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Abstract

Accelerated bridg construction methods are bejprpgressively used to construct aeglace

bridges in North AmericadJnlike traditioral bridge construction methods;celeragd bridge

construction metbds allow bridges to be built in a shoreiperiod of time @ the construction site
These methodseduce the road closure time and the traffic disruption that are associated with bridge
constructionOne of thesenethods icaried outby prefabricating the bridge elements offsite an

then assembling theomsite in a timeefficient way to build the bridgé&his construction method can

be used to build ste@recast composite bridges, where steel plate girders are connectibaiapth
precast concrete deck pandisrthe expeditiousconstruction oEompositebridges, aproper shear
connection detaik needed to develop composite action betweestdrplate girders and the

precast concrete deck panels

This research projedhvestigatedwo types of shear connectitimat wouldaccelerate the

construction of stegbrecast composite bridges. First, finite element analysis was used to study the
behaviour of composite bridge girders with panel end conneclitiesgirders wereralyzed for

their loaddisplacement behaviour, cressctional stress and strain profigd connection force
distributions Secondly, experimental push tests were conducted to study thslilmdeghaviour of
bolted connectionshe effects obkteelconaete interface conditigrbolt diameter and bolension on

the shear capacity of bolted connectiarese analyzed.

Based on the finite elemeabalysis results, it is concluded that the panel end connected girder
exhibited strong composite action atrsge and ultimate loadlhe level of composite action

decreased slightly en thepanel endconnectiorstiffnesswas reducethy a factor of ten

Based on the experimental resduiltss concluded that thetal shear gaacity of the bolted
connectionis the sum of the friadin resistancand the bolt dowel actioresistanceThe friction
resistance of the connectidepends orhieinterfacecondition and the bolt clamping foro&n
analytical model that can predicethltimate shear capacity bbltedconnections has been
developedand recommendedhe proposed mod& shown to give reliable predictionstbi
experimental result$t should be noted thdiblted connectionexhibitgood structural redundancy

becausé¢he bolt fracture failures daot happen simultaneously.
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Chapter 1

|l ntroducti on

In North Americatransportation officials are currently fag a significant cost in repairirend

repl aci ng t h eAccordirgitodhe Gort Bridging theeGER0D08] published by the

American Association of State Highway and Transportation Officiala | most hal f of Ame
bridges would be over 5@wgrs old within the next 15 yeafdne in fourbridges are currently rated as

structural deficient and an estimated cost of $140 billion is neede@ao or strengthen them

[American Association of State Highway and Transportation Offi@g@@8] In Canada, it is

estimated that over 40% of the bridges are over 40 years old and a backlog of $10 billion is needed to
maintain, rehabilitate or replace thgNewman and Sennah 201Tfaditional bridge rehabilitation

and replacement methods can be very tioressauming and cogstl Therefore, new bridge construction

and replacement methods need talbeeloped

Accelerated bridge construction methads beingorogressively used to construct aeglace
bridges in North AmericlNewman and Sennah 2Q1Unlike traditional bridge construction
methodsaccelerated bridge construction naih allow bridges to be built e shorterd periodof
time. These methods reduceadclosure time anttaffic disruption In other words, theyeduce the
road usedelaycost thais associated with bridge construction or replacemedeleratel bridge
construction methods have been recendlgd to address some of the mounting bridge repair and

construction backlofNewman and Sennah 2011]

One of thesenethods isarried outby prefabricating the bridge elements offsite dimnen assembling
themonsite in a timeefficient way to build the bridg&Vhen steel plate girders are assembled
together withfull-depth precast concrete deck panalsomposite modular bridge system isried.
Fortheexpeditiousconstruction ok composite modular bridge proper shear connection detail
needed to develop composite action between the steel plate girders and the precast concrete deck

panels

This research project wasnductedo invesigate two types of shear connectidhat would enable
the accelerated constructionstéelprecastomposite bridged-irst, finite element analysis was used
to study the behaviour of composite bridge girders with panel end conneSémosdly,

experinental push tests were conducted to study the $tipdbehaviour of bolted connections.

The following sections presetite objective®f this research projeandan outline of this thesis.

1



1.1 Objectives

The purpose of this research project was to exastirear connections that would accelerate the
construction of stegbrecast composite bridgekhe specific objectigs of this research project are

listed in the following:

9 conduct finite element analysis amodularcomposite bridge girders with panel end
connectionsanal yze t he logdidisptheementthehawoenossdedtional stress

and strain profileand connection force distributiagns

9 designapush tesprogram to study the loaglip behaviour of bolted connectiohstween
steel girder ang@recast concrete deck panelary the test parameters bblt diameter, bolt
tension and steeloncrete interface conditidn study their effects on the shear capacity of

bolted connections;
1 performpush tegin the laboratoryand examine theonnectim failure mechanisms

1 analyze the experimental results of fhesh test examinethe effects ofthetest parameters
on the bolted connection behavipandpropose analytical models that are capable of

predicting the ultimate shear capacity of bolted emtions

1.2 Thesis Outline

This thesis consists of seven chapters. Chapter 2 pred@atatare revigv on the methods of
acceleratedbridge constructionrad replacement. Fiviypes of shear connections that would
accelerate the construction of stpetcas composite bridges are also discussed in this chaptese
shear connections include grout pocket shear stud connections, panel end connections, bolted
connections, friction connections and shear lug connectaradytical models of shear strength in
bolted connections amdsopresentedo further understand the shear transfer mechanism of bolted

connectios.

Chapter Jresents the finite element analysis that was conductedmposite girders models with
panel end connectionBirst, the finite elerent models are described. Secondly, the finite element
analysis results are presented and discussed. The analysis resultsthecljiddedoad-displacement

behaviour, stress and strain profiles and connection force distributions

Chapter 4 presents tlegperimental study that was conducted on bolted conneclibegest
program and thpushtestspecimens are described. This chapter also describesribeete raterial
2



propeties andhe specimerfabrication procesdvoreover, { documents the test setispecimens

instrumentation and test procedsire

In Chapter 5the experimental resultbtained bytesting 13 puskest specimenarepresented and
discussedThese results apresentd in the form of loaeslip curves and loadtrain curve as well as
photacs that illustrate thé&ilure mechanismd$Results from the compression testing of concrete

cylindersarealsopresented in this chapter

In Chapter 6the experimental results of the 13 push tests aestigated and analyzedhd effects

of the vared test parameters are presented and discussed. These parameters include friction
enhancing surfaces, bolt diameter and bolt pretension. This chapter also analyzes the factors that
affect the slip load anthe peak load of the specimensconcludes by mposinganalytical models

that are capable of predicting the ultimate shear capacity of the bolted connections

Chapter 7 presents tieenclusions of this thesis and the significant findings of this research pibject
alsopresentsherecommendationfor future workthat wauld further advance the stavéknowledge

of shear connections for stgmlecast composite bridges.



Chapter 2

Literature Revi ew

This chapter provides literature revier on the methods of accelerateidge constructionral
replacement. Itlao includesa discussion on the various types of shear connedtahsvould
accelerate the construction of stpedcastompositebridges.Analytical modeldor shear strength in
bolted connectionarepresented to further understand thechanic®f bolted connections.

2.1 Accelerated Bridge Construction and Replacement Methods

Transportation officials in Canada and in the USA have peagressivelyusingaccelerated bridge
construcion methodg§NewmanandSennal2011] Compared t@wonventional bridge awstruction
methods, the accelerated bridge construction odstlallow bridges to be built s shorteed period

of time. These methods would reduce the road or lane closure time that is needed for the bridge
constuction orreplacement to take plad&henroad or lane closure time is reduced, traffic
disruption and congestion can be minimizBdsides reducing the road user delay timethad

vehicle carbon emissions, the accelatd&edge constructiomethods can also improve construction
site safetySatfety is improved for the construction workers because wyd have spenliess time

in the construction zontat is near the traffic flow.

As mentioned above he of the key reasons to use the accelerated bridge construction methods to
build bridges igo reduce the road user delay cost. In many urban areas, the cost associated with the
traffic delay from bridge construction can be significant. Heang,increase in the construction cost
due to the use of the accelerated bridge construction methote offiset by considering the road

user cost saving that is associated with these methods.

Two types of accelerated bridge constion methods are available in the North American
construction industry. One of the methdsl$o constructhe entire bridgsuperstructureffsite and
thenput the superstructure-place onsite by using healifting technology. The other method to
accelerate bridge constructiondisne by prefabricating tHeidge elementsffsite and then assemble
theelements onsite in ane-efficient way to build the bridge. Each of these twethods is described

in detail in the following two sections.



2.1.1 Construction with Heavy-Lifting Technology

Accelerated bridge construction can be done hhvylifting technology such as the sqdfopelled
modular transporters (SPMTSs). For the projects involving SPMTsieiwdridgesuperstructures

typical constructedn temporary supports a staging aretinat is avay from the construction site.
Once thenewbridge superstructure has been cariterd offsite and thsubstructure has been built
onsite, the SPMTs can lift the superstructure up from underneath and transport it to its permanent
location that is on top of the substructure. In the case of bridge replacement projects, additional
temporay supports at the staging area are necesédiigr the existing superstructure has been
separatedrom the substructure, it can be lifted to the staging area aoffisitplacedon top of

additional temporary supportsh@ new superstructuoan then beifted in place onsit@n top of the

substructure as part of the rapid bridge replacement process

The accelerated bridge canstion methodnvolving the use ofhe SPMTs typically requireroad
closure overnight or over the weekefithe construction wdrthat has to be completed onsite
includes the operation efcavating, lifting, backfilling and paving hese operations argpically
short enoughwhere they cabe completeavernight or over the weekent@iherefore, road closure

can be minimized usinthis accelerated bridge construction method.

The Ministry of Transportation of Ontario (MTO) hadccessfullycompletel the rapid bridge
replacement process at the Island Park Drive Overpass in 2007 and at thAvelyde Overpass in
2008[Vachon andslam2011] Both bridge replacements were complelgdusing the SPMTand

they were completeith 17 hours and in 15 hours, respectivéfiythe conventional bridge replacement
approach had been used for these projduey, would have lasted at least tyears on the highway

of Ottawg Ontario.Therefore, construction work on the highway was significantly reduced by using
the accelerated bridge replacemergthod. The MTO had estimated that each of these projects had

resulted a net comnsiction saving 062.4 million [Vachon and Islam 2011]

In the USA, he Utah Department of Transportation (DOT) had also successfully use the rapid bridge
replacemeninethodto replace the 4500 South Bridge in Salt Lake City in Z@0dani et al., 201p
By using SPMTs,he replacement was done in one weekdfthe conventional bridge construction
method was used, the construction impact on the motorist was expected to last fosr Hemth,
traffic disruption andongestion wamitigatedwhen the accelerated bridgel@ecement method was
used. The Utah DOT estimated that the construction cost of the bridge increased by $0.81 million due
to the use of the accelerated bridge constructiethod[Ardani et al., 201p Howeverthe DOT
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economic analysis suggested thatribeed users saved $3.24 million due to the accelerated bridge

construction and the mitigated user delay cost.

The SPMTs are computer controlled mualkile platform vehicles that can lift and move bridge
systems weighting up to several thousand fblesvmanand Sennah 20]11Their exactveight
capacity depends on their wheehfigurations. They have been used extensively to lift and move
heavy equipment and structures for the petrochemical and offshore indidénasan and Sennah

2017. Figure 21 shows BMTs underneath a bridge superstructure.
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Figure 2-1: Self-Propelled Modular Transporters underneath a Bridge Superstructure

2.1.2 Construction with Prefabricated Bridge Elements

Acceleratedridge constructio can also be done by using prefabricated bridge elenwhem this
construction method is used, bridge elements are prefabrioaetksignated facility, such as a steel
fabrication plant om precast concretglant. Once the elemerdse prefabricatedhey can be shipped

to the construction site for quick assembling to build the briBgzper joint details have to be
developed in order tefficiently and effectively assembike bridge elements togetherdonstruct

the bridgeThis construction metid can be used to build a brand new bridge as well as replacing an

existing bridge. It can also be used to rehabiligatexisting bridge by replacing the deteriorate



bridge components with brand new prefabricated bridge elenMot®ments of the bridgelements

in the construction site are typically achieved by using cranes.

Short termroadclosureor lane closure isecessaryhen replacing or rehabilitating an existing

bridge by using this accelerated bridge construction method. The closure obradfic lanes are

needed to allow the bridge construction to take place as bridge elements are assembl&dooksite.

on the construction site would be effectively reduced when prefabricated bridge elements are used to
build the bridgeOnsite construgn work such as formwork placement, reinforcing steel placement,
concrete casting and formwork removal can all be eliminated when prefabricated bridge elements are
used.In other words, the use of the prefabricated bridge elements would reduce the onsite
construction time and speed up the construction proBgsspeeding uphe construction onsite, the
duration of the road closure or lane closure associated with the accelerated bridge construction
method would naturally be shorter than the ones assdaiatie the convention bridge construction
method. The actual duration of road closure or lane closure depends on the sizbratdgke

replacement and rehabilitation project.

Besides reducing the onsite construction time and accelerating the briggeiction, the use of the
prefabricated bridge elements also present segtrat benefitsWhen work on the construction site
has been reduced by using prefabricated bridge elements, the environmental impacts on the
construction site can be reducélbing prefabricated bridge elements can also increase the quality
control of the materials because these elements are made in a controlled facility such as a precast

concrete plant.

The prefabricated steel elements of the bridge are typically asseontsiéeby using bolts or welds.
Examples of these elements include plate girders, arch members and truss rriarnbetsast, the
precastconcrete elements of the bridge can be assembled onsite by using grottengioning or
castin-placed concrete closupmurs.Examples of precast concrete elemémttude fulldepthdeck
panels, prestressed concrete girders, piers, abutments, barrier walls gwdlijylram and

Tharmabala 2071When the prefabricated steel elements are assembled together with the precas
concrete elements, a composite modular bridge system is formed. The composite modular bridge
system typically consists gteelplate drdersandfull-depthprecast concretgeck panelgFigure 2

2). The most common way to connect the plate girdersaaléitk panels is by using shear studs in

grouted pockets.



precast concrete T -
deck panel : -

steel plate girders

Figure 2-2: SteelPrecast Composite Bridge

As part of aron-going effort to accelerate bridge construction in Ontatie, Ministry of

Transportatin of Ontario (MTO) had constructélte Little Savanne River Briddey using

prefabricated bridge elemerjtsam andTharmabal&011]. Seel plate girders and fullepth precast

concrete deck panelgere usedo acceleratéhebridge constructionThe Little Savanne River Bridge

was constructeth 2005by using 20 precast concrete deanels that were made compositéhesix

steelplate girders. The deck panels consisted of precast pdokatewthe placement ajroups of

shear studsThe shear studseveplacedin the pockets and weldedn t op o fflangbse gi r der s 6
Composite action was achieved wleamcrete mixture was used to fill teeidpocketsBased on a

proof load test conducted by the MTOZ806, the structural performance of the Littlee&ane River

Bridge was excellent and better than the predicted theoretical résutisahd Tharmabala 20[L1

As mentioned in the first paragraph of this section, the accelerated bridge construction method can be
used to rehabilitate an existing bridgerbplacing the deteriorate bridge components with brand new
prefabricated bridge elements.the USA, his method has been useddmyveral staDepartmert of
Transportation to replaaeteriorated bridge deckd.S. Department of Transportati&\WA

2011]. The deteriorated decks were replaeatth full-depth precast concretieckpanelsand these

new panels were made composite with the girdgnssingshear studs in grouted pockelbe grouts

used in the accelerated bridge construction project wesigrdel to provide high early strength that

would reduce the curing time.

2.2 Shear Connection Types

As mentioned in the previous sectioncelerated bridge construction can be achieved by using

composite modular bridge systefproper shear connection déiaineeded to develop composite
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action between the steel plate girders and thedfith precast concrete deck panels for this system.
The following sections preseseveral shear connection details that can be used to connect the steel
plate girders tdhe precast concrete deck panels. A literature review on the shear stud connection
which is commonly used itihe conventional bridge constructiois,also included in the following

section for comparison purposes.

2.2.1 Conventional Shear Stud Connections

Shear stud connection is the most commonly used type of shear connection in conventional composite
bridge constructionThe studs are welded ¢op of the girder flangasing a weld gun. Stud welding

can be done either in the field or in the shop. In cotieeal bridge construction, the studs are spaced
continuously along the span of the bridge rather thaarge intervalsThis construction method

requires a extended periodf time to complete because time is required for onsite formwork

placement, reiforcing placement, slab casting, slab curing and formwork removal. The shear studs
would be embedded in the concrete after the slabs are cast on the construcidinesitae concete

are hardened, the studs woblelar against the concrete and they wdaé able to transfer the

horizontal shear force at the steehcrete interface.

