TESTING OF DEMOUNTABLE SHEAR CONNETORS

A THESIS SUBMITTED TO
THE GRADUATE SCHOOL OF NATURAL AND APPLIED SCIENCES
OF
MIDDLE EAST TECHNICAL UNIVERSITY

BY

BERK KARAKUK

IN PARTIAL FULFILLMENT OF THE REQUIREMENTS
FOR
THE DEGREE ORMASTER OF SCIENCE
IN
CIVIL ENGINEERING

JULY 2022






Approval of the thesis:
TESTING OF DEMOUNTABLE SHEAR CONNECTORS
submitted byB E R K K A R ArKpérial fulfilment of the requirements for the
degree ofMaster of Sciencein Civil Engineering, Middle East Technical
University by,

Pro f . Dr. Hal il Kal eép-¢él ar
Dean, Graduate School Nftural and Applied Sciences

Prof. Dr.Erdem Canbay
Head of the Department€ivil Engineering

Prof. Dr. Cem Topkaya
SupervisorCivil Engineering, METU

Examining Committee Members:

Prof. DrKal an Tuncay
Civil EngineeringMETU

Prof. Dr. Cem Topkaya
Civil Engineering METU

Prof. Dr.Eray Baran
Civil EngineeringMETU

Prof. Dr.Alp Caner
Civil Engineering, METU.

Assoc.Prof. Dr.Alper Aldemir
Civil EngineeringHacettepe Uni.

Date: 05.07.2022



| hereby declare that all information in this document has been obtained and
presented in accordance with academic rules and ethical conduct. | also declare
that, as required by these rules and conduct, | haviilly cited and referenced
all material and results that are not original to this work.

Name LashameBer k Kar ak uk

Signature:



ABSTRACT

TESTING OF DEMOU NTABLE SHEAR CONNECTORS

Kar gRetkk
Master of ScienceCivil Engineering
SupervisorProf. Dr.Cem Topkaya

July 2022 161 pages

In compositebeams, the concrete deck cannot be easily detmddrom the steel |

section if welded headed stud connectors are used. A new demountable shear
connector was developed as a part of this thesis to promote sustainable composite
construction. The connector is composed of two angle sections and- strieigjth

bolt. The proposed system has been studied through aphase experimental
program.In the first phase, 33 pusiut experiments were conducted to determine

the shear loadarrying capacityThe size of the angle section, bolt diameter, bolt
grade, oncrete strength, loading direction, and bolt thread conditions were
considered as the parameters. The results showed that the proposed connector system
provides shear capacities that range between 150 kN and 330 kN and shows ductile
behaviorIn the secod phase, six pulbut experiments were conducted to determine

the tensile loagtarrying capacityThe size of the angle sections and total height were
considered as the parametefbe experimental results showed that the proposed
connector providetensik capacities that range between 50 kN and 90lkNhe

third phase of the study, four ftdcale beam specimens with varying degrees of
composite action were tested to demonsttage applicability of the proposed
connectorsThe bending resistance proe by the beams was similar to the ones

calculated using the conventional rigid plastic analysis of stress blocks. The concrete



decks were easily demounted after the beam tests demonstrating the applicability of

the proposed system for practical applicasio

Keywords:Composite Structures, Sustainable Structubesnountable Connector,

Mechanical Anchorageéexperimental Investigation
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S¥K! LEBKLKR MEKANKK ANKRAJLARININ DEN
KNCELENMESK

Kar akuk, Ber k
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Kompozi't telemekseld eey rdeek k Egelib ankrdjleu !l dah e hda
betorarme tabliye celik I-kesiinden kolayca sodkilemez. Sirdurulebilir kompozit
yalpa&treékvi k et melbir-iprar bas & sdillehilrikesnme y e ni b
ankrgeaejl amd tkiQieitli kt i r,ilki @edetankaakl & boyutl ar
kesitterve yiiksek mukavemetli bivulondaro | mak t . ©meélen sistem, iica z | &

bir deneysel proogwma mKlakratatr dpeylB38 iamdedl

bajl anté el emanénén kesme kapasitesini v
bul on dayaneémeé, bet on dayaneéeme, y ¢kl eme
parametrelerin etkisi al tké& sahaclar, Gnarilere | e me k
bajl ant é sisteminin 150 kKN ile 330 kK N
sajl adeéej ébired awe sae E g e kge*dsitjeirknkiikntciir .f az da, 6
-ekme deneyemamanfjdrmant ékmd kapasitersini %
boyutu ve toplam y¢ksekli k gibi par amet
ger - e k1l e beneysel somaglak, bneerilenn k r5ad éknN i 1l e 90 kN a
dej ibk geckme kapasis aj | adéj énée g°sterimiagginda ¢a
Onerilen sokulebilir ankrajsistemininuy gul anabi |l i r |l iJini g°st
kompozitlik derecelerinsahip dortadett am ©° | - ek | i Ki mi Ktmwumune
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CHAPTER 1

INTRODUCTION

1.1  SteetlConcrete Composite Construction

In civil engineeringoractice, steel and concrete aneely used materials. Steel and
concrete have some advantages and disadvantages over each other. To illustrate,
steel structure are generally lightestiffer, easy to fabricate and install, and more
ductile. On the other hand, concrete structures are cheaper, more dsirabig,

against compressigpand resistarb fire and weatheconditions

Composite construction is a corepensive term used to define any structure that
involves different materials. Theainreasondo prefer composite constructi@ne
increased strength, aesthetics, and sustainability. Considering the properties
mentioned above, the idea of composite coiesitvn comes into the civil engineering
scheme.lIn civil engineering practicehe most common composite construction is

the usage of steel and concrete togetteerutilize the compressive strength of

concrete and the tensile strength of steel.

In compo#e construction, einforced concrete is typically cast on top of profiled

steel decking (rentrant or trapezoidalvhich eliminates the need for falsework and

formwork The depth of the slab varies froB0lmm to 300 mmSlabs are most

commonly made ofoncrete because $ mass and propertieghich may be used

to decrease floor deflections and vibrations while also providing fire protection and

thermal storageAdditionally, the concrete slab supports the steel section laterally

which prevents thetse e | sectionbés most c-torsionaln f ai | |
buckling. Steel is utilized as the slab's supporting system because of its better
strengthto-weight and stiffnesto-weight ratios, as well as its simplicity of
handling.With the usage of steahd concrete togethehe weight of the structure

may be reducebly up to 25%thespan of the structure may be increased without the



needfor intermediate columns compared to concrete structures, and the construction

duration may be reduced.

An exampleof asteelconcrete composite beam is giverFigurel.1l. The concrete
slab is reinforced and castitu on the profiled metal deck. The connection between
theconcrete slab and the steel beam is provided by the shear cosrscan and

will be explained in Chapter 1.2.

/ Concrete Block Shear Connectors
ﬂ
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Figurel.1l: Example of a stealoncrete composite beam

Over a century ago, composite construction was first used in the design of both a
building and a bridgenithe United States. The use of steel and concrete for flexural
elements was common in the early types of composite structures, and longitudinal
slip between these elements was detected. The first kind of composite construction
is composite stealoncretdbeams. An American engineer devised a patent for shear
connections at the top flange of a universal steel section to avoid longitudinal
slipping in the United States. This was the start of the development of totally



composite steel and concrete systems #ired concept of shear connection in

com posite structures.

