapang effective alternative to DIC measurements, of

which can be costly and not practical for large and complex structures.

The framework is applied to pGFRP footbridge which exhibits localized mode shapes. These
localized mode shapes were indistinguishable by the MAC, leading to unsatisfactory model updating.
ZMD-based updating allowed characterization of mode shapes into a small number of descriptors,
each dscribing mode shape resemblance to corresponding shape features. Using this property, model
updating was conducted by evaluating the significant ZMDs in each mode shape. TheagbtD

model updating performance was evaluated against the -W&S€d model uding. For this
demonstration structure, the results show that the MAC is unable to update the parameters optimally,
while it is successfully achieved using ZMO$e use of ZMDs paired with natural frequencies for

the target objective is more successfulipdating the FE model. Although the final updated model
parameters (g and Es2) are not within reasonable bounds, it captures other factors influencing the

structural behaviour of the footbridge.

However, for practical application, it is recommendieat the ZMDs to be carefully examined to
check for instances where rotational invariance of ZMDs leads toptimal convergences. Further,

future work is needed to evaluate the performance of the interpolated mode shapes by comparing with
DIC measuremds. Overall, the proposed model updating framework is found to beswigd to
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model updating of structures which may exhibit localized mode shape features. As such, it should
find relevance for those involved in structural identification of civil strred, including those

specialized in the growing field @GFRP structures.
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Preface

Chapter 2 presenteelvidence of humastructure interactions (HSI) towards the vibrating
system of lightweighpGFRP sandwich structur&his observation warrantee need foHSI
representations within threumerical framework of the thesisorder to achieve moreliable
vibration serviceality assessmentsack of HSI representatioran lead to overestimation of
numerical predictionsa seen ilChapter 2)In turn,the vibration assessmentsifucturesan

result in unsatisfactorgutcomeswhere in fact it is serviceable.

The goal of Chapter 4 i® presentthe numerical framework of the thesis. The framework
comprises a simple human interactive model (i.e. the moving sprasgdamper model) to
represent human walkin@he paper in Chapterutilises e numerical framew& in order to
investigatea research hypothesis pertinenH8| and human interactive modelghether the
explicitly-proposed human model parameters are inherent totype of structural
representations adoptetlring its parameter identification proced. This chaptepaper
subjects thggGFRP footbridge in Chapter ®ith the numerical frameworkor the study.
Chapter 4 also adopts the model updating framework from Chaptep&t of the studyrhe
content of this chaptgraper has been modified toseme a smooth flow between thesis

chapters.

This chaptespaper is preparefdr thefollowing publication:
1 JW. Ngan, C.C.Caprani, E.A h ma dEifffect offistructural representation on the
parameter identification of the human sprmgssdamper modeél le cubmitted to

Vibrations (2019).
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Abstract

The simple springnassdamper (SMD) model has recently become more widely used to
representhumanstructure interaction (HSIn vibration analysis. To use the SMD model,
parameters have been proposed in the literature to simulate walking responses of finite element
(FE) models. However, the explicitfroposed parameters have been based gpecific
representation of structureSpecifically, most studies adopted an Edernoulli beam model

to represent structure under study. Thus, the question arises, as to whether the determined
parameters of SMD model are consistent for other structural representations of the same
structure This chapter presents an experimendaimerical framework to investigate
dependency of calibrated SMD parameters for different representations of a structure. Thus, a
reference structure is numerically modelled using two different representations:- a one
dimensional (1D), and twedimensional (D) finite element model. From both numerical
models, SMD parameters are identified by optimizing the acceleratiedictionsfrom
numerical simulations with the experimental measurem&atth structural models arfirst

updated to predict accurately the dynamic properties of the reference structumsfférent

sets ofSMD parameter werebtained from identification using theo distinctive structural

models of the reference structuFeom the resultstiis cncluded that the calibrated SMD
parameters are not invariant to the structural representation and so predictions of the response
of real structures is inherently biased. Discussions on the results and its implications towards

practical HSI analysis aregsented.