The strength of the shear studs needed to transfer the horizontal shear force attbasttel

interface has been established from experimental[@8tgmard et al1971. Basel on the test results,
empirical formulasave been developed for calculating the resistance of the welded shear studs. Tests
have shown that the height of the stud must be at least four times the diameter of the stud in order to
develop the fli capacity of the shear connector. Therefore, this condition has become part of the

shear connectatesign requiremestvritten in the Canadian Highway Bridge Design C{RR06].
Clausel0.11.8.3of the Canadian Highway Bridge Design Code spedifiashefactored sheastud

resistances thelesser othe following two equations

A ™" 6 QO (2.1)
RN oT0d (2.2)

whereq; is thefactored shear resistance of a welded shear'sftid,the sheaconnector resistance
factor,Aqcis the cross section area of one shear stud connégisrthe specifiedompressive
strengthof concreteE. is the modulus of elasticity of concrete dhds theminimum tensile strength
of the stud.



Equation 2.1 is &ised on test results and it represents the failure mode of concrete cr@dlgagr{l

et al. 197). When the capacity of the shear stud connection is eglatite concrete adjacent to the
studs may failed by crushinghe other failure mode of the shetudsconnection is stud fracturing.
Stud fracturing may occur after thensile capacity of thstud has been exceeded. Equation 2.2 forms

an expression to calculate the tensile capacity of the stud.

2.2.2 Grout Pocket Shear Stud Connections

The most common &y to connect theteelplate girders to thprecast concretgdeck panels is by

using shear studs in grouted pock&ather than spacing the shear stomistinuously along the span

of the bridgethegrouted pocket shear connectidmvethe shear studselded in groups on top of

t he gi r déd&hegrdups of sheagstuds are spaced at relatively large distancanaipduir
locations coincide with thfull depthpocketsin the precast pane(Eigure 23). After theconcrete
deckpanels arg@laced m the girders, the pockets are grouediteto form the shear connection.

Once thgyroutsare hardened, composite action is achieved. The groups of shear studs would bear
against the hardened grout mixtutesransfer the horizontahear force at thaeelconcrete

interface.

Figure 2-3: Precast Concrete Deck Panels with Grout Pocketé§m and Tharmabala 2017

Huh et al. [2010tonducteda series of laboratory tests to confirm the effectiveness of skiéting
composite action achieved by using the grout pocket shear conneEtonsomposite girdersvere
constructed and they were subjected to extensive cyclic loading followed by ultadtests.The
test results demonstrated that the performahtigese connections wouttbt be affected by the
cyclic loading.The slope of the loadeflection curves remained consistent throughout the entire

cyclic load tests. The test results also demonstrated thatabsections could achieve the same
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level of composite action that was developed in the cotiweal shear connection systeras,he
measired longitudinal strains ovéne depth of the girders confirmed that full compositeoactiould

be achieved

The grout pocket shear connections requirauieeof field grouting to connect the steel plate girders
to thefull depth precast concrete deck panélse useof field groutinghasdrawbacksven thougtit
enablstheaccelerated bridge construction of composite bridgestly, field grouting is expnsive

and labour intensiven the construction sit&econdlycomposite action is not achieved utiié

grout haured and attainetthe adequate compressive strendthother words, the bridge
construction duration is dependeamtthe grout curing tira as well as other factorsinally, the

grouting operation creates a permanent connection between the steel plate girtterpeswhst
concrete deckshe creation of a permanent connectiogakes deck replacement more difficult in the

future.

2.2.3 Panel End Connections

Bowser [2010] developed the conceaptpanel end connections ftire construction of portable steel
precast composite bridgelRo fabricate these connectiomgsisseted bearing platemuld be weldd

ontop flangeof thesteel girdeand theprecastoncrete panels would be fabricateith a steel

embed assembly that consibtef shear studs fastenedsteel angle¢Figure 24). Thegusseted

bearing plates were used to facilitate the connections between the precast concrete deck panels and
the steel plate girders. Once tha&nels were precast, they could be bolted to the bearing plates onsite
to construct the ste@recast composite bridgBigure 25). The shear loads from tleencretedeck

panels would be transferréal the steel bearing fks at each panel end.

To enable composite action between the deck panels and the steel plate girders, the painel ends
these connectiorshould be tightly connected to the gusseted bearing p&ttés. construction

tolerance in the longitudinal diréen should be used to ensure that the panel ends would be tightly
connected to the bearing plat&totted holes were proposed at the panel ends of these connections to

provide the necessary geometolerance in the transverd&ection.

The proposedeingth of the precast camte deck panels was three mstia other words, the panel
end connectionwere spaced three nmet apart. This spacing wouldpically be larger than the
spacing of other shear connections; therefore, the panel end connectluts\@ad to transferlarge

amount of shear force at each of its location
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Figure 2-4: Steel Embed Assembly (Top) and Precast Concrete Deck Panel (Bottom) for Panel
End Connections [Bowser 2010]
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Figure 2-5: Installation Sequence of Panel End Connectiong8pwser 2010

2.2.4 Bolted Connections

Bolt connections cabhean innovative alternativi® connect théull-depth precast concrete deck
panels to theteel pate girders. To prefabricabmltedcomposite modular bridggystens, bolt holes
have to be formeuh the precast concrete degéines and bolt holehave to be drille@n the top
flanges of the steel plate girdePyoper onstruction tolerancghould begiven so that the holes from
the precast concrete decks would align to those on the flanges of the steel plate@ickethe deck
panels are placed on the steel girders onstitectural bolts can be ed tobolt the deck paris tothe

steel plate gders.Clause 10.4.5f the Canadian Highway Bridge Design C¢8@06] specifies that
13



only ASTM A325, ASTM A325MASTM A490 and ASTM A490Migh strengttbolts can used for
bridge structuredAfter the bolts are installed as the shear connectorsnuousy along the span of

the bridge composite action between the concrete panels and the steel girders can be developed.

High strength bolts used in the application of bridge structures are typically preterchimimgothe
bolt installation proces$retengining the bolts would create slguitical connections, whicbould
work well for structures subjected to repetitive loadidyben the bolts are pretensioned, they are
required to be tightened to 70% of the minimum tensile strength of thd GaliadiarStandards
Association200§. The most common way to pretension the bolts is by using theturat method.
When the nuts are turned against the gripped material and the bolts elongates, pretension is
induced in the boltdulak andGrondin2004.

In 1973, the New York State Thruway Authority (NYSTI&unched a research and development
program to evaluate the effectiveness of usingebl@bnnections irsteelprecastomposite bridges
[Issaet al., 1995 The NYSTArehabilitated part of the Amsterddnterchange Bridge by using bolt
connections on an experimental baSis.full -depthprecastoncretadeck panels were used to
replacehalf of span 2f the deteriorated bridge decHéhe panels were 203 mm x 1.2 m x 6.7Bult

holes were drilled througthe sleeves in the panels and they were drilled through the top flange of the
girders to allow fastening of the high strength bditgdl pretensioning of the bolts could not be
assuredt the time of constructidmecause the NYSTA wa®ncerned that exssive bolt tensioning
would result inthe breakage of the deck pandisgure 26 showed the bolt connections details for the

Amsterdam Interchange Bridge

The rest of the deteriorated bridge decks were rehabilitated by using conventiciaiptase
concrete decks with shear stud connectijtssa et al., 1995The experimental bridge performed
very wel afterthe rehabilitation tooklace.Bridge inspectors had reported that all precast deck

panels performed as well as the dasplace concrete deskissa et al., 1995
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Figure 2-6: Bolt Connections Details for theAmsterdam Interchange Bridge[lssa et al., 199p

Recently, Au et al.[2010] conducted a laboratory research project to investigatedhibility of
using boledconnections on composite bridge girders. Two identical test specimens were built, where

the full-depthprecastoncretedeck panels were made composite to the steel girders by using bolts.

Some hairline cracks were observedha teck panels after the ASTM A325 bolts were

pretensionedAccording to the test results, repetitive cyclic loading did not affect the performance of

the boledconnection system. The slope of the lakdlection curves remainddirly uniform

throughouthe entire cyclic load testSince the measured deflections were larger than the predicted
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values, the bo#tdconnections system appeared to be less stiff than the conventiostsidear
connectiorsystem.The test results also demonstrated that the botiedections could achieve an
effective levelof composite action between the panels and the girtleesmeasured longitudinal
strains across the depth of the girders confirmed that composite emtilohbe achieved by using
these connectionspwever, his composite action might not be as strong as the one from the
conventional shear stud connectiofs.et al. [2010fecommended further testing of the bolted
connections system to confirm the above observed composite behévébiould be noted that en
of the test specimens failed by fatigue fracture unexpectédéyfatigue failure occurred at the
midspan of the steel girder.

Research on using bolted connections had also been done for the applicsttiengthemg existing
bridge girderskwon etal. [2010]conducted an experimental program to studyefifects of using
postinstalled shear connectors, such as high strength tmtteyelop composite action in existing
noncomposite slalon-girder bridgesTwo bolted connectiosispecimensvere costructed and they
were tested under static and fatigue loads. Each specimen edo$istoncrete blocks anasteel
plate.The block and the platgereconnected by using ASTM A325 high strength bolts after bolt
holes were drilled in each of the struglucomponentsThe bolted connections were subjected to
single shear connector testup From the static tesesults, the loadlip behaviour of th@2 mm
diameterbolts was obtained=rom the fatigue test results, the high strength bolts exhibitadisant
higher fatigue strength than thensentional shear stud conneddfigure 27 showed the bolted
connections detail studied won et al. [2010]

Figure 2-7: Bolted Connections Detail Kwon et al. 201Q

2.2.5 Friction Connections

The nterface friction between the fudlepth precast concrete deck panels and the steel plate girders

can also be used to resist the horizontal shear force at the@teedte interfacel hefriction
16



connections can aldme used in conjunction with other shear connecBysncreasing the coefficient
of friction at the steetoncrete interface, the number of shear connectors required to facilitate the
connection would decreasgherefore, the cost of making the shearr@mtions along the bridge

could decrease if the coefficient of friction at the interface was increased.

Papastergiou and Lebj@010] proposed a new type of friction enhanced surface connectiomefor
construction okteelprecastomposite bridge girderThe proposed connection utilizadherence

and friction to resist the horizontal shear force at the-sta®trete interface. It consisted of an

embossed steel plate welded longitudinally to the top flange of the steet@itidere 28). The fulk

depth concrete deck panels were precast with a longitudinal rib that matched the size of the embossed
steel plateDuring the deck pandabrication process, retardevaterjetting and sandblasting were

used at theoffit of the panels so that the soffit fage was roughened to increase frictiGmce the

deck panelsvere placed on the steel plate girders onsitd btrength grouts weigjectedto fill any

gap betveen the embossed plate anddeek panels.

Precast concrete slab
with roughened surface
underneath

High strength cement grout

Embossed steel
ribbed plate

Steel beam

Figure 2-8: Connection by Adherence and Friction Papastegiou and Lebet 2010

Direct shear tests were conductedRapastergiou and Lebet [2016]study the behaviour of the

ribbed steebrout interface and the roughened conepgtaut interface. Botinterfaces were tested
under static loads, and they whlé tested under fatigue loads in the near future. From the static load
test results, the ultimate shear resistance of each interface was plotted as a function of the applied
normal stress on the @rface. The relationships between the shear stress and the slip value at

different normal stress values were also obtained.
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Pushtests were also conducted Pgpastergiou and Lebet [2010]study the behaour of the

proposed connectiomhere the abovewo interfaces ceexist. Twelve specimens weconstructed
andtested under static and fatigue loads. Preliminary results from the static load test showed that the
connection had high initial stiffness and low ductility. When the specimen failed ultimatéha

slip value of 1.75 mm was achieved. Preliminary results from the fatigue load test showed that the

connection integrity was not affted by the repetitive cyclioading.

2.2.6 Shear Lug Connections

The concept of shear lug connecti@gma novel ideahat can be used for the construction of
composite mdular bridges. fiese connections utilize shear ltgsonnect the steel plate girders to
the full-depth precast concrete deck panétsprefabricate the shear lug connections, ltigs have to
beweldedto the top flanges of the steel plate girdarthe steel fabrication sh@mdmatch cast
holes have to be formed at the soffit of the precast concrete deck. dreelscations of the match
cast holes have toincidepreciselywith the locations of th shearugs so that the preca$tck
panels can be properly platen the steel plate girdeosisite Furthermore, ppper construction
tolerance should be detailed so that the sheamog$d be snug againgte match cast holes when
theprecast panelgaassembled with the plate girde@nce the panels are placed on the plate
girders composite action is achieved. The shear algag the span of the bridgeould bear against

thematch cast holes to transfer the horizontal shear force at thesteate interface.

The shear lug connections are an established type of connadiEhso connect the steel columns to
the concrete foundatidirisher andKloiber 2006] Even thoughihe concept ofheseconnections has
never been used for the constructidrc@mposite bridges, it has beesed to transfeshear force

from the columns to the foundatidiWhen it is used in this application, the steeklagewelded to
theunderside of theolumnbase plateandthey are placed into the pfermedvoidslocated atthe

top of the foundatioiiFigure 29). Interlock between the lugs and the foundation can be created once
the lugs are placed into the voided part of the foundafiba.fear forces from the columns can be
transferred to the foundation becatise ugs would bear against the concrete. It should be noted that
grouts are typically used between the base plates and the founddtamsfer the compression loads
(Figure 29). Therefore, the shear lug base plate connectomsisually made inta permagnt

connection.
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Figure 2-9: Shear Lug Base Plate ©nnections[Fisher and Kloiber 200§

2.3 Analytical Models of Shear Strength for Bolted Connections

As mentioned in Section 2.2.4, high strength bolts uséukimpplication of bridge structures are

typically pretensionetb create slipcritical connections. Clause 10.18.2.3.1 of the Canadian Highway
Bridge Design Codf2006] specifies that all bolted joints required to resist shear shall be designed as
slip-critical connections. Sligritical connections are specified in bridge structures because they
perform better than bearing connections when the connectionstgeeted to repetitive loadinghe

high strength bolts are pretensioned and the bolt clampieg fvould create frictional resistance

between the jointed parts. Once the frictional resistance of a joint is overcome by external loading, the
connected parts would slip until they bear against the bolts and the joint would become a bearing

connection.

The following sections present several models that have been used to predict the shear strength of
bolted connections. Section 2.3.1 presents slip resistance rfmdible slipcritical connections.

Section 2.3.2 presents ultimate shear capacity modeilkddearing connections.

2.3.1 Models of Slip Resistance

Slip-critical connections have low probability of slip at any time during the life of the structure

[Kulak et al., 1987. These connections are used to meet the serviceability requirement where a major
connection slip would endanger the serviceability of the structure. Since these connections are used to
meet the serviceability limit state requirement, they are designed and evaluated by using service loads

andmust not slip into bearing under servicads.
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Based on first principals, the slip resistance of a bolted joint can be exphogassidg the following
Equation Kulak 2003:

®  Qagy (2.3)

wherek; is the slip coefficient of the connected materialss thenumber of slip planes is the

number of bolts in the joint and is the bolt pretension.

Equation 2.3 shows th#te slip resistance is dependentthe slip coefficient and the bolt clamping
force for any given number of slip planes and bdiltee slip coefficient represents the friction
coefficient prior to the initiation of slip and it can only be determined experimeritallgi et al.,
1987.

The Research Council on Structural Connections published the following design equation (Equation
2.4) to calculate the slip resistance of glifiical connectionsulak 200§. It should be noted that

5% probability of slipwas chosein order to deviep thedesign equatioand thiss% probability of

slip corresponded to bolts that were installed by using theofunait methodKulak 2005}

Y O nc0YO O (2.4)

whereRs is the slip resistance of the jointjs the modifier to eflect the bolt hole condition (1.0 for
standard holes, 0.85 for oversized and shlatted holes, 0.70 for lorglotted holes perpendicular to
force, 0.60 for long slotted holes in direction of foreeis the slip coefficient (same &sin Equation
2.3), D is the slip probability factathat equals to 0.80, is thespecified minimum bolt pretension,

N;, is the number of bolts in the joiandNs is thenumber of slip planes

Equation 2.4 is literally the same as Equation 2.3, where the slip resisfaadolted joint is derived
from first principals. The modifief,, in Equation 2.4 shows that the slip resistance decreases
whenever oversized or slotted holes are ukesthould be noted that the slip probability factor, D,

accounted for the distribution of the actual slip coefficients about their meanKala& 2005]

Clause 10.18.2.3.2 of the Canadian Highway Bridge Design Code [2006] specifies that the slip

resistanceys, of a bolted joint shall be calculated by using the following equation
O ™d QEEd O (2.5)

whereC; is acoefficient thatrelates the specified initial tension and mean slip to a 5% probability of

slip for bolts installed ¥ using the turrof-nut methodks is the mean slip coefficient determined in
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the Code or by Approved tastnis the number of slip plangsis the number of bolts in the joirk,

is the nominal crossection area of a bolt arfig is theultimate tensile strength of the bolt.

In Equation 2.5, the term 0.38 F, representshe bolt clamping force. This term can be written as
0.70 x 0.75¢ A, X Fy[Kulak 2008. The term 0.70, is 70% of the ultimate tensile strength of the
bolt and it is also the requiredinimum bolt pretensiostrengthaccording to th€anadian Highway
Bridge Design Code [2006]. The term 0 A&bconverts the nominal csgsection areah,, of a bolt to
the effective stress area of the kblough the thread&ulak 2005] Therefore, the 0.70 x 0.758 X
F. term represents the specifisdnimum bolt pretension force.