1.2  Concept ofShear Connection in Composite Structures

The strength of composite structures depends on the contribution of the different
materials included. In steebncrete composite members, conerebntributes to
compressionand steel contributes to tension capaeisymentioned. Undéending,

shear forces arise at the interface of thelsenents of the composite membéhe

shear force between steel and concrete catiseslipping of material§rom each

other which causes materials to act independentVvhen the members act
independentlythe capacity of the composite member cannot reach its maxjmum
andthemember becomasoncompositeln order to prevent the slip, there is a need
for connetorsto carry the shear forces at the interfaseshown irFigurel1.2.

concrete slab

¢
IR IR

force in
shear-conneclors

support

non—composite composite beam
beam

Figurel.2: Non-composite and composite beabogman et al., 2018

The elemens that connect steel and concrete andydae shear forces are named
shear connector@lso known as mechanical anchoragd$j)e existence of shear
connectors llows higher stiffness and higher loadrrying capacity in comparison

to non-compositebeans. As the slip between the materials decreases, the degree of
the composite action increasas shown irFigurel.3. The degree of the aoposite
action depends on the number of shear connectors included in the, degign



increasing the number of shear connectors incsehgedegree of composite action
up to 100%
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Figurel.3: a) Non-compsite b) Fully-composite, c) Partiallgomposite beam
comparisonAzad et al.2017)

The main requirements that shear connectors have tib &uéfitransferring the direct
shear at their base, creating tensiledimio the concrete, and being economical and
available on the market.Due to the economic measures, partialiynposie

behavior is generally preferred over futgmposite behavior.

The loadcarrying mechanism of shear connectisrsimilar to the dowel action
observed irtrackedeinforced concrete section reinforcemehiserati et al. (2016)
describe the dowel action as an actibat is a complementary shear strength
mechanism associated with reinforced cracked concrete. When cracks form and cut
across longitudinal reinforcements, this sHead transfer mechanism occurs,
increasing the mechanical shear strength. The shear loads are then transferred to the
reinforcements by the crack lips. As a result, there is local bending and shear at the

reinforcements. Some structural components, such as leigmigtle or no shear



reinforcements, can benefit from the dowel action by increasing structural shear

strength and pogieak ductility.

As mentioned byTan et al. (2019)steelconcrete connections must resist uplift
forces as well as shear forces in some applications, such as composite coupling
beams and infill walls. As a result, expeental testing to determine the performance

of steelconcrete connections under combined loading is requieednderstand the
behavior and loadarrying mechanism of shear connectors, push pultout, and

beam bending experiments are needifinitions of pushout, pull-out, and beam
bending experiments will be given in Chapter 2, Chaptearl Chapter 4,

respectively.

1.3  Concept ofDemountability in Shear Connections

To achieve composite action between steel section and concrete deck, mechanical
anctorages are useth the steekoncrete interface. Although variougpes of
anchorages habeen developed to dateetraditional welded headed shear stud is

the most common type of anchorage mainly employed in many composite

components due to the advayea they offer.

Because othe damageshat occurredto the concrete slab of composite beams
caused by weather conditions and other external fadt@ss is a requirement for
replacement of the concrete deck at certain intervals. Additionally, manymediu

rise structures consistimgf composite loadtarrying systems in countriesich as
England and Australia, where composite systems are commonly used, have faced the
needfor demolitionin the last ten years due to changes in urban land use. In terms
of recycling, structural steel is r@eusablebuilding material but due to the welded
connectionprovidedby the traditional headed studs, steel sections are linked to a
concrete deckhat cannot beeasily disassembled and reused. Deconstruction of
traditional composite beams is expensive, endrggnsive, and environmentally

harmful.



The potential to maintain or support any activities without consumption of resources
or production of wastes is called sustainabil@ystainability is important in civil
engineeng to reduce constructional carbon footprint and prevent climate change
caused by material waste. In composite structures, sustainability can be applied by
the reuse of steel members. Howetbg usage of traditional headed shear studs
prevents the recyability of steel memberswvhich brings the idea of providing
demountability at the connection of steel and concrete members. Demountability
may be defined as havirlge ability to be removed from itsetting being designed

to be dismantled or detached.

The need for demountable bridge decks is explain&limaed & Karavasilis (2017)
andEckelman et al. (2018Many bridges in Europe adamaged by many external
factors such as weather conditions and crasdres the same i&lid in the United
States, where ordhird of the 607,380 bridges need b repaired. Bridge
maintenance ensures the bridge's serviceability as well as the safety of its users by
inspecting, repairing, reinforcing, or replacing the entire bridge or partsiofett
economic losses (e.g., material and labor expenses) asvimilirect socioeconomic
losses (e.g., travel delays, longer travel distances, poor movement of commaodities,
and business interruption) occur from such activities. Indirect losses, which can be
several times larger than direct losses depending on thekirdige and the scope

of maintenance activities, are a major concern for bridge owners, deciakers,

andbridgeengineers.

In recent years, a limitedumber ofresearchess done to study the use of high
strength bolts as composite mentbar me a arechoiages and to design
innovative demountable anchorages. According to the findings of these studies,
high-strength bolts have similar strengthgraslitional welded headed stuaisd can

be demounted. These anchorages, on the other hand, have dewgbalcks, such

as low stiffness, high cost, and difficulty beingused in modular construction,
where a precast concrete deck is united with a steel section to reduce concrete placing
operations on the building siteurther information related to thigpic will be given

in Chapter 1.4.



1.4  Background of Demountable Shear Connectors

The @ncept of demountable shear connectors started with the hsgheaftrength

bolts as mechanical anchorages. The first experimental study about the issue is
conducted byallam & Harpster (1968)n this study, frictiongrip boltswereused

as shear connectors in composite design without any @ttém provide
demountability in composite beam tests. Accordinth&xesults, frictiongrip bolts
succeeded in providinfenecessary rigid connection betwekaconcrete slab and

steel girder and reserve capacity sufficient to devepltimate morant capacity
needed irthe fully-composite designConsecutively, a researgiasconducted by
Dallam (1969) The same anchorage systenbaflam & Harpster (1968)s used in
pushout tests to record the loatip behavior and measure the direct shear capacity
of friction-grip bolts.In the design of pushut specimens, boliserepretensioned.

The major findings of the projeateobservation of no loss in prestress with time in
high-quality concretemeasurement of the capacity of bolts about to be twice that of
headd studsandobservation of practically zero slip in the service load rabgter

on, Biswas (1986)ocused on the rehabilitation bfidge decks, i.ethe repair or
replacement of concrete decks usechighway bridgesThe connection design
shownin Figurel.4is applied to rehabilitate the Rondout Creek Bridge in New York.
The offered connection desigvas composed of a higktrength bolt welded ta

steel girder and can be demounted by screwing off the nut that is located over the

concrete deck.
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Figurel.4: Example of a demountable shear conne®&@was, 198p

Studies about the retrofitting of the bridges are continued with reseattivdry et
al. (2009)and a case study of the same bridgeKimon et al. 010)a In these
studes themainfocus was developing composite action in existiog-composite
bridge girders.While developing the composite action, shear connecie®e
designed to be suitable for demountability. Thas,increase in loadarrying
capacity andhe ability to replacethe concrete deckveregranted. Three different
postinstalled shear connectorgreusedin retrofitting bridge girdersare shown in

Figurel.5.