KEYWORDS

Humanstructure Interaction; Spriagiassdamper model; Finite element; hurmiauced

vibrations.
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4.1. Introduction

4.1.1. Background

Human occupants of civil engineering structures induce dynamic forces onto occupied
structures due to various activities, such as walking or running. In addition to generating load,
the presencef humans can affect the dynamic behaviour of the structure they occupy; this
effect is termed humastructure interaction (HSI). For example, the presence of human add
sources ofdamping to the structure which in turn reduces vibration respdiseg].
Furthermore, the effects of HSI are more prominent when the mass of occupants are
comparable to the structure m@8k Thisis importantfor the vibration design dfghtweight
structures, whereby the effects of HSI need to be accounted to enable safe and economical
designs of civil engineering structures. Currently, design guideiaresbrations(e.g. Setra

[4], HIVOSS[5], Eurocode $6], and BS400[7]) are basd on the deterministic moving force

(MF) modelwhich does not account for H$8]. Consequently, the MF model can lead to
overestimations of responsgs10] and designs may fail serviceability check when in fact it

is serviceable. Recognizing this mattrincrease S| representatiofor vibration analysis

of civil engineering structures hescentlydeveloped11-18].

Instead of the MF model, it is more realistic to modebiking person is using a singiiegree
of-freedom (SDOF), moving springass damper (SMD) model. The SMD model consist of
single mass, stiffness, and dampipgrameter thatepresent thdehaviourof the walking
person in the vertical directida8]. Worth nothing, the SDOF parameters of the SMD model
are surrogate to the cqhex system of the human body, which comprises of various mass,
stiffness, and damping properties for different parts of the body Ti#. SMD modelis
coupled tothe structure model and maintains contact throughout its maticaddition, the

imposeground reaction force (GRF)om walking motionareacted at the contact point of the
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SMD model with the structure model simulate the active excitation of the SMD model in the
vertical direction Worth noting, there are othé&pes ofhuman models, staicas the bipedal
and inverted pendulum representatierthis work only considers the SDORriant of the
moving SMD modelTo date, the moving SMD model has been usedimerouddSI studies

(e.q.[8, 11, 2223)).

To use the SMD mode$ccurateparametes of mass, stiffness, and damping are required to
predict vibration responses. To datayide range of SMD parameters have been proposed to
represent the human body. Within the literature, majority of parameter identification studies
stems from the fieldf biomechanics (e.g. study of human gait), wiachreported ifiterature
reviews by Elis et a[1], Jones et a[20], Caprani et a[18], Shahabpoor et 4], andZhang

et al.[25]. However manyHSI studiesadopts SMD parameters from the biomechanics field,
where majorityparameters have been identified from measurements (accelerations and forces)
of walking on rigid surfacée.g.[8, 15, 22, 26, 27] Specifically, SMD parameters should be
calibrated on vikating surfaces of structures for application in vibration serviceability design

and assessment purposes.

Recentstudies in thdield of humaninduced vibrationdaveidentified SMD parameterso
representiiuman walkingn vibration analysisStudiesof Toso et al[28], Ahmadi et al[29],
Silva and PimentdB0], Zhang et al[31], and Shabahpoor et {82, 33]arefew exampleshat
haveproposed SMD parameterthat are aimed towards vibration serviceability purpdSiga
and Pimentel30] proposed ®ID parameterbased orempirical formulawhich are obtained
from curve fitting on experimental walking datdn regards to explicitly proposed SMD
parameters, aamping ratioof 0.23- 0.39 and natural frequencyf 1.781.92Hz has been
reportedby Zhang et al. [31]in addition,Toso et al. [2Breported damping ratio &f.35 to

0.57 and naturdrequency of1.35- 2.12Hz. As can be seen, the SMD parameters can have
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varying valuesand may require otheronsiderationge.g. statistical distribigns) for its

application.

In regards tmmumericalmodelling the supporting structurean bemodelledusing different
structural representatioriBhe representatiorsge based on theeegreesof-freedom (DOFsdf
structural models. This is the case fornte element (FE) methodsvhere the DOFs of
structural models are dependent on the elementaypdeam, bar, or shelllementsThe
appropriate structurakepresentations justified by the levebf refinement required forhe
structural analysig~or example, anedimensional (4D) representationsing beam elements
would be reasonable to model a bridge strucsuree itstransverse widtlfand behaviourss
relatively small in comparison to itengitudinal length[46]. Converselya structure \th
transverse width that is comparabteits length(e.g. a floor)can be represented withao-
dimensional (D) representatiom order to account for behaviours in the transverse direction

(e.g. torsion).

It should be emphasized that almostH#ll studiesuse a 1D EulerBernoulli beam model with
uniform cross section to represent supportingstructure(e.g.[8, 15, 20, 22, 26, 27, 325]).