According to Equation 2.3, the slip resistance psauct of the slip coefficient, the number of slip
planes, the number of bolts in the joint, and the bolt clamping force. Equation 2.5 has all of the above
four variables with an additional coefficient©f. The coefficienC, relates the specified i

tension of 70%-, and the mean slip coefficiekfto a probability of slip of 5%The Canadian

Highway Bridge Design Code [2006tovides three sets of values@fandks for designers. Each set

of values represents a common surface condition betiliedrolted steel parts.

2.3.2 Models of Ultimate Shear Capacity

As mentioned in Section 2.@hen the slip resistance of a joint is overcome by external loading, the
connected parts would slip until they bear against the bolts. In other words;jtidigl connections
become bearing connections affee slip resistance of the connections is exceeded. This
phenomenon is why slipritical connectioa must also be designed as bearing connections subjected
to factored loadsThe design of bearing connections @mducted at ultimate limit state to prevent the

failure of the connections under ultimate loads.

The shear transfer mechanism of bearing connections can be better understood after reviewing the
shear transfer models from tAenerican Concrete Institute Bding Code Provision 11.6f the

American Concrete Institute BuildirgodeRequirement§2008] providesguidanceon calculating

shear transfer across an interface between two materiasspdhision can also be uséal consider

shear transfer acrosseack in concrete structures or across an interface between two concretes cast
at different timesAmerican Concrete Institu2008. Based orProvisionl11.6 the shear transfer
strength is calculated accamg to Equation 2.6 whethe shear reinforcemeist perpendicular to the

shear planeWhen the shear reinforcement is inclined to the shear plane, the applied shear force at an
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interface will produce tension in the reinforcement. In this case, Equation 2.7 can be used to calculate

the shear transfer strgth.

w ‘0 (2.6)

® i QEIATIO8 Q 2.7)

whereV is the sheatransferstrengthe is the friction coefficientJis the angle between the shear
reinforcement and the shear plaAg,s the area of shear reinforcem@cross the shear plaaedf,

is the yield strength of the reinforcement.

As shown in Equation 2.6 and 2.7, the shear transfer strength depends on the friction coeféicient, th
amount of shear reinforcemeantd the yial strength of the reinforcememithese Equationisnply

that slipwill occur at the shear plane when it is subjected to shearTbag.also imply that the

slippage movement at the shear plane is sufficiently large enough to yield the reinforcement when
ultimate load is appliefAmericanConcrete Institute 20Q8After the reinforcemerttaveyielded the
applied shear force is resistedthg interface frictioras well as the dowekton of the

reinforcementlit should be noted that Equation 2.6 and 2.7 do not explicitly represpredct the

dowel actioncontributionof the shear transfer strength

Clause 10.18.2.3.3 of the Canadian Highway Bridge Design Code [2006] specifies that the factored

shear resistanc¥,, of the bolts shall be calculated by using the following equation:
W TM®EAO O (2.8)

wheret y is the bolt resistance factarjs the number of bolts in ¢hjoint, mis the number of shear

planes A, is the nominal crossection area of a bolt arkg is the ultimate tensile strength of the bolt

Equation 2.8 shows th#te shear resistance is dependemthe bolt area and the ultimate tensile
strength of the &t for any given number of sheplanes and bolts. This design equation is
formulated based on test results, where test results have #hatre shear strength offégh
strengthbolt is approximately 60% of the tensile strendif of thebolt [Kulak and Grondin 2006

It should be noted tha@he boltresistance factok , is taken as 0.80.

Equation 2.8 is to be multiplidaly 0.7 if the bolt threads are intercepted by a shear fpkarek and
Grondin 2006]When the bolt threads are intercepted by a shear plane, bolt failure may occur through
the threadswherethe cross-section areas are redudeyl 30% The factored shear resistance of the

bolts isreducedvhen the bolt area available for shear transfer is reduced.
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The form of Equatior2.8 is very similar to that of Equation 2e coefficient of 0.6 in Equation

2.8 acts as the effective coefficient of friction. This effective coefficient of friction relates the shear
strength of the bolts to the tensile strength of the bBtith Equation 2.8 and 2.6 indicdtetthe

shear transfer strength thfe bolts is depetienton the crossection area ahebolts across the shear
plane.Equation 2.8 utilizes theltimate tensile strength of the bolt instead of the yield stheoigthe

bolt to find the bolshear resistance. Ultimate tensile strength is used becauséesheaation of

bolts is highly noflinear and the use of yield strengthbolts wouldnot be appropriateEquation 2.8

has threenore parameters than Equation ZBeseparameterarethe boltresistance factor ,, the
number of bolts in the joinh, and the number of shear planes,

As mentioned in Section 2.2 Kwon et al. [2010] conducted an experimental program to study the
effects of using posgnstalled shear connee®todevelop composite action existing norcomposite
slabon-girder bridgesPrior to the experimental work conducted by Kwon et al. [2040hgerford
[2004, Schaap2004, andKayir [2006]investigated eleven types of passtalled shear connectors
for their structural performan@nd constructability. The pestistalled shear connectors were tested
under static and fatigue loads by using a single shear test Katip[2006] compared the static test
results of the posnstalled shear connectors to the design equationsvthdd predict the ultimate
strength of conventional shear stji@lgaard et al. 19711 He also compared these results to the
design equations that would predict the ultimate strength of concrete afshmanscan Concrete
Institute 208]. None of the design eations conservatively predétthe ultimate strength of all the
postinstalled shear connectors. Kayir [2006] proposed the following equ&pration 2.9to

estimate the ultimate strength of the piostalled shear connectof3,, for design purpose
0 ™6 O (2.9)

whereAqis the effective shear area of the connectorfFarid the ultimate tensile strength of the

connector.

Equation 2.9 shows that theintate shear strength is dependemthe effective shear area of the
connecto and the ultimate tensile strength of the connedtathis case, the effective shear area of

the threaded connector is calculated as 80% of the gross area of the connect@0B&Gyir

The form of Equation 2.9 is very similar to that of Equation 2t& coefficient of 0.5 in Equation
2.9 acts as the effective coefficient of friction. This effective coefficient of friction relates the shear

strength of the connectors to the tensile strength of the connectors. Similarly, the coefficient of 0.6 in
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Equatbn 2.8 acts as the effective coefficient of friction and it also relates the shear strength of the
connectors to the tensile strength of the connectors. In contrast, Equation 2.9 utilizes the effective

shear area of the connector instead of the nominalcfrine onnector to find the connectshear

strength.
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Chapter 3

Finite EIl emenGComlApad iytse sGidifadneerls Bwi d h

Conneohnhs

This chapter describes the finite element analysiswasconducted on composite girders models
with panel end conneatns First, thefinite elementmodels developed are described in Secdidn
Theanalysis results in terms girderload-displacement behaviour, stress and strain psfdad

connection force distributiaare tlen presentednd discusseih Section 2.

3.1 Finite Element Model Description

After developingthe conceptof panel end connections, Bowser [20&0hducted a finite element
analysig(FEA) to compare the performance of a compdsitdgegirder with panel end connections

to a conventional sheatwsl bridgegirder. Two FEAmodels were developdry Bowser [201) using

the softwareABAQUS. One FEA model was built for the shear stud girder and the other was built for
the panel end connected gird€o. further study the panel end connections, thrediaddl FEA

models were developed the current studipased on the work froBowser [2010] They are a panel

end connected girder model with reduced connector stiffness, a fully composite girder madel and
non-composite girder modeTlhe panel end connied girder model with reduced connector stiffness
was built to study the effect of the connector stiffness on the composite behaviour of the girder. To
evaluate the degree of composite actiothe shear stud and panel end connected girders, the fully
conposite girder and neoomposite girder models were built. Atlodels were identicaxcept for

the shear connectiaietails.

Thesinglegirder moded weredeveloped based on an actual twin girder composite bdegigned
for a British Columbia Forest Séce L165 truck loadBowser201q. Figure 32 shows the section
details of the twin girder bridg&he bridge consisted of twaiiffenedplate girdersa concrete deck
slab and shearonnectorslong the toglanges of the girder®Other bridge componentsuch agross
bracing, plan kacing and girder splices, were not included as part aeearctstudy because they
were expected to have little or no impact on the composite behaviour of the.dtigare 31 shows

theoverall geometry and boundaegnditions of thesimply supporte®6 m twin girder bridge.
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Span length =34,750 mm
Total length of bridge = 36,000 mm

Y
y Y1 |

A

Figure 3-1: Support Conditions of Twin Girder Composite Bridge [Bowser 2010]
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Section Details:
Deck Slab 225 mm x 4,876 mm
Top Flange 19 mm x 400 mm
Weh 13 mm x 1,900 mm
Bottom Flange 25 mm x 550 mm
Bearing Stiffeners 19 mm x 200 mm x 1,900 mm
Int_ Stiffeners 16 mm x 100 mm x 1,200 mm
Shear Studs 2 — 22 mm @ studs
at 300mm o/fc

Figure 3-2: Cross-section Details of Twin Girder Composite Bridge[Bowser 2010]

3.1.1 Element Selection

Three dimensional SR4 shell elements were used to model the stiffened plate girder and the concrete
deck slalFigure 33). Individual parts of the plate girder including toarfye, bottom flange, web

and stiffeners werereated in ABAQUS and thanerged together to form the stiffened plate girder.

Four node shell elements were used because thelgdwe able to capture the rioear responses,

such as steel yielding and localdkling, of the composite plate gird@&rick elements were not used

to model the concrete deck slabs bec&esskar et al. [200Zpund that brick element would restrict

the rotation of the declEleven integration points were used for the shell elentkatavere

modellingthe concrete deck slabs. The integration points through the thickness of the slab would
allow stress and strairalues to be computed at variadespths The quantity and location of the steel

reinforcing bars were specified in the stementsised tanodelthe concrete deck slab. In other
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words, steel reinforcing bars were automatically incorporated throughout the slab when the slab was

moddled using shell elements.

Bowser R01Q introduced initial imperfection in theanel end corected girder modeb investigate

the effects of flange buckling, lateral torsional buckling and web buckhinipe behaviour of

composite girder. The objectives of introducing imperfection in the model were to illustrate that finite
element analysis wasmpable ofmodeling the effects of buckling and to demonstrate that the effects

of buckling did nonegativelyinfluence thecompositeresponse of the panel end connected girder.

The initial imperfection in the panel end connected girder medslremovedfter Bowsef2010]
confirmed thathe effects of buckling did not negatively irgluce the response of the girdiarthe
proposed panel end connection spackagrordingtoBows er 6 s anal ysi s, fl ange
occurin the designed panel end catted girdesince the top flange is Class 3 and since it is braced

by the concrete deckVeb buckling occurred in the girder when imperfection was introduced in the
model However,the postbuckling shear capacity of the girdmedicted by the modexeededhe
theoreti@l shear resistance predicieging theCanadian Highway Bridge Design Code [200%63

well, it was determined that web buckling failure would not govern the behaviour of the bridge for the
truck load position considerad the currentidy. Since the focus of the study was the effect of the
shear connector properties on the stresses and strains through the girderwepttiedided not to

include initial defects in the analysis so that the effects of these defects would not diescead t

focus of the study.
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ODB; 36m_Shear_Stud_Thesis_IR.0odb Abaqus/Standard Version 6,7-1 Fri Sep 16 10:31:31 Eastern Da

Step: L165 Axle Load
¥  Increment 98: Step Time = 0.9625

Figure 3-3: Finite Element Model of Composite Bridge Girder

3.1.2 Material Model

Bowser [2010] used a tlinear stressstrain relationship to model the material property of struttura
steel of the stiffened plate gird@figure 34). Three assumptions were made to define thingar
relationship Firstly, the modula of elasticity of the steel material was 20BaGSecondly, strain
hardening began only after the strain reached 6D#te ultimate strain. Thirdly, the ultimate strain,
which wasthe strain corresponded to the ultimate stress, was equal to 0.1.
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Figure 3-4: Tri -linear StressStrain Relationship for Structural Steel[Bowser 2010]

To model the material property of concrete, a stséssn relationship developed by Carreira and Chu
[1985] was used@Figure 35). According tothis modelthe concretebehaviour $ linearelastic up to a
stress[l, of 0.F .Owheref .vas the concrete compressive strengthen the stress exceedl$f .0a

parabolic functions used to model the concrete behaviour

y ————— (3.1)
e =

whereH;js the concrete straihf. is the concrete strain corresponded to the maximum concrete stress

andbis a value defined by Equation 3.2.

-
il 2
I oa Pd v (3.2)
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To input the stresstrain relationship atheconcrete into théBAQUS models,a discrete
representationfd-igure 35 was used. Twelve data points that captured the shape of thestingss

curve wereselected from Figure-8 andlinear segments betwe#imese pointsvereassumed

f'e

Stress

0.3,

Econcrete

€ €y
Strain

Figure 3-5: StressStrain Relationship for Concrete Bowser 2010

3.1.3 Composite Interaction Model

Every girder model had two properties that were set to specify the interaction between the concrete
deck and the steel plate girder. First, a hard contact restraint was specified betweegréte deck

and the steel plate girder. This restraint ensuredhbatdfit of the concrete deck wasa contact with

the top of the upper flange of teteelplate girderlt should be noted that a friction coefficientlo®

was used to further de surface condition between the concrete deck and the steel plate girder.
Secondly, connector elements were specified between the concrete deck and the steel plate girder to

enable composite action.

Connectorelements were used to el the behaviour ahe shear connections so that shear forces
could be transferred between the steel plate girder and the concrete deck slab in the aratlels. F
shear stud girder modehe loadslip properties of the shear stud connection were defined in the
connectorlementsEquation3.3 describg the loaeklip behaviour assumed the skear stud girder

model. This nolinear relationship wadeveloped by Hanswille et al. [26)0
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0 0;,0p Q82°° (3.3)
whereP; is the load transferred by a shear s®|gis the static strength of a shear stud arisl the

slip.

Similar tothe definition of nolinear material behaviouthe loadslip properties of the carector
elementsn ABAQUS can only be done by using specific data powith straight line segments
assumed in betweefo develop the shear stud girder model, Bowser [2010] plotted thslipad
behaviour of the shear stbdsed orEquation3.3. Eight d&a points that described the leslkp
behaviour wersubsequentlghosen anthe linear segments betwettrese points werassumedThe
first of thesdinearsegmerd describes the initial (elastic) behaviaifrthe shear stud connection.

The fully compaite girder model and the n@omposite girder model were developed based on the
shear stud girder moddlhe fully composite girder model was the same as the shear stud girder
model excepfor oneimportan difference the shear studs weassumed to bifinitely stiff, thus
preventing slifbetween the concrete deslabandthe steelplategirder. Similarly, the norcomposite
girdermodel was the same as the shear girdbrmodel except that its shear stwdsre assumed to

have no stiffness so thatsht the steel and concrete interface could freely occur

For the panel end connected girder model, the-sbi@dproperties of the panel end connectiere
defined lased on the properties of thesset plategecall that three gusset plates were Use@ach
shear connectpas shown in Figure-2). Each of the gsset plates was designaddmodelledto
behaven anelastici perfectplasticmannerBowser [2010kstimatedhe guset plate stiffness and
yield load, given itgeometry and thsteelsher modulus (7000 MPa) and strengtl{350 MPa). The
connectiorelasticstiffnessand yield load weréound to bes 501 237 N/mnand 3 333 749 N

The panel end connected girder model with reduced connector stiffness wasagedlton the
original panel ad connected girder model developedBoyvser [2010] In this modelhowever the
panel end connection stiffness was reduced to 500 000 N/mm, which was approximately ten times

less than the original proposed connection stiffniElss.same connector strehgtas assumed.

3.1.4 Applied Loading

In each otthefive FEA modelgfully composite, norcomposite, shear stud and the two panel end
connected models)heBritish Columbia Forest Service L165 truck loads placedt the location

that would result inthe maxmumgirder momentThe loads wee applied in two steps. First, the dead

31



load associated witthe plate girder and the concrete qlalcreased by 20% to account for the
miscellaneous detajlsuch as cross bracing goldn bracinywas introducedNext, the truck axle
loads were applied graduallylmad incremerstof less than 1% of the predicted ultimate |oddhe
shear stud girdeFigure 36 shows théritish Columbia Forest Service L165 truck lcand Figure

3-7 shows e normal stress distributionrfthe shear stud girder at ultimate load.

AXLE LOADING (KN)>S98.0 396.0(396.0 289.0(/289.0

||W-
L-165 |
SFACING (mm) |_4570 |__|. 6860 _|__|
1680 1680

ODB: 36m_Shear_Stud_Thesis_IR.odb Abaqus/Standard Version 6.7-1 FriSep 16 10:31:31 Eastern D

Step: L165 Axle Load
¥  Increment 98: Step Time = 0.9625
Primary Van S, 522
Deformed War: U Deformation Scale Fa 1.000e+00

Figure 3-7: Longitudinal Normal Stress Distribution of Shear Stud Girder Model at Ultimate
Load
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3.2 Finite Element Analysis Results

Thefinite element analysi$-EA) results were analyzed to better understandvétmaviour of the

panel end connected girder modé&lsst, the overallgirder behawur in terms of momerdeflection
response wasompared between the fimeodels.The effect of shear connection type on the ecross
sectional behaviour of the girders was examineatit bervice and ultimate load levels. At each load
level, the stress andrain distributions over the girder depth were plotted for esestions at the

third axle loa location where the moment was maximuRinally, the connection forcestributiors
alongthe girder panwere plotted from the five model analysBsthservice and ultimate load levels
were used to examine the effect of shear connection type shdhe flow athe steektoncrete

interface.