(@) v (b)

Figurel.5: Used posinstalled shear connectors: (a) Double nut bolt (DBLNB), (b)
High-tension friction grip bolt (HTFGB), (c) Adhesive anchor (HASAR)on et
al. (2009)



DBLNB and HASAA type connectors useASTM-A193 (2004)B7 threaded raosl

for transferring the shear forces; meanwhile, HTFGB type connectaAGIeV-
A325 (1986)high-strength bolts. In all types, top flanges of the steel beaens
drilled, connectorsvere pretensionednd holesvere filled with grout. The findings

of thesestudies show that adding a minimal number of festialled anchorages
may greatly increase the stiffness and strength of existimgompositebridges.
Using partial composite design principles and mechanical anchorages with high
fatigue strength, theumber of postnstalled shear connectors required to strengthen
a girder may be reducetlhe behavior of the shear connectors showrigure1.5
under static and fatigue loading ahe experimental behavior of retrofitted bridge
wereinvestigated bKwon et al. (2010)landKwon et al. (2011)Direct-sheapush

out and singlgoint loading beam bending experimewereconducted. According

to experiment results, the shear strength of the connectors is higher thheahe s
strength of the traditional headed stualsd the capacity is approximately emaf

of their tensile strengthlThe fatigue strength of investigated shear connectors is
higher than the traditional headed shear stud. Application ofipstisiled shear
connectors with only a 30% degree of compdsiée shearconnection ratiopaction
increases the loachrrying capacity of the girders on the order o609 compared

to noncompositegirders. Consecutively, a parametric finite elemdgRE) study
relatel to offered shear connectaras conductely Kwon et al. (2012)ABAQUS
(2012) finite element softwarevas used inthe development of the modelThe
considered variables of the stuelyere beam depth, span lengthnd degree of
composite action. The results showed #h@inimum 30% sheatonnection ratio is
neededor satisfactory behavior

In the following research related to demountable slossmectors, four new
connectorsvereofferedbyP av | ovi | ,ardthempplicationdOite dffered
connectors with prefabricated deckasinvestigated by av | ovi | .Ghe al
offered connectors are shownFigurel.6. Pushout experiments and finite element
analysiswith ABAQUS (2012)softwarewere conductetb investigate the behir

of connectors.
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Figurel.6: Offered shear connectors: a) Frictignp bolt, b) Bolt without embedded
nut, c) Single embedded nut, d) Double embeddedmaty | ovi | et al ., 2013

According totheresult of thestudiestheinitial stiffness of the connectassreduced

to 50% compared to traditional welded stulips atthe failure of the connectors
areabove 6 mmwhich fulfills the ductility requirements given in the codes. In
addition, observations show the suitability of connectorsise with prefabricated

concrete slabs.

Load-carrying mechanism of the demountable shear connewtassstudied by
Rowe & Bradford (2013)A simple physical modetvasconstructed to illustrate the
concept. The characteristics of the mechanigere found to be initially being
enforced by full shear interactipafter exceedance of the frictional resistance by
interface shear, parts of the beam have zero interaem@hwith the start of bolt
bearing gainst their holes, parts of the beam have partial shear interathien.

mechanisnwasassessed and compared with the experiments.

Moynihan & Allwood (2014) investigated the behavior of an alternative
demountale anchorage. The anchoragamachined form ofhetraditional headed

stud asshown inFigurel1.7.
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Figurel.7: Demountable anchorag®loynihan & Allwood 2014

Three composite beamgereprepared witlalength of 2 m, 10 rmand 5m and tested
in three, six- and fourpoint bending, respectively. After achieving service loads,
the specimenwith 2- and 16meter length weredisassembled and reassembled to
prove the demountable behavior. The results show that thetoagdng capacity of

all three beamss higher than the predicted capacity usifigocode 4 (2011)

Composite girders with steel and precast members connected using thadugh
shear connectornwere studied byChen et al. (2014 )Effect of bolt diameter, bolt
pretensionand steetoncrete contact surface propertigsre investigated under
static loadingto understand the girder behavidihe connection types and shear
connectors arshown inFigure 1.8. A finite element modelvas constructed to
simulate the loadlip responsef a full-scale bridge girder using the experimental
data obtained from pusbut tests. As a result, the throulgblt connectorshowel

lower initial slip load but approximate ductility and peak laadrying capacity
compared to the traditional headed studs. The initial slip and ultimate load of the
connector can be increased witte application of higher pretension forces. The
changeof contact surface properties between steel and concrete did not show any
effect. The FE analysis demonstrated that the offered shear connectdisecused

in the composite girder desigend thenumberof connectors needed can be reduced
compared to heded studs.
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Figurel.8: Steelprecast concrete shear connectiddisgn et al., 2004

The use of bhd bolt connectors as mectieal anchoragewasinvestigated byBan

et al. (2015)Henderson et al. (2015)andHenderson et al. (2015)bo understand
thetime-dependenbehavior under sustained loads, ftamg-termfull-scale beam
and shorterm pushout specimensvith the blind bolt shear connectors, shown in
Figure 1.9, weretested. A threglimensional FE modelas constructedand the
longterm effectsweresimulated by defining a viscoelastic response. According to
the results, the FE model was found adequate for predicting-dependent
behavior. The initial stiffness value of connectaasfound to be lower than the
traditional headed stis however, inatime-dependent manner, this is beneficial to
some extent. For composite beams with blind bolts, greatetdsbtile clearance
can significantly lower the deflection ratio over time. Additionallige time-
dependent deflection of compasibeams may be reduced with the existence of

compressive reinforcement.
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Figurel.9: Shear connectors: (a) Type 1 blind bolt, (b) Type 2 blind bolt, (c)
Traditional headed studén et al., 2016

The dynamic behavior of the proposed connecat@sstudied with material tests,
pushout tests, and fulscale beam tests. Thesults of push tests inferred tliae
two shear conraion types had varying stiffness values, with Tiype 1connector
having a higher stiffness value than bothTlgpe 2and the weldetieadedstud.The
stiffness values of Type 1 and Type 2 connectors are comparatile t@lue of
traditional headed stgdAlso, with the increase in stiffness of connectbwesnatural
frequency decreases. The specimgaeemodeled with a Timoshenko beam model
with damping and an uncertain boundary conditibme results obtained from the

model matched with experimentaisults.

Afterward, thestudies related tthe usage ofhmachined form of traditional headed
studs as demountable shear connectors continued. A parametricredtatey to
measuing the change in shear loadrrying capacity with the change of concrete
strength and stud collar sizeas conducted byDai et al. (2015) The tested
specimens which consistof the connectors shown iRigure 1.10, were easily
demounted without any exceptions. The findings of the study showed that when the
concrete quality changes from C20 €60, the shear loathrrying capacityof
connectionswith lower stud collar diameteracreasesonsiderably. Onlyfor the

types of anchorages with concrete strengths less thanti8@hear capacity of
connections may be limited by concrete slab dngshplitting; otherwise, the shear
load-carrying capacity of the offered demountable shear connectors is limited by stud
collar strength, bustill, concrete strength has a significant impactductility. An

FE modelwas produced to estimate the capacithange withthe effect of
parameters. kvasfound that the produced FE model is applicahted the simple

13



calculation methods provided iBurocode 4 (2011)AISC (2016) and ACI are

usable.
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Figurel.10: Shear connectors: (a) S1, (b)S2, (c)B8i(et al., 201p

The dange of loaetarrying capacity of demountable anchorages with the inclusion
of profiled deckingwas studied byRehman et al. (2016).am et al. (2017)and
Rehman et al. (2018A fully-threaded bolt and machined headed stuelse used

as shear connectors, as showfkigurel.11.

Figurel.11: Three types of connectoRéhman et al., 2016)
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The use ofheprofiled deck is benefial since it is themainalternativeto formwork
needed for cash-place concrete. Pusiut tests conducted lRehman et al. (2016)
show thathe ductility of the proposeddemountable connections is high, and shear
capacity and the belior are similar to traditional headed studsspite the lower

initial stiffness. The arrangement of connectors is important to predict the behavior.
The inclusion ofa single connector per deck trough provides-filiear resistance;
meanwhile, ductilityncreases with the inclusion of two connectors. The main failure
modes of the connectors are fracture and crushing of the concretsc&albeam
bending tests conducted bgm et al. (2017andRehman et al. (2018how similar
results which are observatiaof low initial stiffness but high ductility. The initial
stiffness of beam specimens may be increased by lowering the hole tolerance or
increasing the bolt pretension. The ultimate capacity of the specimens can be
predicted by plastic theory and very close to composite slalgth traditional

headed studsvhich are not demountable.