In contrast,only a handful of studiegfollowing [26, 36) consideed more elaborative
representationsi.e. 2-D representatianFurthermore, allparameter identification studies
mentioned previouslftavebased the structure under study with 1He beam representation

In other wordsthere are ngarameter identificatiorstudies thaiconsidermore elaborag
structural representatiofeyond the AD representationThis leaves the possibility that the
identified SMD parameters could be different when considering a different structural
representation. In turnhé question ariseshether the explicithpropogd SMD parameters

are suitable to be used for different structural representafiorgher words, will the SMD

models yield result$hat are invariant of thetructural representationsider consideratiéh
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Therefore, a precise study of this phenomenoedseto be conducted on parameter

identification procedure.

4.1.2. Approach of this work

Drawing from the revievin Section 4.1.1theexplicitly-proposed SMD parameters have been
basedf aspecific structuratepresentation of theubjectedstructure(i.e. 1-D representation

In turn, it is postulatedthat during parameter identification processes, fited SMD
parametersherit informationregarding thetructure representatiavhile matching théarget
metrics ofexperimental data. This informatieagardng structural representati@an include
thenumber of DOFshoundary condition modelling, artge of elements (underlying theory)
for exampleWith this, it is also postulated that theoposed SMD parameteaise inherent of
any modelling errorsTherebre, the hypothesi®f this chapteiis that the parameters of an
SMD model is a functioof, not only theGRFs(i.e. induced forces)out also the representation
of structure If the hypothesis is true, it meartkat parameter identification studies should
considervariousstructural representations when propossMD parameterfor applications
The outcome of this hypothesis is fundamental for SMD models, furthé&engiowledge on

its applicability in numerical modelling

In this chapter a numericalexperimental frameworks adopted tdest tle hypothesis. The
framework entails parameter identification of SMD modelfor different structural
representations of a reference structuxe overview of the SMD parameter identification
procedureand evaluation proceds shown inFigure4.1. A moving SMD model paired with
the GRFs is used twimulate HSI in a walking experiment of a reference test structhe
structureis modelledusing FE method intowo different representationge. 2D and 2D.
Prior toparameter identificatiorpothmodels are firstpdatedo predict accurately the modal

propertiesbased on the experimentaleasurementef modal propertiesSubsequently, the
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SMD parameters are identifiagsing both structural representation modaysfitting the
simulated responses to the measurements. From the identification prondéiguge4.1, any
di fferences of the i de n diffefemtstracturdl képrespnéationsnset er s

the evidence that the SMD parameters are influenced by the structural representations.

Human model Moving SMD model + GRFs, G(f)

A 4 \ 4

Structure models FE Model 1 FE Model 2

\4 \4

Experimental

System Identification of parameters
measurements

\4 \4
Parameters 1 N Parameters 2
Results (fren, Erel) (frE2. EFE2)

Figure 4.1. Schematic overview of the parameter identification procedure, showing the
hypothesized differences, U, between SMD

4.2. Experimental Programme

4.2.1. Structural description

The pultruded GFRP footbridge inChapter 2(denoted as the MBis considered as the
benchmark structure for this stufyigure4.2). In this chapter,ite MB hasincludeda force

plate located at midspan and a stiff foam layer which provides the flushed surface for the
75 mm height of the force platéhis flushed surface was needed for walking experinietats

allow test subjects to not perceive the force plate during walkalg. In turn, the covered MB

hasa mass per unit length of 10kd/m: the mass of the bare structure is 9X§6n [37].

93



Chapter 4Effect of structural representation of parameter identificatfd®MD model

b)

Deck Fibre.-s_..---""7

o

Beam Fibres

Figure4.2. The MonashpGFRP sandwich footbridge: (a) Photograph view of Isamecture;
and (b) Fibre orientations within bridge sections. Stiff foam layer and force plate not
shown.

From Chapter 2, experimental modal analysis (EMA) was carried out to identify theiraodal
natural frequencies, mode shapes and damping ratibe &B. The first mode of the MB is

a bending mode having a natural frequency and damping ratio of 6.1 Hz &addspectively
(following hammer tests). The second mode is a torsional mode with natural frequency and
damping ratio of 10.81z and 1.0% resgectively (following shaker tests). Accordingly, the MB

is excitable by the third harmonic component of common walking frequencies @.g. 1

2.2Hz).