3.2.1 Load-Displacement Behaviour

Figure3-8 compare the overall girder behaviour of the five finite element models. Theembm
displacement response of the shear stud girder was essentially the same as that of the pure composite
girder. The panel end connected girdéth actual (calculatedjtiffnesshad a similar moment
displacement response to the shear stud girder. ThediffEirence betweethese two girders was
that the panel end connected girder hadlimate moment capacithat wasonly 1% lesghanthat

of the shear stud girder. Alse load was applied these two girders, the panel end connected girder
deflectedslightly more than the shear stud gird&t theultimate load, the deflection of the panel end
connected girder was 4% larger than that of the shear stud difden thestiffnessof the panel end
connections was reduced to 500 000 N/mm, the overaktplrehaviouchanged only slightlyThe
ultimate moment capacitjecreasetly less than 1%nd thedeflection valuencreasedy 13%when
the panel end connection stiffness was decreased to 500 000 N&wxpected, the ultimate
capacity of the nolwompodte girder was much less than the ultimate capacity ofdheposite

girders Table 31).

It should be noted that all modgésxcept the nogomposite girder modefailed byconcrete crushing
atthe top fibre of the decét ultimate loadAs mentioned irBection3.1.4, all models were analyzed
by using load control, where theick axle loads were applied gradually in load increments. The
models failed when they could not take any additional load incr€aserete crushing failure was
confirmed when theoncrete strain at the top fibre of the deck at maximum moment location
exceeded the crushing straifhe noncomposite girder model failed by web buckliagya result of a

large amount of compressive stresting over a large portion of the girdeeb depth.
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Table 3-1: Ultimate Moments and Deflectiors of the FEA Girder Models

Girder Modes

Panel End Panel End

Pure Composite Shear Stud  Connected Connected  Non-Composite
(actualk) (reducedk)
Moment
18 829 18 793 18 617 18 533 14 157
(KN m)
Deflection
473 470 488 554 337
(mm)
20000 -
17500 - - _,"'_'—"- .............................
15000 - e
/o
/ _.".-
—_ /s
g 12500 A '
'z, s — Pure Composite Girder
= 77
= 10000 - .
E ,/ Non-Composite Girder
=} 1/
E 7500 - // = eShear Stud Girder
D 7
= 2
<& 5000 -+ / —-—-Panel End Connected Girder
a (k=5 501237 N/mm)
2500 A -------- Panel End Connected Girder
(k=500 000 N/mm)
O T T T T T T T T T 1
0 50 100 150 200 250 300 350 400 450 500

Mid-Span Deflection (mm)

Figure 3-8: Comparison of MomentDeflection Responses

3.2.2 Stress and Strain Profiles through Composite Girder Depth

Figure3-9 and 310 presenthe girdercrosssectional behaviour at the third axle Iqad. maximum

moment) location undehe service momeigt.e. under the unfactored dead and live loidghould
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be noted that the differenaethe applied momenat themidspan andinderaxle 3 wasalwaysless

than 1% because tt@rizontal distance between the two locatianerly 455 mm

Figure 39 presents theormalstress distributionander service load.he stress distribution fdhe

shear stud girder wassentiallyidentical to that of the pure composite girder. The panel end
connected girder withctualconnectoistiffnesshad a similar stress distribution to the shear stud
girder. The only difference between these two distributions was that the panel end connected girder
had slightly more compression stress in the plate girder. When the stiffness of the panel end
connections was decreased to 500 000 N/mm, the amount of compression stress in the plate girder
was increasedAs expectedor the noncomposite girder, half dhe steetross sectiomas in

compression and the other half was in tensitms, the stress distribution for this model is

significantly different from those seen in the other madels

‘= 2500

— Pure Composite

=
£

gn 2000 | concrete

= 2
= ste|el Non-Composite
5 1500 ——

© ---®-- Shear Stud

m

£ 1000

Lg =3 Panel End (actual
§ 500 sttiffness)

s o ] e Panel End (10x
2 less stiff)

A 0 ess s

400 200 0 -200 -400

Stress (MPa)

Figure 3-9: Stress Distributions under Service Load at Maximum Moment Location

Figure 310 presents the stramtistributions forthe girders under service load at the maximum
moment locationThe strain distribution of the pure composite girder was perfectly Irezause
slip at the steel and concrete interface was prevented. In coasasd|l strain discontinuitgxists in
the case ofhe shear stud girdeA larger strain discontinuity existt the steetoncrete interfacéor
the panel end connected girddathworiginal stiffness. This discontinuity existbdcause¢here was

not apanel enconnectoat the maximum moment locatiohhe paml end connectors were placed
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every 3 m along the span of the girder and the maximum moment location did not cwititithés
connectottayout.When the panel end connections stiffness was decreaS6a @0 N/mmthe

strain discontinuity slightly increas€Bigure 310 Bottom) This behaviour was expected becaiinse

panel end connectiomeformed more when their stiffress was decreasetihe noacomposite girder

had the largest strain discontinuity at the stesicrete interface because the concrete deck was able

to freely slip on the steel girdeks shown on Figure-30, strong composite action was achieved at
serviceload at the maximum moment location for the shear stud and panel end connected girders. The
level of composite action decreased when the shear stud connections were replaced with panel end
connectionslt decreased even furthethen the panel end connectiostiffness was decreased.

All of the models were loaddd failure in the FEA progranfurthermore, lhof the models failed by
concrete crushing at the maximum moment location except for theamposite modewhich

failed prematurely by web bucklingable 31 presents the moment at the maximum moment location
wheneach model abortedhe momentcapacities of the pure composishear sid and panel end

connected girders, regardless of panel end connections stiffness, were all withiof £#&ch otér.
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Figure 3-10: Strain Distributions under Service Load at Maximum Moment Locationi Three
Models Only (Top) and All Five Models (Bottom)

Figure 311 presents the stress distributiorigh®e girdes under ultimatéoad at the maximum
moment locationComposite action was observed from the pure composite, shear stud and panel end
connested girders. All of thesgirders ekibited composite action whereineir plastic neutral axes
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were neathe top flange of the steel girdéFRgure 311). These FEA results were in good agreement
with the theoretical hand calculation resulising theCanadian Highway Bridge Design Code
[2006], the plastic neutral axis of the composite girder was foube th7 mm below the top flange

of the steel plate girder.

As expected, the stress distributions of the shear stud and panel end connected girdensndece
by the results fothe pure composite and neomposite girderslhe stress distribution fahe shear
stud girder was similao that of the pure composite girdéhe only difference between these two
distributiors was thathe compressiostres at the top flange of the shear stidler wasslightly
higherthan that of the pure composite girdEne panel eth connected girder with actustiffnesshad
a similar stress distribution when comparing to the shear stud diittetop flange areander
compressiorstress increaseghd the stress level increaseldenthe shear stud connections were
redaced with panel end connectioighen the panel end connections stiffness was desidea 500
000 N/mm, the compressiatress level at the top flange of the plate girderfwdberincreasedln
summary, tie portion of the steel @ss section in compssion increasedhen the level of composite
action decreased (e.g., from pure composite model to shear stud model to panel end connected model

to noncomposite model).

A nonlinear stress distribution of the concrete deck was observed for givéeyexcep for the non
composite one, where it failed by web bucklimgnsile stress was shown at the bottomrdajehe
concrete deck for thimur othergirders becauseachdeckwasmodeledwith steel reinforcing bardt
should be noted that the shear studdyi, the panel end connected girder and the panel end connected
girder with reducedonnectosstiffnessexhibitedpartially norcomposite behaviour. All of these

girders exhibited partially nenomposite behaviour because their bottom part of the corteke

was in tension and their top flange of the plate girder was in compreasite ultimate load, every

girder had yielded in tensiat the bottonat a stress of 350 Ré&.

The stress distribution of the concrete deck was linear for theamopositegirder. Compressive
stress was shown at the top part of the reinforced concrete deck and tensile stress was shown at the
bottom part of the reinforced concrete dekkultimate load, he norcomposite girder had yielded

bothcompressiorandtensionat a stress of 350 Fh.
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Figure 3-11: Stress Distributions uncer Ultimate Load at Maximum Moment Location i Three
Models Only (Top) and All Five Models (Bottom)

Figure 312 presents thstrain distributions of the girders under ultimate load at the maximum
moment locationkor the pure composite girder, no strain discontinuity occurred at thecstexbte

interface because slip at the interface was predeintthe model. For the shesiud and panel end
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connected girders, strain discontinuity exists the steetoncrete interfacestrong omposite action
was observed for the shear stud and panel end connected.dildemwas true even for the panel end
connectedjirder with reducedonnectiorstiffness.As the strain discontinuity at the interface
increased, the level of composite action achieved decr@asetrom pure composite model to shear

stud model to panel end connected model teemmposite model)

Rather than havinglmear shape, the strain distributions of Fig8+&2 form a slightly nolnear

shape for the pure composite, sheadstind panel end connected gigl@he notlinear distributions
were due to the combidéending and shear effects, where the ultimate emtroaused bending
deformations and the third axle load at ultimate caused shear deformatiosgairteein the steel for
thenon-composite girder remained very low because the girder failed prematurely by web buckling
Web buckling of the noigompositegirder was observed when the deformed shape of the girder at
ultimate load was plotted in ABAQUS.

The shear stud girder strain distributiwas bounded by those tife pure composite aride non
composite girder. In contrast, the panel end connectedrggtiain distributios lay outside of those
boundaries. The two strain distributions from the panel end connected giedersily had greater
strain values than those of a pure composite girder because the panel end conneceategader
more flexiblein terms of girder deflections and deformations. By using panel end connectors, the
girder would be less stiff thahe shear stud girder becaitseould have significantly larger discrete
connector spacing than those from the shear studs. Such redndtieroverall girder stiffness had
increasd the drder vertical deflection by%. The deflection of the girder further increassdl3%
when the panel end connectors stiffness was redumedits original proposed value 500 000
N/mm. As the verticableflection increased, the longitudinal deformations, such as strains, of the

girder would increase.
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Figure 3-12: Strain Distributions under Ultimate Load at Maximum Moment Location i Three
Models Only (Top) and All Five Models (Bottom)

3.2.3 Connection Force Distributions along the Girder Span

The connection force distributions along the girder spare wemputed from each FEA model

examine theffect of shear connection type the shear flowtahe steetoncrete interfacé he
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connection force distributions along the 36 m gisfganwere computed at service load and at
ultimate load. Figure-33 and 314 present these distributions. It should be noted that the connection
force distributionsdr the norcomposite modelere not plotted on tisefigures because the shear

flow at the steetoncrete interface for the n@momposite model was simply zefeor the non

composite modethe concrete deck slab was able to frestily along the steel pia girderwith
negligiblefriction; therefore, no shear force waansferredat the steetoncrete interface for this

model.

Thetheoretical shear flow along the girder span was calculated by using Equation 3.4 and the
theoreticaklasticshear flow tagrams were plotted on Figurel3 and 314. As shown in Equation
3.4,theshear flowg, is a function of the shear forcé, at pointx along the bridgéSalmonand
Johnsorl99Q.

WU

n -5 (3.4)

whereQ is the first moment of area ahdb the elastic transformed section of moment of inertia.

Figure 313 presents the connection force distributions under servideToa shear flow distribution
for the shear stud girder wadentical to that of the pure composite girdath distributions had
peakshear flow values that were slightly greater than the calculated theoretical Taiisamplied
that the pure composite girder and the shear stud girderakst® transfermore interface shear
forcethan theoreticallypredictedat service loadWhen the shear stud connecsavere replaced with
panel end connections, the shear flow at the-st@trete interface decreasaihtly. In other

words, the amount of shear forcartsferred at the interfaseas decreased when the shear stud
connections were replaced with panel end connections. Whetifthess of the panel end
connections was decreased 69 ®00 N/mm, the shear flow at the steehcrete interfaceras
furtherdecreasedThe two shear flow distributiorfsom the panel end connected girders closely
matched the theoretical shear flalistribution calculatedy using Equation 3.4t should be noted
that d connection forceunder service load were in the elasdoge.The shape of the shear flow
plot from each model resembled the shape of the theoretical shear flow deagmmvhere except
near the girder end$he shear flow from each model decreased neagittler ends because the
girdersupportsvere 625 mnaway from the end of the girdéhen the supports were place at a
distance from the girder ends, the local maximum shear force tended to be concentrated at the

supports and not at the ends of the girder.
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Figure 314 presents the coetion force distributions at ultimakead. The shear flow distribution
for theshear stud girder was simil@r tha of the pure composite girdérhese two distributions
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could be differentiated by the jumps in shear ftbat happened near mighan. The distribution from

the pure composite girder had high shear flompsnear midspan because a plastic hinge had
formedat the maximum moment location for this modéie plastic hinge thdbormed 455 mnio the

left of mid-span caused largdear forces nedine mid-span at ultimate loadin contrast to the pure
composite girder, the shear stud girder had lshear flav jumps near miespan. A bear stress
concentration at the steebncrete interface was prevenfedthe shear stud girder because the

ductile shear studs would slip and yield as the applied horizontal shear force increased. The applied
horizontal sheardrcewould be distributed along the length of the girder due to the ductile properties
of the sheastud. Therefore, a highterface shear forggmp near midspan was prevented for the

shear stud girder.

Theshear flav distributionfor the panel end corectedgirderhad two distinct differencesompared

to that of the shear stugirder. First, the panel end conred girder did not have shear flow value
jumpsnearthe mid-span. The applied horizontal shear fanaere evenly distributed along the length
of the girder due to the elastic petf@tasticproperties of the panel end connect&@scondly, the
shear flow forthe panel end connected girder was less than that of the shear studryisthest

words, the amount of shear force transferred attteeface was decreased when the shear stud
connections were replaced with panel end connections. When the stiffness of the panel end
connections was decreased to 500 000 N/mm, the shear flow at theosterelte interface was

furtherdecreased.

The sheaflow distributions of the pure composiigrderandthe shear stud girdenatched the

theoretical shear flow diagraaverywhere except where thenps in shear flovoccurred (i.e. near
themid-span) The stear flow distributions fothe panel end connectgiddersmatched closelwith
thetheoretical shear flowliagram The shear flow decreased near the ends of the girders because the
supports were placed 625 mm from the ends of the girtieeslocal maximum shear foroecurred

at the supports and the sinéorces on the cantilever segments of the girders lower
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3.2.4 Summary of Finite Element Analysis Results

At service and ultimate load, high level otomposite action was observed for the panel end
connected girderd.he level ofcomposite action achievetkcreasedlightly when the panel end
connection stiffness was decreas€te level of compadge action of the girders was determined by
examining the strain profiles through the composite girder depth. As the strain discontinuity at the

steelconcrete interface increased, the level of composite action achieved was assumed to decrease.

Although tre panel end connected girders exhibited partial congbehaviour, their overall
momentdisplacement response was similar to that of the pure composite gindgranel end
connected girder with actual (calculated) stiffness had an ultimate momenityc#mtovas only
1.5% less than that of the pure compogjiaier. At ultimate load, the deflection of the panel end

connected girder wedb larger than that of the pure compogiieder.
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Chapter 4
Experi ment aBo&tdCwayneadt i on

In this chapter, thenain experimental study conducted for the current thesis project is described.
First,small scale friction test setup is described in Section 4.1. Sectmelpyshtest program and
specimas are described in Sections 4.2 and #® material propertiesf the concrete and specimen
fabrication are then discussed in Secsi 4.4 and 4.5. Finally, in Section 4tee specimen
instrumentation and testing procedures are discussed

4.1 Friction Tests

Smalltscale friction tests were conducted to analyze the fndighaviour between the steel surface

and the concrete surface (Figdrd). Three types of steel surfaagere tested during the experiment:

a plain steel surface, a steel surface coated with adhered regular concrete sand and a steel surface
coated with dhered concrete sand that passed through a 1.18 mm (#16 US Standard Mesh) sieve.
Both sand coatings were applied using the same processes described in Section 4.5. Three types of
concrete surface were tested during the experiment: a regular formed ,sariaegelle peened surface

and a sandblasted surface. For each test, a steel plate was placed on top of a concrete prism and the
amount of weight required in a bucket to pull the plate off the prism was recorded @iguul|

steel plates used in theste were 127 mm in width and 254 mm in length. Furthermore, all concrete
prisms used in the tests were 100 mm in width, 100 mm in height and 350 mm in length. Sand and
blocks of weight were added to the bucket until the bucket pulled the steel plate afhtrete
prism.Each interface between the steel plate @ntrete prism was testeddl times and the
averageveight required to pull the plate off the prism was recordiéd. friction coefficient between

the steel and concrete surface was then akdilusing the following equation:
O ‘0 4.1)

whereFg is the weight of the bucket and its contefisis the weight of the steel plate (excluding the

weight of the block placed on top of the plate as shown on Rgliyende is the friction coefficient.