The sistainability ofstructuresvith demountable shear connectors may be enhanced
with the use of precast slabs with geopolymé&rss ideawasstudied byLiu et al.
(2015)andAtaei et al. (2016gxperimentally and biiu et al. (2016 nhumerically.

a Concrete slab b Concrete slab

a
<

Headed stud shear connector HSFGB shear connector

Steel girder Steel girder

AV
cbiars

\ )

Figurel.12: Used shear connectors: (a) Headed stud (b)-Bligingth friction grip
bolt (HSFGB) (iu et al., 2016)
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The main parametegducidated to investigate the ultimate strength and thedad
characteristics of offered geopolymeoncretedecked composite elements with
HSFGB connections, shm in Figure1.12, werethe change in bolt pretension, hole
clearance in the steel flange, bolt diameter and tensile strength, and the compressive
strength of the concrete slab. Tineditionalheaded studeerealso testedimilarly

to HSFGB connectorso compare the data obtaih for validation. The results of
pushout tests and their numerical simulation with the models developed using
ABAQUS (2012) software showed that the loatip response of the HSFGB
anchorages hahreedifferent regimes compared to traditional headed stDde to

the pretensioned connection, thepsliearly dissipated during the early stages of
loading. After the friction at the steebncrete interface caused by firetension of
connectionwas overcome, thelearancebetween the prefabricated holes and the
bolts caused substantialsIiThethird behavior regime emerged once the btatted

to bear against the surface of the opening in the Sledording tothe parametric

study, the diameter and tensile caipaof the anchorage have an important impact

on the shear loadarrying capacity of HSFGB connectors. Accordingéam tests,

beams with HSFGB have slightly less leaatrying capacity but higher ductility

than beams with conventional connections. Tlogation and slip deflections of
beams with precast panels localize the transfer of compression in the slab and, as a
result, produce longitudinal splitting at loads exceeding the service load range. The
constructed finite element mddshowed that the uhiate strength of the beam
increases when the bolt spacing is reduced (nereased number of bolts in the
span). The strong shear resistance and slip capacity of the HSFGB shear connectors
result in a composite beam with a low degree of shear connegfoimg a
substantially greater ultimate strength than its-composite equivalent, with
considerable ductility. Increasing the diameter of the prefabricated hole while having

a fixed bolt size reduces the rigidity and ultimate load of the beam, espédorall
beams with excessive loads. The anchorages should be placed reegpibesto

optimize the performance of composite beams with oversized holes.
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The bridge deck strengthening with the use of blind bolt shear connedsrs
studied byPathirana et al. (20139nd Pathirana et al(2016)b Under retrofitting
conditions, the loadlip behavior of blinebolt and welded stud connections in grout
wasstudied byPathirana et a[2016)a The connection design used in these studies
is shown inFigurel.13.
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Figurel.13: Offered bind bolts (BB) : (a) BB1, (b)BB2 (Pathirana et al., 2015)

To investigate the feasibility of retrofitting the existing bridges with geaf blind

bolt connectors, three composite and four-nomposite specimengereprepared.
Then, the three necomposite beamaereretrofitted with the offered connections
BB1, BB2 and traditional shear stud (as a control specimen). The results showed
that in both normal and retrofitted scenarios, thes B&sisted much higher shear
loads than the traditional headed s#idproximately 85% otheslip capacity of the
headed studs obtained after the yielding of the connector; yet, BBs demonstrate
much of their slip response without yielding. The specimen retrofitted with the
headed stud showed lower leearying capacity compared with the normal
composite beam with headed studs; meanwhile, both the retrofitted and normal
specimens with BBs showed comglaly similar strength and ductilitf.he use of

BB2 connectorgroduces relatively lower stiffness compared witik other two
beams. The parametric pusht study related to loaslip behavior of BBs showed

that ultimate shear carrying capacitygit be increased with the increase of the
compressive strength of the grout. The embedded length oisBEs important to

determine the capacity. With the increase of the embedded length of the connectors,
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BBs develop more shear capacityalthough traditionalheaded studs show no

appreciable change.

The inelastic moment redistribution after strengthening of existingcoomposite
girders using the connector shown Figure 1.5¢c was studied byLiberati et al.
(2016) Fatigue tests, shakedown testsd ultimatestrength testsvere conducted
onretrofittedspecimensAccording to the results, peststalling shear connections

and allowing for moment redistribution in dorous bridges can result in
significant strength increases of up to 60%. Even at composite ratios below 30%,
experimental testing of lareggcale reinforced girders with peisistalled shear
connections revealed robust structural performance under elésigue, and
ultimatestrength loading.

The studies related to geopolymer concrete decked composite slabs with
demountable connectors continued with researchibgt al. (2017) In this study,
different typesf demountable connections, showrfigurel.14, wereinvestigated

both experimentally and numerically.
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Figurel.14: Investigated connectorki( et al., 2017)

All of the composite beam structural components, as well as their interactions, were
modeled, and material ndimearity wasconsideredn the model. The study was
conducted usinghe quastistatic FE analysis tool oABAQUS (2012) and its
dynamic explicit technique. The findings of the FE analysis were compared to
experimental data, revealing that the numerical model created is capable of precisely
describing the behavior of the sustainable composite beams. The ultimate strengths

of compogte beams improve as the degree of partial shear connection increases,
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according to parametric research based on FE modeling. Composite beams with
larger diameter bolt shear connectors were preferred among those with the same
degree of shear connection base of their favorable ductile performance and ease

of manufacturing compared to a higher number of bolts with smaller sizes. The
composition of the slab, whether itggopolymer or ordinary concretead minimal

effect on the reaction of the beam. Tlit@mate strength increased marginally when

the concrete strength increased significantly as the steel yield strength increased. The
parametric experiments revealed tleadcept forextremely tiny gaps, gaps between
precast concrete panels during compobigam assembly should be avoided to

prevent theonsiderable reductions in initial stiffness.

An innovative type of demountable shear connect@spresented byuwaed &
Karavasilis (2017andSuwaed & Karavasilis (20183as shown ifrigurel1.15. High-
strength bolts are used in the desigithefconnector, which are fastened to the top
flange of the steel beam ugia specific locking nut design that prevents bolts from
slipping within their holes.

Nut 3
Nut
Plate washer Slab
o jﬂﬁ
Grout
Bolt
Conical nut \\\\\E
[ %  UNutz ]
E_ _jNut 1

Bolt threads Steel beam

Figurel.15: Innovative connectoiSuwaed & Karavasilis, 2017)
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The reptitive two series of pusbut testswereconducted tallustrate the behavior

of the connectors fully The experiments showed that the locking nut shear
connectors (LNSC) are suitable for disassemBbmpared to traditional head studs

or previously suggested bolted shear connections, the LNSC has a very high shear
resistance and stiffness, reducihg@ needé number of shear connectors and slab
pockets. The LNSC has a high ductility which provides a large slip cagdcip/to

14 mm. The frictional resistance can taésedby 29% when the bolt preload
increased by 40%.

The quality of the concrete used the design of structures depends the
importance and type of the structuig.et al. (2012)explain hat because of its
superior safety, serviceability, durability, and economic advantages;higtra
performanceconcrete (UHPC) is now requiréd construcsuperspan bridges and
megaheight highrises The behavior and the loadhrrying capacity of the
demountable headed stud shear connectotiseisteelUHPC composite structure
wereinvestigated by. Y. Wang et al. (20177 machined form of traditional welded
headed studwasused as the demountable headed std a crossection of the
composite body is given iRigure1.16. The main parameteds the studywerethe

stud diameter and the aspeatio.