4.2.2. Walking experiments

Following EMA, walking experiments were performed to evaluate the MB responses under
pedestrian excitatiorf89]. The walking experiments based on a larger scale research project,
which details of the instrumentations and procedureprasented ifi39], herein only the key
informationsummarized for brevityAs mentioned, the MB is eered with the stiff foam layer

as shown in Figure 4.3 he force plate was used in [39]: in this study the measured forces from
force plate is not considered.total of 18 test subjectsvhich covers a range of mass from
40kg up to 12kg, participatedin the walking experiments. In each walk, test subjects
traversed the MB at selected pacing frequencies to excite the MB. Each test subject performed

15 acceptable walking trials. During each trial, vertical acceleration responses at mid span of
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the MB wee measured using accelerometers. Tekseaoah inshoe pressure sensor were
used to the time series of footfall ford@9]. From this, acontinuous measured walking force

is obtained by adding the footfall time series of both feet.

Legend E

B Force plate S Caution tape 2 Load celli

°  Accelerometer Foam MDF | N S
. . Ay W

GFRP Footbridge Top View £ 13m
L
E | /. N\\\m\‘\&\\ﬂl
> £ % ~
1.5m 9m 1.5m

\
A>

GFRP Footbridge Side View MDF '\ XPS

| I =

=
=
S

8.7m

2

Figure4.3. Setup for walking experiments. (after [39]).

4.3. Numerical formulations

4.3.1. Finite element representations

The MB was idealized into al FE model and a-B FE model.For the 1D FE model, ten

1-D EulerBernodli beam elements were used to represent the entire MB. Figure 5 illustrates
the D FE model of the MB with the simplyupported boundary conditions. which was
implemented using MATLAB scripts. As it will be described later, a moving SMD model is

also depted inFigure4.5.
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Figure4.4. 1-D FE representation of the MB with a moving SMD model of a test subject (after
[12]).

The 2D FE model of the MB is shown iRigure4.5. The pGFRP sandwich panel deck was
modelled using a single plate element layer. firder sheadeformable tieory is considered

for the plate elements to account the large shear deformation pG#RP sandwich panel

[40]. Each plate element has four nodes, each with three defghe=doms (DOFs) one
vertical translation and two rotational. Representatioih® entire deck (box and flat panels)
was achieved by defining equivalent orthotropic properties to the plate elements. The
supporting ibeams were modelled with-Il Timoshenko beam elements which are
incorporated irbetween plate elements. Element dffs@perties (e.g. second moment of area,

Ixx) were considered to represent the compositelsaon section. Simplgupport condition is
considered at along the edge at both ends of the model. This simplification is justified by the
significantly larger tansverse stiffness (shorter span combined with intermediagztions
between dbeams) compared to the longitudinal stiffness. The additional mass from stiff foam
layer and force plates are considered in the FE model asstnuotural mass onto each {@a

element.
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.

Pinned supports

Line of nodes
correspond to
beam elements

- 2
|beam = |xx + Abeam d

/ 0\

e @

Plate elements

300 900 300

Figure4.5. 2-D FE model demonstrated on the MB. Crgsstional view of model highlighting
locations of beam element$«(i second moment of are@yeami area of beam, and
d eccentricity of beam neutral axis to plate centreline).

4.3.2. Formulation of moving SMD model

To date, formulations of interactive human models dn 2presentation of structures have
been provided only by Emy86] and Mulaset al.[26]. Mulas et al[26] provided analytical
formulations for a bipedal model, which however, the structure model of the as studied
footbridge is constructed from beam and link elements. B&G]gprovided FE formulations

for a moving mass model on al2plate/shell model. Howevethe moving mass model is
fundamentally different to a SMD model as it does not include stiffness and damping
parameters. As discussed earlier, there is no study present in the literature that details
formulation of SMD models on-P FE representation aftructures, which is in essence the

proposed model in thishapter

In this section, the formulations of the SMD model generalized for b&hahd 2D FE
representations of a structure. The human body is a complex system which comprises various
mass, 8ffness and damping properties for different parts of the bodlly [the equation of

motion of the FE model for dynamic analysis is given as

M d+C,d K d N f(x V1) (4.1)
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WhereMy, Cp andK are the mass, damping and stiffness matrices of the structure respectively,
d representshe DOFsof the plate modelN is the global shape functions of the plate model.
As will be neededditer, the first derivative of the shape functions with respect to the

displacement (denoted by subscriptandy) are given as:

N=px)qy’ (4.2)
N, =pi(¥) oy’ (43
N, = p(3) ()" (44)

wherep(x) andq(y) are the Hermite polynomials that represent shape functions of the plate
(derivatives denoted witlRjuperscript) irx andy-directions respectively. In the FE model,
the Hermite polynomials in thedirections is excluded, which leaves th® Ehape functions

[18].