Initially, a block was placed on top of the steel plate in an attempt to study the effects of increasing
the applied normal forcé&y, on the interface (Figure3). This attempt was aimed to study how the
friction coefficient would chnge if the applied normal force was incredsgd0 timesMultiple test
trials were conductedHowever, the weight of the bucket and its contents failgaitiche steel plate
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and block off the concrete prisiihis test setup failed because the block wery heavy and not
enough weight could be generated in the bufrket the existingapparatusDuring the multiple

trials that were conducted, damage was observed on the pulley string and the bucket handler. The
damage was obtainetlie tothe substantialveight that was placed in the buck&ubseguently,

friction tests were conducted without the block on top of the steel platiction test results that

wererecordel in this thesis were results without the weight of the block.

The contact area beeen the steel plate and the concrete prism was 100 mm by 229 mm. This area
was kept constant throughout the friction tests. It should be noted that the friction coefficient is a
coefficient relatinghe sheastress applied on a surfacethe normal stres applied on the same

surface. Since the contact area subjected to shear stress and normal stress was the same, it did not
needed to be included in the Ketindside and rightiandside of Equationt.1.

It should be noted that tmeedle peenecbncree surfacewas created byisinga peening gun. A
peening gun is piece okquipmenused to extend the fatigue life of welded metallic strusture
[Forgues, 2007]it has a needle head taBed at the tip of the guuring the peening and peseld
treatnment procesghe gun was aimed at the welds dinel needles of the head vibrateetieve the
residual stressasf the weldgForgues, 2007 The peening gun was usedd®ate a needle peened
concrete surface. The vibration of the needles made the t®saréace rough to increase surface

friction.
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Figure 4-1: Friction Test Setup

4.2 Push Test Overview

The experimental program included the fahtien and testing of 13 pusést specimens. One of
these speimensi the shear stud specimérserved as the control specimen, because composite
action is conventionally achievagsing shear studs witlhcastin-place concrete deck. The other 12
specimens utilized ASTM A325 bolts to facilitate the composite abiétween the precast concrete
decks and the steel beam.

Various surface conditions were created between the precast concrete decks and the steel beam to
study their effects on the overall behaviour of the shear connection. The effects of bolt diameter, bolt
tension, and surface conditions between the concrete decks and steel beam were key parameters that
were studied in the experimental program. These parameters were thought to directly affect the shear

capacity of bolted connections.

The pushtest specimenonsisted of two identid reinforced concrete slabs attached on either side of
a steel dbeamsection Figure4-2). Each slab is attached to a steel flange of-heaimby some form

of connectorsTo determine the shear capaafithe connectors, the phatestspecimen was
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vertically loadedsuch that the interfaces between the reinforced concrete slabs and the steel beam

section weresubjected to shear
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Figure 4-2: Push Test Specimen Geometry (dimesions in mm)

4.3 Push Test Specimen Description

All of the slabs of the 13 test specimemsre 800 mm high, 600 mm wide and 152 mm thick. An |
beam section of W200x59 was chosen for this stidg. Fbeam was made from 350W stefs.
illustrated in Figure 4, the bottom ends of the slabs and theam had difference in elevatiof

100 mm to accommodate sliygtween the slabs and thbdam during testing.

Each slab hadp and bottom mat reinforcemgRigure 43). The longitudinal reinforcemeffior
eachmat consisted of faulOM bars placed at 140 mm cexto-cente. For the transverse
reinforcementeach mat consisted of four 10M bars that were placed at 200 mentoecgnter All
10M bars were made from 400W weldable lalloy steel. Furthermorellaeinforcemenhad a
minimum cover of 25 mmTrhe amount of reinforcement placed in each direction of each mat was
designed based Clause 8.18.4.2 ofGaaadian Highway Bridge Design Code [200%&jcording to
this Clausethe deck slabmust had a minimumreinforcement ratio of 0.003 in eac#inforcing
direction of each mat when they were desigmgdsing the empirical design method
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Figure 4-3: Reinforcement Details of the PusiTest Specimen

A total of 13 pushiest specimens were constructed and tested. Tabkummarized the test matrix

of the experimental program. As shown in the table, the 12 bolted specimens were to be differentiated

by varyingthebolt size, bolt tension and stemncretenterface condition. Three bolt diameters were

used in the experiment: 12.70 mm (designated as S for smallest bolt size), 15.88 mm (designate as M

for medium bolt size) and 19.05 mm (designated as L for largest bolt size). The bolts either had no
pretenedn f orce or they were pretensioned to 70% of
For the three bolt sizes ranging from smallest to largest, the equivalent pretension force of 70% of the
boltds specified mini mum ,amb2s kN, respectivalgalcuptedh wer e 5
according to Clause 1M.6.30f the Canadian Highway Bridge Designh Code [2Q06]je steel

concrete interface conditions that were examined in the experiment included: plain surfaces, surfaces
with shear lugs,andduraces #Africti on enhancedo by sandbl ast
sand) to the steel.
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Table 4-1: Test Matrix of the Experimental Program

Nelsor
Studs ASTM A325 Bolts
St“d/B(‘r’:]tnE’)'ameter 19005 12,70 1588 1270 15.88 19.05 15.88 19.05
Bolt Tension (kN) - 0 0 53 85 125 53 53
Nelson Stud Specime NS-0
£ . P
£9 Plain
i 8 M-85
S 3
QN SL SL SL
g o Shear Lug S0 M-0  S53
O =
& & Friction Enhance FE1 FE1 FE1 FE1 FE1
-2 Type | $53 M-85 L-125 M-53 L-53
Lo
2 © Friction Enhance FE2 FE2  FE2
Type |l S53 M-85 L-125

4.3.1 Shear Stud Connection

One shear stull ¢ 0 n specorlerdwas constructed and tested as part of the experimental program.
Three pairs of Nelson shestuds were weldedn the outside oéach flange of the steel bearigure

4-4 illustratesthe position of the stud¥he studs (19 mm in diameter and 75 mm in height) had a
minimum ultimae tensile strength of 414RA (60 000 psi).

To predict the ultimte capacity of the specimen, thesign formulas from the Canadian Highway
Bridge Design Code [2008}ere usedThese two formulas were outlined in Section 2.2.1, where one
formula checked for concrete crushing failure while the other checked for studifig failure.The
specimen was predicted to fail by stud fracturing at an ultimate load of 1188 kN. This failure mode

was predicted when a concrete strength of FaMas assumed. The predicted ultimate load of 1188

kN was the factored resistance of #pecimen becauseshearstudresistancdactor of 0.85 was

used in the calculation.
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Figure 4-4: Shear Stud Specimen Geometry

4.3.2 Bolted Connection

Twelve specimens with betlconnectios were built ad tested in the laboratoryhese specimens
were designed to study the effects of bolt diameter, bolt tension and@teette interface condition
onthe connectionEach connection utilizéfour ASTM A325 bolts to connect the precashcrete

deck pankand the steeltbeam. Three different bolt diameters were used: 12.70 mm, 15.88 mm and
19.05 mm. All of theboltswere8 inches (203 mmij lengthandhad a specified minimunensile
strength of 825 Ma. As shown in Figurd-2, the bols were placedt quarter pointssuch that they
eachhadanequaltributary length (i.e. 700 mm / 2 = 350 mm) aldhgsteel flangeconcrete deck

panelcontact surface

One of the 1Doltedspecimens hadplain steelconcrete interface conditioihis specimen utilized
the medium size bolts, which were pretensioned to 70% of the specified minimum tensile strength.
The plainsteelconcretanterfaceconsisted of the contastrface between the untreated steel flange

and the untreated precast concaek panel.

4.3.3 Bolted Connection with Shear Lug

Three of the 12 bolted specimens had a shear lug weldedhentp (outsidg flangeof eachsteel

beamto enhance shear transf€@he use of shear lugs requires the concrete panels to be match cast on
the steel beam to provideosk tolerances between the shear lug and concrete pheahear lug
werefabricated with drapezoidakhapgFigure 45), so that the tapexould allow the concrete deck

panetto be easily dissembldtbm the steel sectioafter casting and reasserablduring
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construction of the composite bridgene top width, bottom width, height and length of the shear

lugs were 1 incli25 mm) 1.5 inche¢38 mm) 1.5 inche¢38 mm)and 7.5 inche§l91 mm)
respectivelyThe height and length of the shear Iwggedesigned such that each shear lug would
provide an additional shear capacity of 200 kN to the specirR@tser and Kloiber [2006] outlined

the shear lug design procedure in the Base Plate and Anchor Rod DesigniGeittg width,

bottom width and heiglof the shear lugs were designed such that the taper angles of the shear lugs
would be 9 degrees. This taper angle value was consisttrat of a typical concret®-concrete

shear key connection according to the Precast Prestressed Concrete Briggéviaaesial[2003].
Eachshear lug was placed between tle pairs of bolts and at a cesto-cente distance of 175

mm relative to each pair of bsltAll lugs weremade of hot rolled 010 carborsteel bars.

Note: 1 inch =25 mm

Figure 4-5: Shear Lugs ShapdL eft) and Dimensions (Right)

Two of the shear lug specimens utilized the smallest size boksf thesehad its bolts pretensioned
while the other had its bolts finger snug tighe (ivith no pretension force afipd). The third shear
lug specimen utilized the medium size bolts with no pretension force applietestsan the three
shear lug specimengeredesigned to determine the effeof theshear lug, the pretension force
and the increase in bolt siva the behaviour of theshear connection

4.3.4 Bolted Connection with Friction Enhanced Type | Surface

Five of theboltedspecimens had their steébéam flangesfriction enhanced by adhering conc
sand to their surfacel was hoped thaheslip loadof the connection would increase when friction

at the interfacketween the steel flange and the concrete slab surface was incréaskecdthis
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concrete sand waslheredn to eachsteelflangeoutersurfaceto make the outside flange surface
rougter. This steelconcrete interface condition was denoted ta biidtion enhanced type |

surface.

Sikadur 330 was used to adh#re concrete sand to the outer steel flange surfdcess a twe
componenstructural epoxy resimanufactured by Sika GrpliSika Canada 2012F5ikadur 330 was
chosen becausehad excellent adhesion to metalwd it was moisture tolerant. It had a tensile

strength of 30 NPa and a modulus of elasticity strength of 3Badts high modulus of elasticity

strength allowed itd act as a good adhesive to the steel surfaces. The setting time of Sikadur 330 was
30 minuteswhich meant that the process of mixing and applying Sikadur 330 should be completed in

30 minutes or less

Three of the five friction enhanced type | spesims had their bolts pretensiorted70% of the bolt
specified minimum tensile strength. These three specimens utilized small, medium and large size
bolts, respectivelyThe objectiveof this part of the test matrix was to study the effects of the bolt
diameter as the level of bolt gensionings held constanThe other two friction enhanced type |
specimens had their bolts pretiemed to 70% of the small bapecified minimum tensile strength

(53 kN) even though thewvo specimensitilized medium and lege bolt sizesrespectively.

4.3.5 Bolted Connection with Friction Enhanced Type Il Surface

Three of the bolted specimens Haaththeir steel dbeam flange surfas@andtheir concrete slab
surface friction enhanced. The steel flanges were friction enbait thesame manner as described
in Section 4.24 (i.e. using adhered concrete sarnd)addition, for the friction enhanced type Il

surfaces, theoncrete slab surfaces wesandblasted to increase theiugmess

All three friction enhanced type $becimens had their boltsgpensioned to 70% of the bsjpecified
minimum tensile strength. These three specimens utilized small, medium and large size bolts,
respectivelylt was hoped that the test results ttoese specimengould showthe effects ofrarying

bolt diameteand increased prestress force in connection behaviour

4.4 Concrete Material Properties

The specified concrete strendthr the deck panelwas 35 MPa. Air content Category 1 was specified
for the concrete mixturbecause concrete foribge decks would typically experience freezing and

thawing[Kosmatka et al.2003. Air content Category 1 consisteds#b to 8% of air in the concrete
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mixture.A maximum slump of 75 mm was also specified for thecogte mixture. This slump value
was conistent with the recommended value frétmsmatkaet al. [2M3]. A nominal maximum
coarseaggegate size of 19 mm was chosen based oM#ierial Specification for Aggregatés
Concretd2011] The Material Specification fokggregates Concrete [2011$taed that thenominal
maximumaggregate sizehould be 19 mm for concrete structures, unless othespessfiedin the

Contract Documents

4.5 Fabrication of Specimens

813 mm long W200 x 5%tbeams were first cut to length for each specifkégure 42). Theshear

studsused in the control (NB) specimemnwere donated biXelson Stud Welding Inand

professionally welded ontothebo e am by t he ¢ o mp a4by Alshethokholesron an ( Fi gu
the steell-beams were drilled in tHaniversity of Waterloo Egineering Machine Shajp fabricate

the bolted specimen$he shear lugs wemdsofabricated in the UW Engineering Machine Shop and
thentransverslywelded onto the-beamsy one ofthes hop 6 s c¢ e r (Figufeid®..ccCMAV | der s
(gasmetal arc weldingjvas used for the welding proceSéx millimeterdiameteffillet welds were
usedalongeachlength of the shear lggThe weld design wagerfied to ensure thaweld fracture

would not occuin the shear lug specimertor the friction enhanced type | atygbe 1l specimens,

concrete sand was adheraul to each steel flange surfasgh Sikadur 33GadhesiveThe steel flange

surfaces weréirst sandblastetb obtain a clean surface condition. Secondly, the Sikadur 330

components were mixed and then placet dineoutsideflange surfacg in accordance with ¢h
manufact ur e 6 SikaCpnad201f.iFinadlyt theooncsee gand was placed at a rate of

onelb/ft? (4.89 x 16° g/mnT) on top of the Sikaduardhesiveo create the friction enhancedrface

(Figure 48).
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Figure 4-6: Shear Stud Specimen Before Concrete Casting

Figure 4-7: Shear Lug Specimeri Before Concrete Casting
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Figure 4-8: Friction Enhanced I-Beam

Vertical slab forns were built for the shear stud specimen and the three bolted shear lug specimens
(Figure 49). The slabs of these four specimens had tods¢vertically andupside dowrwith respect

to the specimen testingpnfigurationso that any potential concrete settlement around the connectors
would notsignificantly affect the test results. Vertical slab casting had to be done for the shear stud
specimen because both of tipesime® s s | a b s &t thd samedtimdn Eerticabskalh casting
was also used fahe bolted shear lug specimens so thmaitch cast voida/ould beformed within the
slabswhenthe concrete mixture wamuredaround the shear lughe vertical slab forsmwere

braced using dimensional lumbes illustrated in Fige 4-9 to ensure that thiermswould be able to

withstand the hydraulic pressure from concrete casting

Horizontaldeck slab forra were built for the remaining nine speciméFigiure 410) that dd not

need to be match cast

58



Figure 4-10: Formsfor Horizontal Casting of Concrete Slabs

All forms were builusing % inch (19 mm) thick plywood. The plywood was screwed together at a
spacingof sixinches (152 mm). Albf the 10M reinforcmennats were tied using siinch loop ties.
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For the horizontal slabs forgnthe top and bottomeinforcementmats were supported byidch (100
mm) andl inch (25 mm) reinforcemermthairs, respectivel@Figure 410). For the vertical slabs
forms, he renforcementwassecured in placasing wooden planks on the sides (FigwELL All
reinforcment wagplaced in ananner to achieve a concrete cover of 25 ffiwvo concrete anchors
were placed irrach slabOnce the concrete were castl cured, thesenchors would facilitate the
movement othe slabsisingthefork lift or cranes in the laboratonll bolt holes wee formed using
linch (25 mm) insideliameter PVC piped.he pipes were cut into 6 inch (152 mm) lengthmatch
the thickness of the concrete dalfhey were secured in place using 7/8 if&hmm) dameter
wooden dowels. Duct tape wased toseal theop end of the pipesiuringconcrete casting.

Figure 4-11: Reinforcement Details of Shear Stud (Top) and Shear Lug (Bottom) Specimens

All the slabs were casising the same batch of concrstgpliedby a local readynixed concrete
producerto minimize the variability ofthe concrete strength in the slgbgure 412 and 413). Cast
in-place construction was simulated for the shear stud specimes ldsl#on shear studs were cast
into the concrete mture. On the other hand, precast construction was simulated for the bolted
specimensk-or the shear lug specimenisetsteel flanges and shear lugs were oiegarévent them
from bonding to the concretBuring the slab casting period, a total of 36 cete cylinders were
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made from the same batch of concrete. Each cylinder had a diameter and height of 200 mm and 200
mm, respectively. The cylinders were used to monitor the actual concrete speoigth and up to
the date of testingince the actual cwrete strengthvill generally differ fromthe specified concrete

strength.