Demountable headed
UHPC layer stud shear connectors

Steel deck plate

Figurel.16: Demountable ste@JHPC section\(vang et al.,2017)

The failure modes observed during the experimeset® UHPC breakout and stud
fracture. The failure modesere found to be closely connected to the aspect ratio,

with tensile failure owing to UHPC breakout occurring in spens with an aspect
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ratio of less than 1.5. Wasfound that the loadarrying capacity of the anchorages
used was lower than the expected values, which caused the stud fracture.
Investigation of the codes used showed &&EHTO (2014) LRFD, andEurocode

4 (2011)overestimate the capacity of the demountable headed stud%dog2P9%,
respectivelywhereas the Chinese code underestimates its value by 1%. The ultimate
strength of the shear connections increases as the aspaotra@se$or specimens

with the same stud collar diamet&he ductility of the demountable anchges was
higher than that of traditional welded ones, although it was still less than the
Eurocale 4 (2011)ductility standard for shear connectors riegular strength

concrete, which is 6 mm.

A novel demountable shear connection ty@soffered byKozma et al. (2019%nd
Odenbreit & Kozma (2019)The components of the connection offered are
prestressed and epoxy resin injection bolts, ssliibs, and composite slabs with

profiled decking, as shown Figurel.17.
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Figurel.17: Demountable shear connectors: (a) Friction bolts with cast in cylinders
(P3), (b) Embeddedoupler device (P150denbreit & Kozma2019

Fifteen pushout testswere conducted tanvestigate the behavior of the offered
connectors experimentallyhe results show that offered connections are robust and

adequate for usage tine composite structure desigihe position of the boHffects
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the loadslip curvesA strip of the solid slab above the flange is adequate to prevent
the profiled steel sheeting from compromising the shear connection behavger

hole tolerances can be represented wpbxy resin without resulting ia decrease

in loadbearing capaility where the application of connection to large deck

components necessitates it.

An innovative demountable shear connector that coredistshort bolt, a long bglt

and a couplewassuggested byang et al. (2018)In this study, static pushut tests
wereimplemented to understdrhe failure mode and the behavior of the suggested
connection. Existing demountable connections suggested in the literature and
traditional headed studwere also tested to compare the behavior and shear

performance.

Figurel.18: Configurations of the connectors: (a) Type 1: Dowuhlebolt, (b)
Type 2: HSFGTB, (c) Type 3: Adhesive anchor, (d) Type 4: HSFGB, (e) Headed
stud bolt, (f) Suggested novel bolted connetang et al. (2018)
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Four sets of bolted connection specimens with thiameters and two strength
categories were used to investigate the shear performandbe cduggested
connector. Four sets of bolted connection specimens were evaluated and compared
to 22 mm welded stud connector specimens in terms of failure mechanisan, she
carrying capacity, loadlip curve, and shear stiffneggcordingto the study results

the short boltswere sheared off in four sets of bolted connection specimens.
Following the fracture of the short bolts for each specimen, terejust a few

minor cracks under the coupler with no local concrete crushing problem. The coupler
embedded in the concrete increases the contact area between the bolt shank and the
ambient concrete, lowering the local compressive stress of the concrete under the
coupler. Gade 8.8 M22 bolted connectiondapproximately the same shear bearing
capacity as a 22 mm conventional headed stud, while grade 8.8 M27 bolted
connector has about 1.6 times the capacity of a 22 mm headed stud. Each bolted
connection studied in this resel has a shear capacity of 0.8 times the characteristic
tensile strengtlof the bolt The slip capacity of each bolted connection increases as
the bolt diameter increases, whitegrade of the bolts is kept8.8. Grade 8.8 M27

bolted connections hawen average peak slip of 5.77 mm, which is closer to the

minimum slip requirement of 6 mm.

The g/clic behavior othe existing bolted demountable connections suggested in the
literaturewasinvestigated byAtaei et al. (2019)The connectora/eresubjected to

a low-cycle highamplitude loading regime. The performancettod mechanical
anchorages in steebncrete composite connectiomss evaluated in terms of
ductility, strength degradatip and absorbed energy under cyclic loading
circumstances. Nine steebncrete composite connection specimesisown in
Figure 1.19, were tested. Three monotonic tests on a steelcrete composite
connection were performed to ass yield slip, yield load, ultimate slip, and ultimate
shear strength capability. The size and strength of the anchovegesthe

parameters investigated.
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(b)

(h)

Figurel.19: Investigated bolted shear conneci@taei et al., 2019)

The main failure modes observed during the experiments are fracture of the
anchorageconcrete crushingnd deformation ahe beam flange. Under monotonic
loading, theanchorage size massively affects the behavior Gaphcity of the
connection. With the increase of the diameter and the strength of the anctizeage,
hysteric loop area may be increasé&tie connections withhe anchorage grade
higher than 8.8 have a behavior of decreasing strength degradation with the increase
of the slip. Connectors with larger sizes provide higher ductility and energy
dissipation. Additionally, increasing the connector size and strengtmesthéhe

initial stiffness.

Static and fatigue performances of throdmiit shear connectorsere investigated

by Balkos et al. (2019)ith three beam bending experiments. Two beam specimens
weretested under fatigudiowever, beams didot fail under fatigue which shows
thatthefatigue resistance of througddolt connectorss higher than the conventional
welded studsThe dfect of thefatigue test was reduction of the pretension of the
connections. The behavior of the beam specimathsthrough bolts is similar to the
pushout specimenson the other hand, beam specimens feature a higher initial slip
load and a higher slip displacement value at bolt fracture.
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A newinnovativetype of a demountable shear connegtassuggested bieidaki

et al. (2019) The suggested connectshown inFigure 1.20, is made up of a steel
square hollow tube that is welded to a steel plate and fastenedap ftenge of the

steel section with four higktrength boltsPrecashollow-core unit (HCU) slabs are
usedto construct the composite section with suggested shear connectors, which uses
a yielding device callethe yielding pocket (YP). The suggested desffershigh

initial stiffness, eliminates the need for hole tolerance, and proademificant
amount of ductility that is higher than the code requiremenite structural
performance of the connectwasinvestigated with pusbut testsand an FEnodel

was constructed to simulate the behavidihe constructedmodel was used to

conduct a parametrgtudy.

YP Slotted hole and rebar In situ concrete
Foam

HCU 2

Edge

cut out Polythene foam 4xBolts

Elongated holes

- Hcu2 T Steelsection
Deformed YP: ==

Rebars (with couplers in
the middle)

(a) (b)

Steel section

Figurel.20: Suggested connector: (a) 3D view, (b) longitudinal yiend
deformed shapd-gidaki et al., 2019)

According toexperiments and numerical study resulte specimens desigtfor
ductility can undergo slipping of 30 mmneanvhile, the specimens of failure mode

of concrete shear cracking can achieve a slip level of 6 mm, which is the ductile slip
limitation stated byEurocode 4 (2011)The main failure modes of the connection
proposed are yielding of YP and vertical strips and the shear cracking of concrete

HCU. The castn-place concrete required to fill the voids showrFigure 1.20a
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does not affect the stiffness of the connectimrt it is requiredo providethe shear

flow, and it has aignificanteffect on the ductility.

A numerical study related bptimizationghat maybe doneimingat the composite
structureswhile providing demountable constructiowas conducted byGirdo
Coelho et al. (2019)sing the experimental data presentedRkbizman et al. (2016)

In this study, the idea of the optimal spgardepth ratio for composite bews with
demountable shear connectaasinvestigated to optimize the weight of the beams
and shear connector distributover the span. Three shear connections were
studied in terms of their influence on total composite beam stiffness in the range of
9to 15m spasusing a basic pseugnastic model and finite element modules. The
ideal sparto-depth ratio of symmetrical and asymmetrical beams was estimated and
compared to similar beams with traditional headed sflios.findings of the study
underline he needo avoidthe plasticity in the steel beato providereusability.