The moving SMD model has a point contact with the FE model that is maintained throughout
its movement. Thenteraction force at the point of contd¢k,y,?, is described as a sum of two
forces: (1) the walking GRF of that person from a-mdmating surface, and (2) the GRF
generated by the persondés SMD model wvehen ex
f(x,y,) can be written as [18]:

Fxy)=G0) +Glz ¥ ¥z ¥ (45)
Wherew and’O are the displacement and velocity for th® 2nodel respectivelyz andz are
the displacement and velocity of the SMD model respectivEihe magnitude of the nen
interactive force componeng(t), can be described using a harmonic force to represent the
nearperiod nature of walking forc¢44]. For a harmonic representation, the magnituds(f

can berepresentedly a Fourier series expressed as:

G() =W, & ,_ /1 COos (2Kt + ) (4.6)
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whereWp =mpygi s t he s ubmeamrdyg ars thewelkey mass and gravitational
acceleration respectiveliy, is the pacing frequencyijs time; andi is the dynamic load factor

(DLF) for thekthharmroni ¢. For this study, Yod2hfgst dynan
four harmonic of human walking frequencies are used. The phase &ngieeachkth

harmonic is taken as zerd/hen only the notinteractive force is considerede model is in

essene the conventional moving force (MF) mod&ime-step analysis is performed using
Newmarkb integration method//orth noting, the MF model is the namteractive component

of Equation 4.8.

The displacement and velocity of the FE model in Equation 4.be@xpressed using shape
functions in Equation 4.2:

w(x, y, )= Nd (4.7)
From which the velocity is obtained by differentiatigiyen as:

W(X, Y, t):ﬂv\{( 4_‘:‘/\4/ ﬂ (48)

KX t}
wherevy andvy are the velocity of the SMD model in tkeandy directions respectively. The
terms of the partial derivatives are given based on shape functions and deflections, which are

written as:

Wond; MWong; Pong (4.9)
MX Ky it

Using the derivatives defined in Equatiods3] and 4.4), each term within the interactive
force in Equatiori4.5)can be expandedhen, Equation (4.9) is substituted into Equation (4.5),
which is written as:

f(x,y,)=G() [z N,yd Nyyd Ndjf K #Nd (4.10)
Substituting Equatio.10) into Equation4.1) yields the equation of motion of thel2FE

model, which can be written as:
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Md+g, €N'N @ N'cz NTkz K§ &N,y N v NN+ g7 6) (411)
Notethe terms with respect to d and itsderivativescan be collectedimilarly, theequation
of motion of the SMD modelanalogous to Equation (4.1) afadlowing Filho [47] and Rieker

[48], becomes:

mz+gz+kz -Nd (N, y &,y Ne 0 (412

Both Equations (4.11) and (4.12) can be coupled so can be better expressed as follows:

M, 0 @ aeC,+cN'N N'c, e 0

€0 m U, € N ui tu

é b 12 ye "G G v vy (413
&K, +cN'N,v, NN v, kN'N NIk e 0 éN'G(t) |
é VIR
6 -¢,Nv, -¢N v, kN k. @Zyi O

When the person leaves the structure, the global shape functions and deridatisen(Ny)
are populated by zeros and the Equatt3) reduces to free vibratioproblem of the 2D
structural modelFor the 1D FE model, thé&equation (4.13yeduces to a-D representation

when the terms with subscriptaire populated by zeros.

For a SDOF system, the SMD model represents humans wighrgigs i.e. massy,, damping,
Cp, and stiffnessko,t hat are coupled to the structureos
respectively.For this work, SMD parameters are expressed as the n&rgakency,fn and
damping ratiogp, of SMD modelwhich are related to the SDGHffness k, and dampingg,

respectively. Thesare calculated as:

c, =4pm, f, X% (4.149)

k, =4p°m, f, (415

To verify the correct implementations of the numerical formulations,Davirtual bridge

model from[18] is replicated using the-B FE model. With the available bridge properties,
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the first natural frequency of the B9spanning bridge (Bz) was replicated using the2 FE

model using ten and two elements modelled along the length and width (a unit mdtje widt
respectively. Subsequently, a single pedestrian walking was simulated as the moving SMD
model on the 2D FE model of the virtual bridge. Using the identical SMD parametdfis3in

(mp = 73.85kg, ko = 14.11kN/m, andcp, = 612.5N s/m), identical accelation responses was

achieved, thereby verifying the accurate implementations of the SMD formulations.