Figure 4-13: Horizontal Casting of Concrete Slabdor Remaining Specimens
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The concrete was consolidatasing vbrators and then the slahrfaces were properly finished.
Figure 413 showed the concrete slabs after castigpr finishing the sl surfacesthe slabs were

moist curedor seven days using burlamd water in accordance with tBenstruction Specification
for Concrete Structurg2010].

Figure 4-14: Concrete Slabs after Casting (6p and Bottom)

For the friction enhanced type Il specimens, the cured concrete slab panels were sandblasted on one
side to create the friction enhanced surfd¢e sandblasted surface areas of the slab panels consisted
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of the areas that would be in corttadth the outside steel flangef the tbeams (Figur 416).

Sandblasting was completed by professional sandblasting contiactbown in Figure-45.

Figure 4-15: Sandblasting of Concrete Slabs

Sandblasted
Area

Figure 4-16: Sandblasted Concrete Slab Panel for Friction Enhanced Type Il Specimens

4.6 Testing of Specimens

The 13 fabricatedspecimens were testedder static loading in the MTS 311 1500 kN capacity test
frame in the University of Waterloo Structures Laboratory. A test platform was designed and built for
the purpose of testing these push test specimdmsplatform consisted of three steel plates and three
W200x52 tbeamgFigure 417). Thethree steel platesere welded together to form the base of the
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platform.Each plate was 50 mm thickhe bottom plate had an existing 75 mm diameter hole, which
allowed the welded plates assembly to be threaded onto the MTi8sBIrameTwelve 25 mm
diametemoles werdapped in theop plateto allow the three-beams to be bolted on top of the
welded plates assembMWeb stiffeners were welded to th84 mm londg-beamdo improve the

shear capacity of the beanitie beams were bolted to the welded plates assdmghlsing Gade 8

bolts that were 25 mm in diameter &faimm in lengthOnce the welded plates assembly was
threaded onto the MTS 311 test frame and thedms were bolted onto the plates assembly, the
individual test specimen could be placed on top of theethbeams for testing.

Figure 4-17: MTS 311 Test Platform

4.6.1 Test Setup and Instrumentation

Theprecast concrete slab panaidd the steetbeams were bolted together according to the specimen
geometry(Figure 42) to assemble the 12 bolted specimdien of the 12 bolted specimens had strain
gauges installed on their bolts to measure the axial strain of theTd@tspecimensat were not

strain gauged wergpecimen$E1S-53 andFE1L-125.Each ofthe strain gaugespecimens utilized
four strain gauges, where two strain gauges were place on each side of the sfi€gime#18)

and each strain gauge was placed at the middle length of @igoite4-19). To record the axial

bolts strains,te strin gauges werplaced at the side of the belirfacein their final position relative

to the specimen.
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Two strain gauges
were placed on
each side of the
specimen; gauges
were facing in the
direction of duct

tapes

Figure 4-18: Strain Gauges Locationsi Top and Bottom Bolts Alternating

Strain gauge is placed at th
middle length of the bolt

Figure 4-19: Placement of a Strain Gauge on a Bolt
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Typical ASTM A325 bolt assemblies utiliz&STM F436 washers to distribute the bolt tension from
the bolt heads to the bolted materidlsesewasheravere weltsuitedfor bdting steelplatestogether
because¢he high yield strength of the steel means that there is little risk of a bearing failure of the
steel material under the washdowever, these washers were not suftedolting steel andconcrete
elementgdogether beassethe bearing aredsr these washers amnet sufficient to distribute the bolt
forceswithout cracking the concret&o prevent concrete cracking under the bolts, multiple washers
were stacked and tack welded together to increase the bolt bearingairs the concrete slab
surface(Figure 420). Table 42 showshe washer assembilgat wasusedfor each size of bolts in
orderto increasdolt bearing area against the concrete slab surfatetJnited States Standard
(USS) flat washersiere used sirethey were ready available and they were developed to satisfy
most industrial applications. Plate washers were also used becausetbespited to increase the
bolt bearing area. These washers have an outer diameter of a USS flat washer with atight inn
diameterlt should be noted that dlISS flat washers used in the experiment were high strength

hardemdwashers.

Table 4-2: Washer AssembliedJsed to Increase théBolt Bearing Areas

ASTM A325 Bolts
I &(13mm) diameter 5/ 8.&mm) diameter 1J 6 19 (mn) diameter

1/ Z13mm)USS flat washer . .
Washer 5/8 (16mm)USS flat washer 3/41 (19mn) USS flat washer
3/4 A (19mm)

Assembly . 1 1/80 (29mm) 1 1% d)plate washer
1 1/80 (29mm)

Figure 4-20: Washer Assembly Used to Increase the 19mm Diameter BslBearing Area

Specimes P M-85,SL S53, FE1S-53, FE1 M-85 andFE1 L-125had their bolts pretensioned by
using the arn-of-nut methodThis bolt pretensioning methas widely used and recognized by the
Canadian Highway Bridge Design Code [2Q0Blie to the fact that the tuof-nut method could not

confirm theprecisebolt tersion force and due to concerns raised aftee first tests were completed
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regarding the accuracy of this method, all other speclmo#ie werepretenionedising a torque

wrench.The bolt pretensiostrain readingsvere used to check the bolt tension achieved using the
turn-of-nut method. The bo#train values read from the data monitor indicated that theofemnt

method tended tover pretension the bolts and exceed the specified minimum bolt pretertston. T

bolt pretension strain readings were alsed to checkhe bolt tension achievaging the torque
wrench.The bolt strain values read from the data monitor were close to the expected pretension strain
valueswhen the bolts were tightened using the torque wrerahble 43 showed the minimum torque
values used to pretension the b§Rsrtland Bolt and Manufacturing Compa912]

Table 4-3: Minimum Torque Values Used to Pretension the ASTM Bolts

Bolt Diameter Min Bolt Tension Min Plain Torqueing Value
o (13mm) 53 kN 100 Ib ft (136 N m)
580 (16 mm) 85 kN 198 Ib ft (268 N m)
o (19 mm) 125 kN 350 Ib ft (475 N m)

The test specimens were fork lifted onto the test platf@dimey were placed such that their slabs were
aligned with t hedigyd4altstiomed thé tgpical tesedipfokthe experiment.

One pieceof 6 ( 1 3 mindmadoth Wwas placdetween the concrete slabs and the test platform.
Thesemtilow density press boardpmasoteensured that the applied loads wob&uniformly
distributed ovethe concrete slabndsand there would bminimal stress concentraticas a resultTo
ensure that the applied loads were uniformly distributed at the top of the speckBemméhick

aluminum plate was placed on top of tHgelam of the specimen.

Four DCDT displacement trathgcers were used to measure bigiween the concrete slabs and the
steel tbeam. Two displacement transducers were placed on each side of the specimen and at a
position of top and bottom alternating along steelflange (Figured-22). For the shear stud
specimen, they were placed 25 rhalow the top and bottom pairs of studs. For the bolted
specimens, they were placed 25 mm below the balltsransducers were secured in the brackets and
then the brackets were glued onto theeinside of the steel flgesusing glue guriFigure 423).

Four aluminum Eangle sections were also glued onto the concrete slab surfaces ke stants of

the transducersould beset against thangle sections.
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Figure 4-22: Placement of Four Displacement Transducers
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Figure 4-23: Top (Left) and Bottom (Right) Configuration of the Displacement Transducers

Two key safety measures were put in pldmfore the specimens were testedstly, two Gchannels

were anchored to the top of the concrete slabs respectiiglyré 421). Chains weraised to tie the
channels to the top ofeftest frameo that the concrete slabs were prevented from falling out of the
test frame in the event ohainexpected specimen failure. Secondly, four wooden boards were placed
on thetest framecolumns(Figure 421). Theboards were used to prevent thwts fromturning into
projectilesin the event o sudden bolt rupture

4.6.2 Test Procedure

The shear stud specimen had a peak displacement target of 10 mm. This target value was obtained
from Bowser [2010]. The same peak displacement target of 10 mmss@sed for the shear lug
specimens. This low peak slip value was assumed because the lugs would bear directly against the
concrete during testing. The rest of the bolted specimens had a peak displacement target of 40 mm.
This target value was obtained fradwon et al. [2010]

All of thespecimes were tested under static laadfailure The tests were conductading
displacement contrab ensuresafety during the tesind to allow the loadisplacement behaviour
beyond the peak load to be captuidtith displacement control, traontroller varies the hydraulic
pressure in the jadlo achieve a certain actuator displacemEatlure typically occurred whesome

of the boltsof a specimenvere ruptured. In an extrenf@lure conditionone side of thehear
connetors was completed shearefl and one of the slab panels was separated from the rest of the

specimen
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Chapter 5

Experi ment al Resul ts

In this chapter, the experimental restittisthe friction and push tests described in Chapteillde
presented and digssedln Section 5.1, the results of the friction tests are presented. In Section 5.2 to
5.6, the push test results are presented for the shear stud connection and bolted connection with no
friction enhancement, with shear lugs, and with type | and tyfpietion enhanced surfaces,
respectivelyFinally, results from the compressiorsting of concrete cylinders apeesented in

Section 5.7These tests determitiee actual cocrete strength fagach pushest specimen.

5.1 Friction Test Results

The resuls of the friction tests aggresented in Table-b. Theweights of theplain steel plate,
concrete sand coated steel plate and finer sand coated steelgyiateeasured to b21.65 N, 22.40

N and 22.18 N, respectivelyhese weights excluded the weighttre steel blockhat wasshown in
Figure 41. By using the data presentedliable 51 and themeasureaveights of the steel ples, the
friction coefficient foreach steetoncrete interfaceas calculated according to Equatief. Table

5-2 showsthe calculated friction coefficient at easkeetconcrete interface. The regular steel
concrete interface had a friction coeféint of 0.83. The friction coefficient increased when the steel
surface was sand coat&bupling the sandoatd steel surface witreatments on the concrete
surface such as peening or sandblasting also increased the friction coefficehighest friction
coefficients vere obtained fothe following interface conditionsafiner sand coated steel surface
with apeened concretaigace € = 1.29) andaconcrete sand coated steel surface with sandblasted

concrete surfaces = 1.28).

To enhance¢heinterface friction on the pudiest specimens, concrete sand coatingusasl on the
friction enhanced type | and type Il specimensn€ete sand coating wahosen over the finer sand
coating because concrete sand would be readily available in the construction ifdugirther
enhance the terface friction on the pudiest specimenshe sandblasting surface was used on the
friction enhanced type Il specimens. Sandblasting was chosen over peening because sguadblastin
large concrete surface cha done quickly and efficiently by professiogahtractors. Based on the
smallscale friction test results, the friction coefficiefdr the friction enhanced type | and type Il

specimensirel.11 and 1.28, respectively.
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Table 5-1: Average Bucket Weight Required to Pull Off the Steel Plate

Steel Plate Surface

Plain Concrete Sand Ctag  Finer Sand Coating
Regular Concrete Surface 18N 25N 24N
Peened Concrete Surface - 27N 29N
Sandblasted Concrete Surfac - 29N 27N

Table 5-2: Friction Coefficient for the SteelConcrete Interface

Steel Plate Surface

Plain Concrete Sand Coatin Finer Sand Coating
Regular Concrete Surface 0.83 1.11 1.09
Peened Concrete Surface - 1.20 1.29
Sandblasted Concrete Surfac - 1.28 1.21

5.2 Shear Stud Connection Test Results

The shear stud specimeunentuallyfailed byfracturing of the shear studs a peak load of 1575 kN
(Figure 51 and Figure 8). The concrete slab on the rigtitle of the specimen wasen to

completely shear off when the shear stindstured As shown in Figure 8, the fractired shear studs
remained buried within the concrete statillocal concrete crushing underneath the fractured shear
studs was observeilhe slakthat was sheareaff had some minor cracks on the top left corner of the
slabsurface(Figure 51). On the otler hand, the slab that remained attached to the shealnhdid

not have these cracks but did haignificantconcretespallingat the baseAs shown on Figure-5,

this spalling occurred just below thmttom end of the steeldeam because the tip diet steel flange
was bearing down on the slakhe steel flang&vas bearing against the slab due to a construction
defect.Figure 52 showed thdractured shear studs after testing. Plastic deformation of the studs was
observed on the figur&tud fracturénappened near thmse of the studgjst above the stud welds.

Shearing of the stud welds did not occur as shown on FigBre 5

71



Figure 5-2: Fractured Shear Studs After Testing

Stud weld remains attached to stikmhge

Figure 5-3: Shear Studs Fracture Surface
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Figure 54 presentshe loadslip aurves for the shear stud specimére. specimen N®). The four

loadslip curves were plotted using data collected from the four displacement transducers. They show
reasonably good agreement with each other, indicating symmetric loading and specim@ubehav
These curves showthat thebehaviour of the shear stud connection iméglly linear (elastic).

Nonlinear loadslip behaviour wamitiatedat a load of approximately 1300 kN. The connection
eventally exhibited significant ndmear (plastic) defomation until it reached a maximum load of

1575 kN. The average maximum slip of the connection at stud fracture was 8.4 mm. Based on the
loadslip model developed bilanswille et al. [2006]the slip of the shear stud connection at stud
fracture was 8.8 mmin other words, the test results and the model developethihgwille et al.

[2006] showed good agreement with each other.
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Figure 5-4: Load-Slip Curves for Specimen NS)

The loadslip curves of thelear stud specimen exhibited good ductility before failure in the sense
that the deflection at failure is considerably larger thard#ikection at the onset of niimear
behaviour. However, it should be noted that stud fracture was very suddenly died iestomplete

loss of the connection between theeftebeam and the concrete slab.
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5.3 Bolted Connection Test Results

The bolted plain specimen (i.e. specimen B3) failed by fracturing of the bolts (Figureby. It

should be noted that bolt fraciing did not happesimultaneouslyn all bolts When the specimen
reached its ultimate load capacity, two of the bolts fractured and then the applied loads from the test
frame decreased. More bolts subsequently fractured as the specimen was reloagldide Somcrete

slab panels were still partially bolted to the stelgbam after the specimen reached its ultimate
capacity, the bolted connection exhibited gstrdctural redundancwfter testing, the concrete slab
panels were dissembleim the steel-beam. No damage wadserved on the panels except local
concrete crushing underneath the bolts. As shown on Figbir@nsl Figure %, bolt fractures

occurred at the end of the threaded part of the bidies fractured surface of the bolts showed that

bolts failed by sheaGhear and bending deformation of the bolts were observed from the figures.

Figure 5-5: Fractured Bolts After Testingi Specimen P M85
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Figure 5-6: Close Up Shot othe Fractured Bolt Surfacei Specimen P M85

Figure 57 presentshe loadslip curves for specimen P MB5. These curves shothat the behaviour

of the bolted connection was lineglastic up to a load of 150 kN. In othgords, the connection

began to slip anddihave nolinearly above this loadAs shown a thefigure, two sets of similar
norlinear loadslip curves can be identified since a high level of slip was observed beyond the slip
load on the left sidéThe specima hadan ultimate load of 890 kN. The average maximum slip of the

specimeratfailure was 9 mm.
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Figure 5-7: Load-Slip Curves for SpecimenP M-85
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5.4 Bolted Shear Lug Connection Test Results

All shear lug pecimens failed by fracturing of the bo{iSgure5-8). When each specimen reached
its ultimate load capacitgeverabolts fractured and then the applied loads from the test frame
decreased to a lower specimen ltadl. As expected, shearing of theesin lug welds did not occur

in any of the specimens.

Prior to the bolt fracture failurel/l@hear lug specimerexperiencesghearing of the concrete wedge
underneath the shear l§Vhen each specimen wimdedin shear, the steeldeamdisplaced
downward relatively to the concrete deck panels tiedshear lugs were pushing agathstbottom
side of theconcretematch cast hole&ach shear lug deforedthe concrete match cast hdie the
extentthatit enlarged the hole in the deldngitudinal diretion (Figure59). The deformatia of the
holesat the end of the te&ir specimerSL S-0, SL M-0 andSL S-53 were 15 mm, 20 mm and 16
mm, respectivelyAs shown in Figure 8, a concrete wedge was formed benesdlchhole aseach
shear lug was pushed anthe concrete-or specimerSL S-0 andSL M-0, the wedges &re
completely sheared off whehe specimenseachedailure. The shared surfaces of the wedges had
white duston the surfacesvhich indicated that concrete crushing had occurred along theheas
of the wedgeFigure 510 (a) and 8.1 (a) showed the concrete paneith the wedge sheared off.
For specimerSL S-53, the wedges remained attached to the concrete fadiezitestingThe
pretensiorforcein the bolts likely prevented the compt shearing of the concretedgesn this

specimen
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&> Fractured Bolt

Figure 5-8: Bolt Fracture Failure i SpecimenSL S-0

Size of Initial
Match Cast
Hole

Deformation
of Match
Cast Hole

Concrete
Wedge

Figure 5-9: Deformed Concrete Match Cast Hole and Its Associated Concrete Wedge
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Prior tobolt fracture all shear lug specimendeveloped significardracks on their exterigurfaces.
The crack development prior to bolt fractuneant that the shear lug connection would exhibit
warningbefore the failure would occuSpecimenSL S-0 had the most cracks when compared with
the other two shear lug specimemhis can be explained ke fact that thispecimen utilizedgmall
size bolts without any pretensioninghen there were no preteas forces in the bolts, the concrete
panels were nditghtly clamped together with the stedbéam and cracksould form more easilgs

the Fbeam slppedin relation tothe panelsAs mentioned earlier, specim&h M-0 andSL S-70 had
relatively fewercracksthanspecimerSL S-0. Thisobservation was most obvious when looking at
the panel deck surfaces. The cracks on specBhevi-0 andSL S-70 ako appeared to be less wide
anddeep than the ones specimersL S-0.