Since the shear connectors used in the experimental study have lower initial stiffness
compared to traditional studs, the anchorage distribution should be closer to the shear
force variation along the beam so that the design can be optimized and end slip can
be minimized. The optimal spdo-depth ratio (L/h) for demountable composite
beams may be taken as 24 for unpropped composite beams with traditional welded
headed studs, 22 fompropped demountable composite beams, 28 for propped

demountable composite beams.

The dastic behavior of composite beams with tapered steel ssctowl
demountable shear connectors suggestelddzyna et al. (2018)shown inFigure

1.17, wasinvestigatedexperimentally and numericallyy Nijgh et al. (2019) The
performance of different configurations of resmected bolicoupler shear
connectionswas investigated in this study to maximize the favoraefiects of
composite action while reducing the number of shear connettoestudy results
successfully proved the demountability and reusability of a composite flooring
system made up of tapered steel beams and prefabricated concrete decks joined by
resn-injected bokcoupler shear connections. The number of anchorages required to
achieve the deflection or elas8tip requirement in the applicable limit stated by
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codes for a simply supported tapered composite beam can be reduced by relocating

those anlsorages closer to the supports.

The performance and behavior of the demountable shear connectors suggested
previously, shown ifrigurel.7, at ambient and high temperaturesreinvestigated

by Sencu et al. (2019 total of 21 pustout experimentausing the test setup shown

in Figure 1.21, were conducted to mderstand the effects of varying nominal
temperature levels of 20, 10800, 450 and 600 °C, perpendicular and parallel
orientations of the steel decking with respect to the steel beam section, two different
embedded shearonnectorlengths and two different compressive strengths of
concrete. The testing of the specimaras conductednainly under the steaestate
conditionwhere the environmental temperature is changed before the loading of the
specimens until failure. Additionally, a few specimensre tested under the
transient state condition where the environmental &zatprevaschanged after the

application of the loads equal to obtained capacities of sisatky tests.
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According to the results of the experiments, at ambient, low elevabedhigh
temperatures, the connectors padbe slip ductility limit of 6 mm In most cases
with elevated temperaturesonnectors showed very ductile behavior with a slip
capacity higher than 20 mm. The failure modes chdngecording to the
temperature, i.e., with a temperature level less than 400 °C, concrete crushing
together with shear stud fractumasobserved, while, at temperatures higher than
400 °C, the failure mode was stud fract@kanging the connector embedded length
did not provide any capacity improvemdnt specimenswvith the same concrete
strength. Transient state tests showed thateasig the temperature of the
environment after loading resultsfailure at a temperature less than the equivalent
steadystate testdn contrast, the equations given in Euwocode 4 (2013Part 1.2

for estimation of the loadarrying capacity considering the temperature effects
overestimated the capacity obtained from transient state Té¢st capacity obtained

in the case of perpendicular deck sheetitagtoo low.

An experimerdl study on demountable shear connectors subjected to combined
shear and tensiomasconducted byran et al. (2019)Experiments were conducted

on three types of connectors, showrrigurel1.22, that were exposed to combihe
shear and tensile loadBull-out tests were performed to assess the tensile strength
of each type of steaoncrete connectio he relationship between shear and tension

loading was then determined using a series of modified push tests.
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Figurel.22: Connector types: (a) AJAX ONESIDE, (b) Machined demountable
headed stud, (c) Lindapter holmlt (Tan et al., 2019)

According to the resultslemountable headed studs have higher ductility under pure
shear tharAJAX and Hollobolts. The shear capacity dfet connectors is reduced
significantly when it is combined with the tension where demountable headed studs
show the lowest and HoHbolts show the highest reduction. The failure mode of
connectorss dependenbnmaterial strength which results in conrastwith higher
strength, AJAX and Hollbolt, to showtheconcrete breakout type of failure and the
connector with lower strength, stu, showthe fracture of the connector type of
failure. AJAX connector has the highest shear resistavivereas headestud has

the highest tensile resistanc@nce the tensile resistance of AJAX and Hdltdt

connectors is low, they are not suitable for composite walls

A demountablelamping connectoivassuggested bil.. Wang et al. (2019andL.
Wang et al. (2020)s shown ifrigurel.23. The pretension in the bolisasprovided
with a specified turrof-the-nut system. Tanvestigate the strength and ductility of
the anchoraggnine pushout testsvereconducted. The main parameters considered
werebolt diameter, reinforcement layout, loading protocol, use of skingsnumber

of castin channels.
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Figurel.23: Beam with demountable connectors suggedtetMang et al., 2019)

Clamps

The amount of the pretension provided tbdltswasdetermined by pretension tests

and 1.5 turns of nut rationweresuggested for M24 and M20 bolfhe connection
system with both M24 and M20 bolts showed no strength degradation and allowed
large rotations at typical slip demand, e.g., an ultimate slip of 8.9 mm. However, at
larger slips, e.g.127 mm, the tsength of M20 clamps declined gradually
meanwhile, M24 clamps preserved approximately 80% of their strength. Under
cyclic loading, the clamps showed high enedigsipating capacity, although
strength reduction was observed. The loadying capacity wanot affected by the
shims. The initial stiffness and the ultimate slip capacity of the clamps are higher
than the traditional headed studs with similar sizés.local cracks occurred on the
surface of the concrete caused by frictiand the change ireinforcement layout

did not affect the formation of the cracks. The increase of the channels cast into the
planks hastened the crack formation slip but did not affect the capacity of M24
clamps.The grclic shear strength of the clamps estimated to be @6 of the

monotonical shear strength.

A numerical studyvasperformed byLangarudi & Ebrahimnejad (202@) simulate

the behavior of a demountable shear connection system, shdwgune1.11. The
effects of factors such as concrete strength, different positions, heagids
diameters of the shear connectdihg kind and thickness of the steel deck, and the

influence of the reinforcing arrangement on the behavior of these conneeters
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investigated. According tdhe results, the shear capacity and the ductility of
demountable connectors are higher than the welded connectors, while initial stiffness
is lower; but, the capacity and the stiffness of the connectors may be increased with
the increase of the concrete strengifincrease in both the diameter and the amount

of the connectors providehigher capacity and stiffness. The capacity and the
stiffness of the slabs are also dependaerthe type of the profiled deck used. The
placement of connecters in a staggered position slightly affects the behavior
however, the paition of the studs, whether strong or weak, affects the behavior since
the capacity reduction ofeak positioned connectors is sharp. The main failure

modes are the tear out of the connector and the concrete fracture.

A novel welded demountable shear cector (WDSC) was proposed Bywaed et

al. (2022) In the design of the connector, a steel tube was bolted to a compatible
machined traditional headed stud dilled with grout, whilethe headed studvas
welded on the steel section, as shownFigure 1.24. The main parameters
considered in this experimental study werethickness of the tubéheinclusion of

the grout fill andthe strength of the concrete. Additionally, a numerical study was

conducted for further parametric studies.

According to the results, the WDSC showed higher shear strength and similar initial
stiffness compared with the headed stud. The failure mode oéalhsgnsexhibited
ductile shear failure at the root of the stud shank and crushing of the concrete

gradually, but the failures occurred after a slip level of 6 mm.
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Figurel.24: WDSC: (a) Tube and stud, (bube 3D cute, (c) crossectional view
(Suwaed et al., 2022)

According tothe parametric study, the shear strengthhaf connection system was
affected primarily by the strength of the concrete and the yield strength of the tube,
while the yield strength and the thickness of the tube had less effect. Additionally,
the existence of the grout fill affected the initialfBtess and the shear strength;

however, the shear strength of the grout did not affect the behavior and capacities.