4.3.3. Updating of FE models

Before parameter identification procedures, the modal properties of Hotantl 2D FE

model are reconciled to accurately maticl measured natural frequencies. For the MB, the
first mode is the dominant response mode, which is excitable by the third harmonic of normal
pacing frequency ranges (1.2.2 Hz) [41]. Since the-D FE model does not capture torsional
modes, it is reasmble to only consider the first natural frequency to have exact maieh
response of higher natural frequencies will not significantly affect the results of parameter
identification procedure. To this end, the stiffness parameters of both modelguatecatb

match the first natural frequency of 5.62 étztained from Chapter. Zhe mass and damping
parameters of both modelre not adjusted simply because they follexperimental

measurements

For the 1D FE model, the bending stiffness (EI) wagsdated, using the natural frequency as

the target of updating. It was found that the bending stiffness had to increase from 7.39 MNm
to 7.69 MNn7 to give the matching natural frequency of 5.62 Hz. For {BeRE model, shape
descriptorbased model updaitj is employed to reconcile its stiffness parameter. According to
[48, 49], it was found that the MB exhibits an asymmetric longitudinal stiffness between both
sides of the MB which in turn resulted in asymmetric mode shape features. This localized mode

shape behaviour was not captured via the conventional updating approach that was based on
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the Modal Assurance Criterion. For this reason, ti PE model was updated to using the
shapedescriptormethod in Chapter Since the longitudinal bending stiffnestthe MB is
mostly contributed by the stiffnesdoeami about 90% of the transformed second moment of
area- the second moment of area, |, of the twbebms is updated to match the natural
frequencies. On matching the first natural frequency, tharsggaralue of second moment of
area for both-beams are 165 x 106 mm4, which are updated to values of 140.3 x 106 mm4
and 256.3 x 106 mm4 for eackbéam respectively. This is consistent with results from
preceding study, which considered the elastic mexlak the surrogate to stiffness to update

the 3D FE model of the MB [48, 49].

4.4. Application of Numerical formulations

4.4.1. Walking simulations

Figure4.6 shows a typical aeleration response from theLRFE model simulated using the
moving SMD model. The following features of the numerical models were considered in the
walking simulations:
1 The mass parameter of the SMD moaa,was set equal to the full mass of the test
subjectsfollowing [13, 24]).
1 Damping of both FE models is considered Rayleigh damping for damping ratio of 0.6%
(following measurements from Chapter 2).
1 The traversing speed of the SMD modeinFigure4.4) is taken as the average speed
from the 15 acceptable walks, following [40].
1 The SMD parameter®atural frequency, and damping ratiay ) for test subjects are
taken based of37].
The rolling xs root mean square (RMS) accelerations are showigure 4.6 as envelope

lines alongside the accelerationgesses. As can be seen in Figure 8, the presence of the SMD
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model reduces the acceleration responses of ther#&ing it closer to the measurements

compared than those from the MF model.

—— SMD model
“ l l —— MF model

2 [ m&""'-- 1
IO

Acceleration (m/sz)
o

_6 1 1
0 5 10 15
Time(s)

Figure4.6. Typicd acceleration time history from numerical simulations eD FE model
(Test subject 1). The-& RMS acceleration envelope for both models are marked by
bolded envelope line.

4.4.2. Analysis of results

Table4.1 andTable4.2 summarizes the maximums RMS acceleration for the combinations

with the Fourier seriesofce and measured walking forces respectively. The maximem 1

RMS accelerations from measurements are reported as the average among the 15 acceptable
walks. The difference between the maximura RMS accelerationsp are given as ratio of

numerical simudtions to the measured acceleration.

As can be seen ihable4.1 andTable4.2, the SMD model give lower responses than the MF
model and are in closer agreement to measurements. Interestingly, the acceleration responses
of the 2D FE model of the MB is uniformly lower than theDLFE modeli indicated by the

lower mean difference tthe 2D FE model. Since the number of DOFs between both FE

models are different, this means that the mass and stiffness matrices of each model are
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inherently different in order to achieve the identical natural frequency. (@s6Rayleigh

damping is cosidered in both models, the proportional damping matrices in-Deplate

model are different due to different number of DOFs of the mass and stiffness matrices. In turn,

the representation of the damping ratios (e.g¥@f6ér first mode) in both modetse explicitly

different. In addition, the model combinations that uses the measured walking forces as the