To verify the crack defin, both pana of specimerSL S-0 were sawcuibngitudinally along the

middle of the panel widthFigure 510 and 511 show the crack patternbserved oithe panels after
they were sawcukigure 510 (a) and 8.1 (a) shovthat crackextendfrom the sheared off wedg

to the bottors of the panelsi-igure 510 (b) and 511 (b) showthecrack patterns that were developed
on the deck stiaces of the specimeAs shown on theefigures, the cracks were all over ttheck
surfaces and they extefrdim one edge to the othdfigure 510 (c), 510(d), 511(c) and 511(d)
showthe crack patterns inside the concrete panels. Both of the panels hacestankingfrom the
match cast holes to the deck surfaces; furthermore, the cracks went through theaeetitepth at a
45° angle.On one of the panglacrackon the outside deck surfaa@salso observedxtending

from the sheared off wedge to the bottom of the péfiglire 511(c) and 511(d)).

Both panels of specime8L M-0 were also sawcuThe sawcusurfaces of thee panelslso
displayed45° anglecracks from the match cast holes to the deck surfatesher wordsthe full
depth crack patterns insitteese panels were silaui to those fronspecimersL S-0. It should be

noted thatoncrete deckurfacecracks wee alsoobserved orspecimerSL M-0.

When the shear lug specimens were loaded to failure, concrete spalling occurred in addition to the
concrete cracking that was mentioreatlier Spalling occurred beside tikencrete wedges that were
sheared offFigure 510 (a) and 8L1(a). As the specimens weredded, the shear lugeformed the
concrete underneath the lugausingpieces of concrete beside twedgedo spalloff. Spalling was
alsoobserved underneath the bolt holes as shown in Figlie(&) ad 511 (a).Concrete palling

on this part of the specimens was due to the fact that the bolts were bending during the test and the

concrete underneath the boltaswcrushed due to the bearing forces introduced by the bolts
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(b) Deck Surface View

(c) Sawcut View | (d) Sawcut View

Figure 5-10: Concrete Crack Pattern for Panel 1 of SpecimersL S-0
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(c) Sawcut View (d) Sawcut View

Figure 5-11: Concrete Crack Pattern for Panel 2 of SpecimersSL S-0
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Figure 512 presentthe loadslip curves for specimeBL S-0. Theshear lug connection on the right
side of the specimesxhibited a higheinitial stiffness than the connection on the left. In other words,
the connection on the right side hagdelipthan the connection on the left when the specimen was
loadedin the linearelastic rangeThe specimen started to behave hioearly when the applied load
reached®90 kN.As thespecimen was loaded in the fiarar range, the four loaslip curves
exhibitedsimilar behaviour, meaning thtite increae in loadcausedanidentical increase in slipn

both sidesThe four loaéslip curves exhibited goaductility before failure.The specimen failed at

an ultimate load of 1435 kiind the average maximuslip of the specimen before failure w4

mm.
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Figure 5-12: Load-Slip Curves for SpecimenSL S-0

Figure 513 showsthe loadstran curves forspecimerSL S-0. No strainsin the boltsweremeasured
initially becausehe bolts were not pretensiondd the specimen was loaditthe linearelastic
range, the strains in the bolts increased gradually and linearly as the applied load indetmed.
load-displacement behaviour of tkpecimerbecamenoriinear, two distinct sets of loadtrain curves

could be identified. One set of curweas obtained from the strain gauges on right side of the
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specimen and the other set of curves was obtained from the strain gauges orsites Tdéfe gauges
on the left glerecorded highestrains than the gauges on the rigide in thisrange As expected he
rate ofstrain increasen the nofinear rangavasgreaterthan the rate aftrain increase in the linear
elastic range.

The nominal yield strain of the ASTM A32% inch(12.70 mm) diametebolts was 3170 microstrain.

This strain was calculated by assuming that the bolts had a nominal yield strength of 634 MPa and an
elastic modulus of 200 GPAccording to the loagtrain curves, the bolts ohe left side of the
specimeryielded before specimen failure occurred wliile bolts on the right side ditbt.
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Figure 5-13; Load-Strain Curves for SpecimenSL S-0

Figure 514 presentthe loadslip curves foispecimenSL M-0. Two sets bsimilar loadslip curves

were obtainedor each side of the specimen. The shear lug connection on the right side of the
specimen had greater initial stiffness than the connection on the left. In other words, the connection
on the rightside had less slip than the connection on the left when the specimen was loaded in the
linearelastic range. Thepecimen started to behave lwearly when the applied load reachHHB0

kN. It began to slip ndmearly as the load stayedughly constantat a value 0030 kN.In the
82



norlinear rangetheload eventually started to increase again asliheralues increased. The four

loadslip curves exhibited identical stiffnessthe notinear rangelt should be noted that the
connection on the leftde of the specimen exhibited more ductility than the connection of the right.
The specimen failed ain ultimate load of 1560 kN and the average maximum slip of the specimen

before failure was3a7 mm.
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Figure 5-14: Load-Slip Curves for SpecimenSL M-0

Figure 515 showed the loastrain curves fospecimersSL M-0. The shapes of the curvesiin this
Figure greatly resembtbose from Figure-84. No strains wergecordedn the bolts prior to loading
since he bolts were not pretensioned. As the specimen slipped in thediastc range, the strains
in the bolts increased gradually and linearly as the applied load incr&asesithe right side of the
specimen barely slipped in the lineadisstic rangethe strainincrease in the bolisn the rightwas

very small.As the specimen slipped in the dimear range, two distinct sets of leatiain curves

could be identifiedonerepresentethe strainin the boltson right side of the specimen and the other

represented #hstrainin the boltson the leftside of the specimeThestrain in the bolts othe left
was greater than the strain in the bolts on the right betaekdt side of thespecimen slippethore
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especially in the ndimear rangeAs expeced the rate othe strain increase in the dmear range

wasmuchgreater than the rate of the strain increase in the tglaatic range.

According to the loadtrain curvesall of the bolts with strain gauges hgiélded before specimen
failure occured.As mentioned earlier, thgeld strain calculated for the ASTM A325 boltss3170
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Figure 5-15: L oad-Strain Curves for SpecimenSL M-0

Figure 516 presentthe laadslip curves foispecimerSL S-53. As shown on the Figure, two sets of
similarloadslip curveswere obtained: one from the transducers on the siglketof the specimen and
the other obtained from the transducers on thesieé The right side of the specimstarted tcslip

and behave ndimearly at a load of 1200 kN. EHeft side of the specimdiegan to slip and behave
norlinearly at the load of 1335 kNBoth sides oftie connectiommvercame local maximum peak loads
beforetheydisplayedalargeamount ofdeformationand slip inthe notinear rangeThe four load

slip curves exhibited identical stiffnefssthe nofinear range. It should be noted that the connection

on the right side of the specimen exhibited more ducthiéntthe connection on the Iefthe
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specimea failed at an ultimate load d530kN and the average maximum slip of the specimen before

failure was 5 mm.
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Figure 5-16: Load-Slip Curves for SpecimenSL S-53

Figure 517 showdhe loadstrain curves fospecimerSL S-53. No strain reading was recorded from
the top right strain gauge because the gauge appeared to be damaged from the start éflithe test.
three loadstrain curves areffsetin this figure to annitial strainof 2087 microstrain becaudeet

bolts were pretensioned to 70% of their specified minimum tensile strengtshd@pe of the load
strain curvefor thebottom rightbolt is similar to the shape of the lealip curves on the right side of
the specimenin the sense that the drop indoand onsebf norlinear behaviour appear to coincide

In the same waythe shapeof the loadstrain curvedor the boltson the left side of the specimen are

similar to the shapeof the loadslip curves representing the slip behaviour on thesidé

As mentioned before, ¢hnominal yield strain of the ASTM A32&inch (12.70mm) diameter bolts
was 3170 microstrain. According to the lestdain curvesall three bolts with strain gauge reading

had yielded before specimen failure occurred.
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Figure 5-17: L oad-Strain Curves for SpecimenSL S-53

5.5 Test Results of Bolted Friction Enhanced Type | Connection

All friction enhanced type | specimens failed by fracturing of the bolts. Boltsifiragthappened

progressivelynot simultaneosly. When each specimen reached its ultimate load capaeitgral of
the bolts fractured and then the applied loads from the teséfd@creased to a lower load level.

More boltseventually fractured as each specimes baded at the lower load levll bolt
fractures occurredt the end of the threaded part of the bdltefriction enhanced connection
proved to have good structural redundancy because bolts failures from the cortmegmpiened

progressively After tesing, nomajordamagevasobserved on the concrete slab panels except local
concrete crushing underneath the bffigure 518). Minor concrete flaking was observed on the

panels at the steebncrete interfaces (Figurel®). The flaked off concrete watsa observed on the

friction enhanced steel flanges (Figuré9%.
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Figure 5-18: Concrete Crushing under the Bolt Holeson SpecimenFE1 L-53

Figure 5-19: Friction Enhanced Steel Flange Surfacefter Testing i Specimen FE1 1:53

Figure 520 showsthe loadslip curvedor specimerFE1S-53. This specimen started to slipda
behave nolnearly at a load o#0kN. As shown on theidure, tvo sets of similanoninear loaekslip
curveswere obtained: anfrom the transducers on the right side ofgpecimen and the othfsom

the transducers on the Isftle The behaviour on the left side of the speen appeared to be more
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ductile The average maximum slgf thespecimen afailure wasll.1 mm. The specimen failed at

an ultimate load of 430 kN
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Figure 5-20: Load-Slip Curves for SpecimenFE1 S-53

Figure 521 showsthe loadslip curvedor specimerFE1M-85. This specimen started to slip and
behave notinearly at a load of 5 kN. Theload-slip curve obtained from the bottom left transducer
exhibited significartly more deformation and slip than the other three curves. It also exHited
connection stiffness compag to the other three loaglip curves. The other three curves appeared to
be in good agreement with each other in terms of ductility and stiffileeg.had shilar slope

values in their ndinear ramge of the curvesTheyalsoshared similar slip valgewhen the specimen
reached an ultimate load of 660 Khe average maximum slip afl four curvesbeforespecimen

failure wasl1.7mm.
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Figure 5-21: Load-Slip Curves for SpecimenFE1 M-85

Figure5-22 pregntsthe loadslip curves foispecimerFE1L-125.The left side of the specimen
started to slip and behave tioearly at a load of I5kN. At the load of 225 kN, the right side of the
specimen bean to slip and behave narearly. The four loagslip curves showed good agreement
with each othein terms of their slopes in the rlorear range. In other words, the stiffness of the
connection on each side of the specimen was approximately theAsst@wn on Figure-22,

three of the far curves exhibited siilar norlinearloadslip behaviourThe other curve, representing
data fromthe top left transducer, also showed similar behaviour but isligttly greater slip values
recordedThe average maxum slip of the specimen &ilure was 11.1 mm. The spewn failed at
an ultimate load of 1025 kN.
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Figure 5-22: Load-Slip Curves for SpecimenFE1 L-125

Figure 523 presentshe loadslip curves for specimelRE1M-53. As shown on thédure, two
distinctsets & norlinear loadslip curveswvere obtained: one from the transducers on the right side of
thespecimen and the othzom the transducers on the Ieftle The rightside of the specimen started
to slip and behze nodinearly at a load of 5&N. The leftside of the specimealsobegan to slip and
behave nolnearly at the load of 90 kNGreater ductility was observed thre right side of the
specimenTheconnection on theght side of the specimen also had lower stiffrthas the

connection on the leflhe specimen failed at an ultimate load of 640 kN. The averagenunaxslip

of the specimen dailure was 11.2 mm.
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Figure 5-23: Load-Slip Curves for SpecimenFE1 M-53

Figure 524 showghe loadstrain curvsfor specimerFE1M-53. All the loadstrain curves were

offset to have an initial strain of 1338 microstrain because the bolts were pretensioned to 70% of the
specified minimum tensile strength of theinch (12.70 mm) boliWhen the specimen started tps
thestrains in théolts at the bottom right and top left of the specimetually decrease®ne

possible explanation for this observation is thatstingin gauge placesntsfor these bolts mightave
beenslightly skewedresulting incompressivetsains due to bending ald®ingrecordedn addition

to the tensile axial strain¥he shape of thimad-strain curveor the bolt o the top right of the
specimerwas similar tahe shape of the loaglip curvedor the connection on the right side oéth
specimenexcept that thitad-strain curve stoppeshowingany strain increase after the load reached
400 kN. The shape of the loatrain curvedor the bolton the bottom left of the specimen, was also
similar to the shape ohé loadslip curves fotthe slip behaviour on the left. As the applied load

increased, the slip increased and the associated bolt strain increased.
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As mentioned in this sectipthe nominal yield strain of the ASTM A32Z88inch (15.88 mm)
diameter bolts was 3170 microstrain.cécding to the loadtrain curvestwo out of the foubolts

with strain gauge reading had yielded before specimen failure occurred.
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Figure 5-24: Load-Strain Curves for SpecimenFE1 M-53

Figure 525 presentghe loadslip curves for specimeRE1L-53. This specimen started to slip and
behave notinearly at a load of 8 kN. As shown on the Figure, the transducer at the bottom left
location was lost when the load reached approximately 500 kN. Thisflvassducer was due to the
unbonding of the glue on the inner side of the steel flange. Theslipaclirves obtained from the
three other transducers were completely plotted to the ultimate loadsifdbienen. Their plots
exhibited similar shape althgh their slip values and slope values differed at various load points.
The average maximum slip of the specimen before failure wésrirh. The specimen failed at an
ultimate load of 850 kN.
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Figure 5-25: Load-Slip Curves for SpecimenFE1 L-53

5.6 Test Results of Bolted Friction Enhanced Type Il Connection

The failure condition and failure mode of the friction enhanced type Il specimens were essentially the

same as thenes exhibited by thieiction enhancedype | specimens.

Figure 526 showsthe loadslip curves for specimelRE2 S-53. As shown on theidure, two sets of

similar norlinear loadslip curves were obtained: ofrem the transducers on the right side of the

specimen and the othfom the transdcers on the lefside The left side of the specimen slipped

first and started to behave dioearly at a load 080 kN. The right side of the specimes@began to

slip and behave ndinearly when the load reach&@0 kN. The behaviour on the left sidé the

specimen appeared to be slightly more ductile as greater slip was recorded on the Ritisisides

of the specimen exhibited similar connection stiffness #feetoad reached 150 kWthe specimen

failed at an ultimate load of 495 kN and themage maxnum slip of the specimen &ilure was

10.4mm.
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Figure 5-26: Load-Slip Curves for SpecimenFE2 S-53

Figure 527 shownsthe loadslip curves for specimeRE2M-85. This specimerstarted to slip ath
behave nolnearly at a load of 1®kN. The loadslip curve obtained from the top right transducer
exhibited less deformation and slip than the other three curves. It alsaextiigher stiffness in the
norlinear range of the curve comparing to thieeotthree loadlip curves. The other three curves
showed good agreement with each other in terms of stiffnesshape. They had similar slope
values in their nonlinear range of the curvese average maximum slip of all four curves before

specimen failre was 9.6 mmThe specimen failed at an ultimate load of 700 kN.
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Figure 5-27: Load-Slip Curves for SpecimenFE2 M-85

Figure 528 presented the loaslip curves for specimeRE2L-125. This specimestared to slip and
behave noimearly at a load of 235 kN. As shown on theidure, two sets of simitanorlinear load

slip curves were obtained: ofrem the transducers on the right side ofsbecimen and the other
from the transducers on the leftle Thebehaviour on the right side of the specimen appeared to be
more ductilein the nofinear rangeas greater slip was recorded on the right side. Botls sfdbe
specimerhad the same initiatiffness. The specimen failed at an ultimate loati0OZ0kN ard the

average marum slip of the specimen &ilure wasl24 mm.
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Figure 5-28: Load-Slip Curves for SpecimenFE2 L-125

5.7 Concrete Compression Test Results

Table 53 showsthe concrete compression test resulll of the actual concrete strengthssed on
the concreteompression testgjere greater than the specified concrete strength of 2% Whe 7
days early strength of the concrete was 37.22Mhe 28 days strength of the concrete was
49.65MPa. As fiown in thetable, the conate strengtion the day of testinfpr the 13 pushest
specimens were in the range Gf3B MPa to 56.50 NPa.
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Table 5-3: Concrete Compression Test Results

f& of each Cylinde(MPa) Averagef .§MPa)

7 Days EarlyStrength 38.07 36.92 36.67 37.22
28 Days Strength 48.93 48.85 51.17 49.65
SpecimerNS-0 54.47 53.92 54.19
SpecimerP M-85 48.03 48.17 48.10
SpecimersL S0 51.32 50.75 51.04
SpecimerSL M-0 N/A N/A N/A