1.5 Objectives and Scope

As indicated in Chapter 1.4, providiaglemountable shear connection between the
steel and concrete members in theigleof composite structures essentialto

reduce the direct and indirect costs that may arise because of the need for a
replacement ofthe concrete deck and ensure a sustainable design to reduce
constructional carbon footprint and prevent climate chaagsed by material waste.

To overcome the problems statadjovel demountable shear connector is proposed.
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The proposed bolted angle shear connector is showigure 1.25. The connector

is composed of two angle sections andighistrength bolt, all of which are
conventional elements used in steel construction. The lower angle section is larger
in size when compared with the upper angle section. This is the main element that
resists the shear forces developed at the-stewrae interface. A bolt hole is
introduced into the horizontal leg of the lower angle section. A-siggngth bolt is

used to fasten the angle section to the flange of a steel, bsashown irFigure

1.25. The sizs of the bolt hoés introduced into the angle section and the flange of
the beam depend on the bolt size. While standard hole sizes recommeAt#&a@ in
(2016)can be adopted, the bolt holes can be of the same size as the diameter of the
badt. A smaller angle section is welded to the upper part of the vertical leg of the
larger angle section. The upper angle provides tension resistance to the connector.
The two connectors can be welded together using fillet welds. The same geometry
obtainedby welding two angle sections can be produced by bending a steel plate as
well. However, this requires an automated production line to produce these
connectors in mass quantities. The welding process can be avoided by making use
of the cold bending operati. In this study, the investigation of tipeoposed
connection has been conducted in three phases in which the first phase focuses on
pushout tests to determine the shear laadrying capacity, the second phase
focuses on pulbut tests to determine thensile loaecarrying capacity, and the third
phase focuses on ftdlcale composite beam tests to determine the feasibility and

applicability.
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Figurel.25: Theproposediemountable shear connector

1.6  Organization of the Thesis

This thesis covers five chapters. The first chapter is the Introduction, and the
remaining four chapters pursue the first chapter. An explanation of the remaining

four chapters is given below:

In Chapter 2, the pusbut experiments condted on the connection are explained
in detail. The experiment matrix, parameters considered, test setup, and results of the
experiments are given. The results are used in the design of beam specimens which

are explained in Chapter 4.

In Chapter 3, the pltout experiments conducted on the connection are explained in
detail. The experiment matrix, parameters considered, test setup, and results of the
experiments are given. According to the data obtained from these experiments, the
possibility of splittingbetween concrete slab and steel beam is determined.

In Chapter 4, the fulscale beam bending experiments that are conducted on beams
designed with thproposedonnector are explained in detail. The experiment matrix,
degrees of composite action considgtest setup, and results of the experiments are

given. These experiments demonstrate the feasibility and the applicability of the
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proposedconnectors and prove that theoposeddemountable shear connector is a

strong alternative for the traditional healdstuds.

Lastly, Chapter 5 summarizes the experimental study conducted, discusses the
results, and includes guidance for the future work that may be conducted on this

subject.
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CHAPTER 2

PUSH-OUT TESTS

In this chapter, an experimental investigation of the gsed shear connectors is
made via pustout tests conducted at the Structural Mechanics Laboratory of the
Department of Civil Engineering at Middle East Technical University. These tests
are the first phase of the experimental study and aim to undersebeHtavior and

the loadslip response of the connectors.

2.1 Test Setup

The test setup developed by Arékojlu
with some modifications. The technical drawings of the test setup are givigure

2.1, and the photos are indicatedrigure2.2. The test setup was designed to conduct

a pushout test on a typical connector, which is embedded into a concrete block. The
setup was configured as a setintained system & does not require any reaction
wall or a vertical support system. A HEA368dction main beam was supported at

its ends by HEB200 sections. A reaction block was attached to the HEA360 section.
The loading was applied by making use of a 600 kN capagdyallic jack. The
stationary end of the hydraulic jack was attached to the reaction block. The applied
load was measured by making use of a 1000 kN capacity load cell which is mounted
on the norstationary end of the hydraulic jack. The load was traredefinom the

load cell to a 40 mm diameter ball bearing, which was used to reduce the bending
effects on the hydraulic jack. The ball bearing was in contact with a 40 mm thick and
160 mm wide steel plate which was used to uniformly distribute the loadihg to
surface of the concrete block.
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Figure2.2: Photos of the test setup: a) General view, b) Lateral support system, c)
Clamping mehanism and loading plate, d) LVDTs

A typical test specimen consists of a steel base plate, a connector attached to the base
plate, and a concrete block. The higfhength bolt used in the proposed connector
extends below the bottom of the base plate. herotvords, there needs to be a
clearance between the top flange of the HEA366dtion and the base plate. Two
hollow structural sections of size 50x2 mm were placed in between the base plate
and the flange of the HEA360 section to provide this clear&@ixé122 bolts were

used to fasten the base plate to the flange of the HEA360 main beam.

Separation of the concrete block from the steel surface is common in mostytush
tests due to the eccentricity between the loading axis and the reaction axis of the
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connectors (stealoncrete interface). Restraint systems can be provided to reduce
the amount of separation. A clamping mechanism, shoviAigure 2.1 andFigure

2.2, was used to prevent the upliftingtbé concrete block. The clamping mechanism
was selfcontained and consisted of two bl sections and two 36 mm steel rods.
The builtup sections were fabricated by baokback channel sections with a
spacing of 50 mm in between. One of the bugtsetions was placed above the
concrete block, and the other one was in contact with the bottom flange of the
HEA360 section. Two steel rods were placed in between the channel sections and
slightly tightened. Any uplift demand of the concrete block resulisial forces to

be developed in the rods which are transmitted to the lguittections. The use of a
clamping mechanism can lead to frictional resistance being developed at the surface
of contact between the builpp section and the concrete block. Aepbimechanism

was employed to lower the amount of frictional resistance. As showigime2.2,

the roller mechanism consists of two steel plates and ball bearing that were placed in
between these plates. The surfaces of the glates were greased to allow for the

free movement of the concrete block.

There can be an eccentricity between the axis of the hydraulic jack and the axis of
the bolt used in the proposed connector. This eccentricity can produce a torsional
loading on tle connector. Welded connectors such as channels have resistance
against the accidental torsional loads. On the other hand, the bolted angle shear
connector cannot provide any torsional resistance. This, in turn, can result in the
rotation of the concreteldck in the horizontal plane. An external setintained
restraining frame system was attached to the HEA360 section to prevent the rotation
of the concrete block. Hollow structural sections were used for this framing. Two
roller bearings were employed each side of the concrete block, as showFigare

2.2. These bearings prevented any-ofiplane movement of the concrete block.
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2.1.1 Details of Data Recording Instruments

The applied load and the slip at the interface of the stesd plate and concrete
block were monitored during a typical test. Three LVDTs were placed at the back
end of the specimen, as shownHRigure 2.2. Two of the LVDTs were used to
measure the slip at the edges of the concrete bidule the other LVDT was used

to measure the slip at the center; the locations of the LVDTs are git/aguie2.3.

The amount of concrete block rotation can be directly calculated by making of these

three independent readings.

LVDT-1 LVDT-2 LVDT-3
50 J 200 { 200 { 50
® O

50—

Figure2.3: Orientation of LVDTs

2.2  Test Specimens

The pushout experiments conducted in the literature, e.gfigure 1.21, were
constructed with two concrete blocks on both sufethe steel4section connected

with mechanical anchorages. However, in this study, a different test setup with a
similar working mechanism was used. Thus, the design of the test specimens was

different when compared with the ones in the literature.