GRFs gives lower responses than those using the Fourier series harmonic forces. This is likely

due to the different DLFs of the harmonics of the msas walking forces compared to the

Fourier

ser i

es

har moni c

force

(using Youngos

Table4.1. Comparison of maximum-& RMS accelerations between simulated and measured
results for all test subjecisising a Fourier series force as GRFs (up to four harmonics,

Units in m/g)
1-D model 2-D model

TS Measured MF qome SMD qbswo MF  m@bome SMD  @p,svp
1 0.72 2.68 3.70 1.09 1.50 2.53 3.50 1.10 1.52
2 0.93 2.27 2.43 1.18 1.26 2.13 2.28 1.15 1.23
3 0.45 2.03 457 1.19 2.67 1.86 4.18 1.13 2.52
4 0.40 1.39 3.44 1.37 3.40 1.36 3.36 1.21 3.03
5 1.14 2.12 1.86 1.21 1.06 1.92 1.69 1.15 1.01
6 1.42 2.65 1.87 1.29 0.91 2.12 1.50 1.04 0.74
7 0.55 2.35 4.29 1.20 2.19 2.29 4.19 1.17 2.13
8 1.03 3.07 2.99 1.06 1.03 2.96 2.88 1.06 1.03
9 0.93 1.64 1.78 1.33 1.43 1.56 1.69 1.21 1.30
10 2.17 3.07 1.41 1.12 0.52 2.81 1.29 1.02 0.47
11 1.08 1.87 1.73 1.24 1.15 1.71 1.59 1.12 1.04
12 0.87 2.28 2.61 1.14 1.30 2.09 2.39 1.10 1.26
13 0.81 1.55 1.91 1.35 1.66 1.45 1.79 1.19 1.47
14 0.74 1.83 2.47 1.26 1.70 1.71 2.31 1.16 1.56
15 0.56 1.55 2.76 1.30 2.32 1.45 2.59 1.17 2.09
16 0.90 2.23 2.48 1.20 1.34 2.14 2.37 1.18 1.31
17 1.74 4.66 2.67 1.02 0.59 455 2.61 1.00 0.58
18 1.35 3.30 2.44 0.96 0.71 3.02 2.23 1.01 0.75

Mean o 2.63 1.49 2.47 1.39

CcoVv” 0.34 0.51 0.35 0.49

*: coefficient of variation, ratio of standard deviation to mean.
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Table4.2. Comparison of -5 RMS accelerations between simulated and measured results for

all test subjectsusing fulktime measured walking forces frd80] (Units inm/s%)

TS Measured 1D 2D
MF oqobome SMD qoboswo MF g@pome SMD  @p,svp

1 0.72 1.01 1.39 0.77 1.06 1.01 1.40 0.76 1.06
2 0.93 1.88 2.02 1.11 1.19 1.81 1.94 1.10 1.18
3 0.45 0.65 1.47 0.47 1.05 0.61 1.37 0.45 0.99
4 0.40 0.46 1.13 0.43 1.07 0.42 1.05 0.40 1.00
5 1.14 1.52 1.33 0.97 0.86 1.30 1.14 0.89 0.78
6 1.42 1.40 0.99 0.85 0.60 1.24 0.88 0.82 0.58
7 0.55 0.80 1.45 0.51 0.94 0.82 150 0.52 0.94
8 1.03 1.05 1.03 0.62 0.61 0.98 0.95 0.57 0.56
9 0.93 1.32 1.43 1.17 1.26 1.31 1.42 1.17 1.26
10 2.17 3.26 1.50 1.25 0.57 2.78 1.28 1.25 0.58
11 1.08 1.04 0.96 0.67 0.62 0.85 0.79 0.63 0.58
12 0.87 0.96 1.10 0.72 0.82 0.88 1.01 0.67 0.77
13 0.81 0.85 1.05 0.79 0.97 0.83 1.02 0.78 0.96
14 0.74 0.54 0.73 0.45 0.61 0.47 0.64 0.40 0.55
15 0.56 0.65 1.16 0.60 1.07 0.62 1.10 0.55 0.98
16 0.90 1.53 1.69 1.00 1.11 1.49 1.66 0.97 1.08
17 1.74 412 2.36 1.23 0.71 3.97 2.27 1.27 0.73
18 1.35 1.55 1.15 0.68 0.50 143 1.06 0.68 0.50

Mean 1.37 0.88 1.29 0.84

CcoVv” 0.31 0.28 0.33 0.29

*: coefficient of variation, ratio of standard deviation to mean

The results iMTable4.2 show that the SMD model gives overall closesederation predictions

to the measured responsasen considering the measured walking force as the GRFs (mean

closest to unity)One possibleéeason is that the adopted DLFs of the harmonic forces can be

di fferent

(Youngos

DLF)

S

nce

t he

vi brat.