SpecimerSL S-53 54.41 56.52 55.46
SpecimerFE1S-53 N/A N/A N/A

SpecimerFE1 M-85 47.54 55.70 51.62
SpecimerFE1L-125 53.69 59.32 56.50
SpecimerFE1M-53 48.99 54.23 51.61
SpecimerFE1L-53 49.48 47.99 48.74
SpecimerFE2S-53 47.89 49.32 48.61
SpecimerFE2M-85 50.08 47.59 48.84
SpecimerFE2L-125 48.23 46.55 47.39
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Chapter 6

Anal ysis of BolBelawiomuwmrect i

In this chapter the experimental results the 13 push tests aegamined and analyzed. First, the
effects of the varied test parametars preseted and discussad Section 6.1These parameters
include friction enhancing surfaces, bdihmeter and bofpretension In Section 6.2the factors that
affect the slip load of the specimens autlined and analyzed. Thisction also explains what
parameters are contributing to the increase in shear capacity after the specimens havatslipped.
concludes by proposirgnalytical models that are capable of predicthrgyultimate shear capacity of
the bolted connectionsithout shear lugs

6.1 Effects of Varied Test Parameters

Table6-1 summarizes the experimental results of the 13 push tests. Tkisltabiments the load that
corresponds to the slip initiation of each specimedthe peak load attained by each specimen.
Finally, the average maximum sl each specimen befospecimerfailure occurreds calculated
and its value is presented in Tabl& .6

Table 6-1: Experimental Results ofPush Test Specimens

Specimen Slip Load (kN) Peak Load (kN) Max Slip, Usjip (Mm)
NSi 0 1300 1575 8.4
P M-85 150 890 9.0
SLSO0 990 1435 194
SLM-0 1030 1560 137
SL S53 1200 1530 15
FE1S-53 40 430 111
FE1M-85 55 660 11.7
FE1L-125 115 1025 111
FE1M-53 50 640 11.2
FE1L-53 50 850 114
FE2S-53 60 495 10.4
FE2M-85 105 700 9.6
FE2L-125 125 1020 124
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Recall that four loadlip curves were plotted for each specimen based on the data collected from the
four displacementransducersA single loadversusaverage slip curve was obtainfied each
specimerafter each set of four displacement values was averaged. The load versus average slip

curves of each specimen wetssed to examine the effects of the varied test parameters

Figure 61 presents the load versus average slip curves for spesirdr85, FE1 M85 and FE2 M-

85. These three bolted specimens utilineedium size (15.88 mm diameter) bolts, where the bolts
were pretensioned to 70% of their specified minimum tensile strength. The only difference between
these three specimens was their steelcrete ingrface conditios. Specimen P M5 had a plain
steetconcrete interface condition anchad a slip load and peak load of 150 kN and 890 kN,
respectivelyWhen the plain interface condition was replaced w&itype | friction enhanced surface,
thespecimedls sl i p |l oad and peak | oad deWhepadypesld t o
friction enhanced surface was used, the specimen had a slip load and pedik @@&N and 700

kN, respectively. Based on the above results, it was concludetti¢haste ofatype | or type Il

friction enhanced surfaakd not provide any benefite the bolted connection #%e capacityof the

bolted connection to resist shdéarce actuallydecreasedt should be noted th@tetype Il friction
enhanced surfaadlowed the bolted connection ¢arry a higheshear forcehanthetype | friction
enhanced surfadq&igure 61). The maximum slip of specimeaP M-85 and FE2 MB5 were 9 mm

and 9.6 mm, respectively. These maximum slip values were very similar. In cahgasgximum

slip of specimen FE1 M85 was 11.7 mpwhich isgreater than that of the other two specimens.

Based on the small scale friction tests that were cond(8tadion 5.1)a plain steetoncrete

interface had a friction coefficient of 0.83.rhermorethefriction enhanced type | and type lI

surfaces had a friction coefficient of 1.11 and 1.28, respectively. As outlined in Section 5.1, the
friction test results indicated that the friction coefficient increased whenever friction enhanced surfa
was used. In contraghe push test results suggtsit the friction coefficient decreased when the
friction enhanced surfasavereusedsincethe ability of the push test specimens to resist shear load
decrease@Figure 61). The disagreement betwete friction test results and the push test results
waslikely due to the difference ithe applied normal stress the steetoncrete interfaceNhen the

small scale friction tests were conducted, the applied normal stress on the interface was28.004 M
When the push tests were conducted, the minimum applied normal stress on the interface was 1.48
MPa. The significant difference in the applied normal stress bettiese two test setups may have

caused disagreement between the two sets of test régbks. the applied normalress on the
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interface was highethe microaggregates along the interface surface were more likaheso each

other off, as oppose to go over each other, as the surface slip. Shearing of the microaggregates would
smoothen theniterface surface and decrease the recorded values of friction coedfiBes#d on the

above reasqrit is believed that the friction test results do not represent the actual behaviour of the
bolted connection surfaces. Therefore, the friction coeffisiehtained from the small scale friction

tests should not be usedrapresent theolted connectionsehaviour

The push test results suggest that the friction coefficient decreased when the friction enhanced
surfaces were usedhe friction coeffcientmayhave decreased becauseftitgion enhanced

surfaces were madaevenly rough as concrete sand was adhered onto the steel flange surfaces.
When the friction enhanced surfaces were not uniformly created, the direct bearing area between the
steelflanges and the deck panels decreasedlafttiction coefficient of the interface decreased.
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Figure 6-1: Load-Slip Curves for Specimen P M85, FE1 M-85 and FE2 M-85

Figure 62 presents the load versuseaage slip curves for specim&h S53, FE1 $53 and FE2 S
53. These three bolted specimens utilized small size (12.70 mm diameter) bolts, where the bolts were

pretensioned to 70% of their specified minimum tensile strefigionly difference between e
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three specimens was their dteencrete interface conditions. Specimen Sk3%ad a shear lug
welded onto each outside flange of the steel bétamad a slidoad and peak load of 0@ kN and
1530 kN, respectivelyWhen theshear lugs wereeplaced th type | friction enhanced surface, the
s peci me rmadand pedk logd décreased to 40 kN aridkd8 respectivelyWhen type Il
friction enhanced surface was used, the specimen kg load and peak load of 60 kN and 485
respectively. Basednathe above results, it was concluded that the use ahe shear lugs
significantly enhanced th&hear transfer between the stebelm and the precast concrete deck
panelsThe slip load and the peak load of specimen SE33vere much higher than tefrom
specimen FE1-83 and FE2 $3 because the shear lygsvidedbearingcapacityagainst the
concreteThe above results also confirmia finding whichtype 1l friction enhanced surfaevas
able totransfermore shear force thawpe | friction efnanced surfac& he specimen with shear lugs
had an ultimate slip value that was greater than those of the friction enhanced spédimens.
maximum slip of specimen SL-53 was 15 mm. In contrast, the maximum slip of specimenS-E1
53and FE2S-53 were 111 mmand 10.4 mm, respectivelgince more slip and displacement was

recorded for the shear lug speciméme tise of ster lugsslightlyi ncr eased the speci me
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Figure 6-2: Load-Slip Curves for Specimen SL $53, FE1S-53 and FE2 S53

Figure 63 presents the load versus average slip curves for spe@m&® and SL MO. All of the
bolts fromthesetwo shear lug specimens were not pretensiombd.only difference between these
two specimens wathat specimen SL-8 utilized 12.70 mm diameter bolts while specimen SIOM
utilized 15.88 mm diameter boltSpecimen SL ® hada slip load and peak load of 990 kN and 1435
kN, respectivelyWhen the bolt diametef the specimen vgincreased to 15.88m the slip load

and peak load increased to 1030 kN and 1560 kN, respecfledyuse of larger bolt size increased
the slip load and peak load of the specitheoause larger bolts hgdeater shear capacitgpecimen
SL S0 and SL MO had a maximum slipalue of 19.4 mm and 13.7 mm, respectivéiyother

words, the maximum slip value decreased when the bolt size was indrettseshear lugspecimen
Thisphenomenomay be due to the fact that larger bolts would be able to resist more shear and
bendingdeformationSpecimen SL WD was less ductile than specimen SD Because smalleslip
values were recosdifor specimen SL M. In the notinear range of the load versus average slip
curves, specimen SL i@ had greater stiffness than specimen SL 8 other words, specimen SL

M-0 picked up loads fastes the specimen slip value increasHte connections stiffness in the
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plastic range increased when the bolt size increlaseause larger bolts had greater ultimate shear

capacity
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Figure 6-3: Load-Slip Curves for Specimen SL ), SL M-0 and SL S-53

Figure 63 also presents the load versus average slip curves for specimed &dSL 3. Both

of these two shear lug specimens utilizathll size (120 mm diameter) boltS he only difference
between these two specimens was the applied bolt tensioning force: the bolts of specinien SL S
were not pretensioned while the bolts of specimen -SB &erepretensioned to 70% of their

specified minimum tensilstrength Specimen SL ® had a slip load and peak load of 990 kN and

1435 kN, respectivelyjWhen the bolts of the specimen were pretensioned, the slip load and peak load
increased to 1200 kN and 1530 kN, respectivEhe presence of bolt tension foraeated clamping

force that fastened the steel beam and the precast concrete deck panels Tdgeth@mping force

made the specimen harder to slip because it increased the frictional force at ibenstiexté

interface. Pretensioning the boltsinceas t he speci menés slip | oad bec:
specimen needed to overcome the increased in frictional force t8géipimen SL ® and SLS-53

had a maximm slip value of 19.4 mm and IBm, respectivelyln other words, the maximum slip
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value deceased when the bolts wareetensionedPretensioning the bolts created clamping forces,
which increased the frictional force at the stemhcrete interface and made the specimen harder to
slip under shear loath the nofinear range of the load versugeaage slip curvespecimen SL $3
picked up load slower than specimen SO Because it had to overcome the increased in frictional

force due to bolt tensioning to slip.

Figure 64 presents the load versus average slip curves for specimen$%EIFEL M-85 and FE1 L
125. These three friction enhanced tygpécimens utilized bolthatwere pretensioned to 70% of

the boltsspecified minimum tensile strength. The only difference between these three specimens was
their bolt sizes. Specimen FE1-83 utilized small size (12.70 mm diameter) baltel it hada slip

load and peak load of 40 kN andO4i&N, respectively. When thmolt diametemwasincreased to 15.88
mm, the slip load and peak load of the specimen increased to 55 kN and 660 kN, resp¥¢tignly.

the bolt diametewas furthe increased to 19.05 mrthe slip load and peak load of the specimen
increased to 115 kN and 1025 kN, respectivEhe use of larger bolt size increased the slip load and
peak load of the specimefss shown fronmthe aboveestresultsthe ultimate load of the specimen
increagd by 54% whenever the bolt diametexs increased by.B8 mm (1/8 inches)he increase in
ultimate load was proportional to the increase it Bimameteras larger bolts had greater shear
capacity Onthe other handhe increase islip loadwas proportional to thimcreasen bolt

pretensioned force. The slip load of the specinrecreased as the bolt size increased because larger
bolts had higher pretensioned for&pecimerFEL1 S53, FE1 M85 and E1 L-125had a maximum

slip value of 11.1 mm, 11.7 mm and 11.1 mm, respectiVdig. maximum slip values of these three
friction enhanced specimens were very similathe plastiacange of the load versus average slip
curves, the stiffness of the conrient increased when the bolt size increabedther words, the

slope of the ndimear loadslip curves increased when the bolt size was incred$ed:onnections
stiffness in the plastic range increased when the bolt size increased because larged lgottater

ultimate shear capacity
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Figure 6-4: Load-Slip Curves for Specimen FE1 $3, FE1 M-85 and FE1 L-125

Figure 65 presents the load versus aage slip curves for specimen FESS, FE2 M85 andFE2L-

125. These three friction enhanced typspecimens utilized bolts that were pretensioned to 70% of
the bolts specified minimum tensile strength. The only difference between these three specimens was
their bolt sizesSpecimen FE&-53 utilized smdlsize (12.70 mm diameter) bolts and it had a slip

load and pédaload of 60 kN and 49kN, respectively. When the bolt diametess increased to 15.88

mm, the slip load and peak ld@f the specimen increased to 105 kN an@d kW, respectively. When

the bdt diametemwas furthe increased to 19.05 mrthe slip load and peak loadlthe specimen

increased to 125 kN and 10RN, respectivelyAs mentioned in the previous paragraph,ube of

larger bolt size increased thkp load angeak load of the spanen When the bolt diameter was
increased fron12.70 mm to 15.88 mm, the ultimate capacityhe specimen ineased2%. When

the bolt diameter was increased again by 3.18 figiiche}, theultimate capaity of the specimen
increased 4%. It could beconcluded that the ultimate capacity of the specimen was approximately
proportionalto the size othe bolts.The slip load of the specimens increased as the bolt size increased

because larger bolts had higher pretensioned fceentioned in the previsyaragraptthe
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increase in slip load was proportional to the increase in bolt pretensionedSjpecemen FE2-53,

FE2 M-85 and FE2.-125 had a maximum slip value of 10.4 mm, 9.6 mm and dn, respectively.

In the plastic range of the load versusrage slip curves, the stiffness of the connections increased
when the bolt size increased. et words, the slope of the dimear loadslip curves increased
when the bolt size was increas@étie connections stiffness in the plastic range increased tigen

bolt size increased because larger bolts had greater ultimate shear capacity
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Figure 6-5: Load-Slip Curves for Specimen FE2 $3, FE2 M-85 and FE2 L-125

Figure 66 presents the load versus averagedlifves for specimen FE1-53, FE1 M53 and FE1 L
53. These three friction enhanced type | specimens utilized bolts that were pretensid &l ttn
other words, all the bolts were pretensionethtosame force, taken @8% of the specified
minimum tensile strength of the small size (12.70 mm diameter) bbtis.only difference between
these three specimens was their bolt si@eecimen FE1-83 utilized small size (12.70 mm
diameter) bolts and it had a slip load and peak load of 40 kN and 430sectieely When the bolt
diametemwas increased to 15.88 mithe slip load and peak loafl the specimen increased to 50 kN

and 64 kN, respectively. When the bolt diameteas furthe increased to 19.05 mrthe slip loadf
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thespecimen remained at 50 kMdthe peak load of the specimen increase&30 kN. As shown on
Figure 66, the slip load of thethreespecimens remained fairly constant even as the bolt size
increasedAll of the different size bolts were pretensioned to the same amount of foecefare,

every specimen was subjected to the same amount of clamping action and every specimen was
experiencing the same amount of frictional force at the-stawirete interfacélhe slip loads from

the three specimens remained fairly constant becacbespecimen needed to overcome the same
amount of interface friction to slighs shown in Figure ®, the use of larger bolt size increasbd
ultimateload of the specimen becaubelarger bolts had greateitimateshear capacity. When the
bolt diaméer was increased from 12.70 mm to 15.88 mm, the ultimate itapéthe specimen
increased 4%. When the bolt diameter was increased again by 3.18 mm (1/8 inches), the ultimate
capadty of the specimen increased®3Even though thncremental increase bolt size was the
same, lhe increase in ultimate capacitf/the specimemwasnot the same. The second increase in
ultimate capacity was smaller than the first because the medium bolts and the large bolts were
pretensioned t o gp&ifiedmihimunheasilesstreadtil eveby ddlt ivas 6

pretensioned to 70% ofélb o1 t si zeds speci fied minimum tensi

ultimate capacity would be proportional to the increase in bolt size. Figliprdésents the test results

that confirm the above statement.

Specimen FE1-83, FE1 M53 and FE1 E53 had a manum slip value of 11.1 mm, 11rm and
11.4mm, respectively. The maximum slip values of these three friction enhanced specimens were
very similar. In the plastic rangd the load versus average slip curves, the stiffness of the
connections increased when the bolt size increasedhén words, the slope of the rimear load

slip curves increased when the bolt size was incredasedonnections stiffness in the plastange

increased when the bolt size increased because larger bolts had greater ultimate shear capacity

107



Figure 6-6: Load-Slip Curves for Sgecimen FE1 $53, FE1 M-53 and FE1 L-53

6.2 Mechanistic Modelling of Bolted Connection Behaviour

As mentioned in Section 2.3.1, the slip load of a bolted joint canddeledby using Equation 2.3.
This equation is based on first principalf mechanicand it expresses the slip load in terms of the
slip coefficient ks, andthe bolt clamping forceT;, for a given number of slip planes and bolise
slip coefficient depends on the surface condition of the connected materials and it daa only

determined from experiment&ylak et al., 198]

Equation 2.3 can be+arangedand written as Equation 6id orderto find the slipcoefficient ks, for

each bolted specimeBy using Equation 6.%he slip coefficient for each bolted specimen is found
based on the recorded slip load and the applied pretensiorofdtmespecimerlable6.2 presents

the slip coefficient of each specimen. It should be noted that each specimen consists of 8 bolts (i.e.

= 8) and each bolt intercepts 1 shear planerti=.1).

(6.1)




