(this is second phenomenon of HSI known as strug¢bsleiman interaction, S2HI).

Interestingly, the dference of meampbetween 1D and 2D models (evaluation within table)

are smaller than those between different GRFs (evaluation between tabigshdicate that

the differences in walking simulation responses (for the same GRFs) are not significzztht in

FE representations.

105

ng



Chapter 4Effect of structural representation of parameter identificatfd®MD model

4.5. Identification of SMD parameters

4.5.1. Identification procedure

The parameter identification procedure is an iterative procedure that calibrates the SMD
parameters while minimizing some target metric. For this work, the target msetaicen as

the least square error (LSE) of thes RMS acceleration envelopbstween measured and
simulatedacceleration response&s a comparisongther studies considered different target

metrics in their identification procedure e.g. the acceleratsponses of the pelv[80],

frequency response functions of structid®], and di spl ac e me-offmassf t he

[31]. The LSE of s RMS a&celeration responses is calculated as:

LSE=—4 (@, -a.(D)’ 419

whereaexp andasim arehe time histaes of the s RMSaccelerabn from measurements and
simulationsrespectively n is the number of points through the time history series of the
envelopes, taken as constant (for paired measurements and simulations) based on the traveling
speed of the test subjedirom the 15 acceagble walks recorded for each test subject, an
average envelope of thesIRMS acceleration time historyteken asexpin Equation 4.16).

To ensure convergence of SMD parameters;onstrained range is considered to allow
parameters to varifthe ranges foi, andsp are set to 0.5 to 5 Hz and 15 % to 70 % respectively.

The maximum ranges of thparametemre based on values proposed in the literatboe

example, the value &f andsp can be up to 5.74 Hz [50], and 55% [9, 41, 50] respdygtive

The walking simulation is performed in each iterative step of the parameter identification
procedure. The assumptions of walking simulations are analogous to those outlined in Section
3 and 4. The walking simulations and iterative procedure are writt®dhAIRLAB scripts.

During each step, thémincon function is used for the constrained optimizatidrhe

optimization completes when the incrementfénd 3p in subsequent steps are reasonably
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small (i.e. 0.1% of the previous ste@n initial sensitivitytrial of starting parameters.€.
increasing and decreasirthe starting values intentiond)lyis performedprior to each
identificationattemptdo ensure a global convergence solution is achieMeel sensitivity trial
showed that the identification gredure for all test subjects can achieve convergence (i.e.

solution forf, andsp are unique for each test subject).

Worth noting,the identification procedure can include other parameterg. the traversing
speed and magmrameter. Whiletiis likely thatincreasing the number of varying parameters
will better optimize the target metric, increasing the number of variables will affect the
information entailed bfp and3y (e.g. natural frequency is dependent on both mass and stiffness
parameter)Without increasing the complexity of the optimization problem, the identification

of fp and3ay are sufficient for the basisof HEli . e. adopting Einsteinds

4.5.2. Results ofidentified SMD parameters

The identification procedure is performed using beth &nd 2D FE model of the MB, with

the Fourier series harmonic force as the GRFs of the SMD nféidete 4.7 shows the I

RMS acceleration envelopes of SMD model with the starting (initial) and identified (final)
parameters for the-R representation of the MB. As can be seeRigure4.7 the amplitude

of the envelopes matched closely with the measured envelopes using the identified SMD
parameters compared to the starting SMD parameters, e.g. test subject 3. However, close
inspection reveals difference in the time of peaks/beh the measured and simulated (final)
envelopes e.g. see responses for test subject 6 and 18. The mismatched peak time is affected
by the traveling speed of the SMD model. The identification procedure can include the walking
speed to match the peak &mf the envelopes, where however, this is not considered for the

aim of this work.
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Figure4.7. Comparison of the-& RMS acceleration response envelope & PE model of the MB, using SMD model with initial (green line)
and final (blue line) SMD parameters. The measured envelope of each subject (red line) is obtained from the mean ofithual5 ind
envelopes from the 15 walks (black dashed lines), with spread of envelopes shown as grey region.
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