Theconcrete blocks used in test specimens had 500 mm width, 700 mm length, and
180 mm thickness. Six 8 mm diameter bars in the long direction and four 8 mm

diameter bars in the short direction were used as steel reinforcement. These were
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placed symmetricallgt the top and bottom surfaces, as showfignre2.4. Bolted

angle shear connectors were fastened to 15 mm thick base plates, all of which were
ordered from the same batch. A total of 33 specimens were designed and the

parametes considered are given in Section 2.2.1. A plastic sheet was placed above

the base plate to prevent the bonding of concrete to the base plate and to eliminate

friction at the interface.

640 | | 440 ‘

— ]

| |
N 1
120 180 120 180
L J L
| 700 ‘ | 500 |
SIDE VIEW -1 SIDE VIEW -2
{+—100 —={=—100 —~+—100—~f+—— 170 ——~f=——170 ——{ o~
. 12V
| <
146
620
120/\'
148 500 {/ \
\ 120
14[5 \\ /:

| - /

700

PLAN VIEW SHORT AND LONG BARS

Figure2.4: Reinforement layout
221 Design Parameters

The size of the angle section, bolt diameter, bolt grade, concrete strength, loading
direction, and bolt thread conditions were considered the prime variables. Detailed
tabulated information about the specimens is givemahle 3.1. European angle
sections L100x10, L75%8, L70x7, and L60x6 with 50 mm width were used in the
testing program. The leg size of the channel section was selected considering typical
concrete deck thicknesses used in compastestruction. M20 and M24 high

strength bolts with 8.8 and 10.9 grades were considered. The bolts conformed to
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EN14399 (2009%pecification. The length of the bolts was 55 mm, and according to
EN14399 (2009)the entire bolt length should be threaded for such short bolts. The
bolts, shown inFigure 2.5, were specially produced to have a 15 mm unthreaded
portion and a 40 mm threaded portidinis enabled to have two different thread

conditions for the critical shear plane.

2
11

Figure2.5: Bolts used (leff M20, righti M24)

|

Two different concrete compressive strengths were considered. The 4irst 2
specimens employed relatively higher strength concrete when compared with the rest
of the specimens. The nomenclature used for identifying the specimens is as follows:
the first entry is used for the size of the angle section where L100 is for L100x10,
L75 is for L75%8, L70 is for L70x7, and L60 is for L60x6, the second entry is used
for the bolt diameter where M20 and M24 stand for 20 mm and 24 mm bolt
diameters, respectively, the third entry is for the bolt strength where 8 and 10 stand
for 8.8 and 10.Qrade bolts, respectively, the fourth entry is used for the loading
direction, as shown ifigure 2.6, and thread condition where F, B, E, | stand for
Afront, 0 Aback, 06 Aexcludedo andstdndsncl ude
for concrete compressive strength where C1 and C2 stand for batch 1 and batch 2,

respectively.

For example, specimen 12 L-R020-8-FE-C1 is a specimen with an L70x7 angle
section, M20 8.8 grade bolt, loaded in the front direction, threads are ekétade
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the shear plane, and the concrete compressive strength is equal to the strength of

batch 1. The list of all nomenclatures is givef able3.2.

700

Loading Direction— H 180

w

1000

Al

FRONT LOADING

700

Loading Direction— 180
i

1000

BACK LOADING

Figure2.6: Loading direcions
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Table2.1: Experiment matrix for pushut specimens

Specimen #Serie #L Shape Size (mmiBolt Grade| Bolt diameter (mm)| Loading Direction Threads in Shear Plar
1 1 100 10.9 24 Front Excluded
2 1 100 8.8 24 Front Excluded
3 1 100 10.9 20 Front Excluded
4 1 100 8.8 20 Front Excluded
5 1 75 10.9 24 Front Excluded
6 1 75 8.8 24 Front Excluded
7 1 75 10.9 20 Front Excluded
8 1 75 8.8 20 Front Excluded
9 1 70 10.9 24 Front Excluded
10 1 70 8.8 24 Front Excluded
11 1 70 10.9 20 Front Excluded
12 1 70 8.8 20 Front Excluded
13 1 60 10.9 24 Front Excluded
14 1 60 8.8 24 Front Excluded
15 1 60 10.9 20 Front Excluded
16 1 60 8.8 20 Front Excluded
17 1 100 10.9 24 Back Excluded
18 1 75 10.9 24 Back Excluded
19 1 70 10.9 24 Back Excluded
20 1 100 10.9 24 Back Excluded
21 1 60 10.9 24 Front Included
22 1 100 8.8 24 Front Included
23 1 100 10.9 20 Front Included
24 1 100 8.8 20 Front Included
25 2 100 10.9 20 Front Excluded
26 2 75 10.9 20 Front Excluded
27 2 60 10.9 20 Front Excluded
28 2 100 8.8 24 Front Excluded
29 2 75 8.8 24 Front Excluded
30 2 60 8.8 24 Front Excluded
31 2 100 8.8 20 Front Excluded
32 2 75 8.8 20 Front Excluded
33 2 60 8.8 20 Front Excluded
Table2.2: Specimen nomenclatures
Specimen# Nomenclature |Specimen# Nomenclature |Specimen# Nomenclature
1 L100-M24-10-FE-@C1 2 L100-M24-8-FE-(1 3 L100-M20-10-FE-(
4 L100-M20-8-FE-d1 5 L75-M24-10-FE-(1 6 L75-M24-8-FE-C
7 L75-M20-10-FE-d1 8 L75-M20-8-FE-CL 9 L70-M24-10-FE-Q
10 L70-M24-8-FE-C1 11 L70-M20-10-FE-(1 12 L70-M20-8-FE-C
13 L60-M24-10-FE-d1 14 L60-M24-8-FE-CL 15 L60-M20-10-FE-Q
16 L60-M20-8-FE-CL 17 L100-M24-10-BE-@C1 18 L75-M24-10-BE-(
19 L70-M24-10-BE-(1 20 L100-M24-10-BE-@C1 21 L60-M24-10-FI-C
22 L100-M24-8-FI-CL 23 L100-M20-10-FI-d1 24 L100-M20-8-FI-C
25 L100-M20-10-FE-@2 26 L75-M20-10-FE-O2 27 L60-M20-10-FE-C
28 L100-M24-8-FE-Q2 29 L75-M24-8-FE-C? 30 L60-M24-8-FE-C
31 L100-M20-8-FE-Q2 32 L75-M20-8-FE-C? 33 L60-M20-8-FE-C

T TO "y I o e 7
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In all specimens, L30x3 angle sections were welded to the lowes aeglion, as
shown inFigure 1.25. Bolt holes were introduced into the base plate and the angle
sections by making use of a drill bit. The size of the holes was equal to the bolt
diameter. In other words, there was no tolerarete/&en the bolt hole and the bolt.

The first 16 specimens were designed to examine the effect of angle size, bolt size,
and bolt strength on the behavior of connectors loaded in the front direction. The
proposed connectors are expected to be used in iwmwdivhere the threads are
excluded from the shear plane to maximize the ultimate strength of the connector.
Therefore, the threads were excluded from the shear plane in all of the specimens
except four. Specimens 17 through 20 were designed to examefésttteof loading
direction where these specimens were loaded in the opposite direction (back) when
compared with the other specimens. It should be noted that specimens 17 and 20
were identical and were used to investigate the repeatability of resdtsntéps 21
through 24 were used to investigate the thread condition where the threads were
included from the shear plane. This was accomplished by inserting the bolts upside
down. In other words, the nut was in contact with the angle section, and thedmblt

was in contact with the base plate. Specimens 25 through 33 were similar to
specimens 1 through 16. The angle sizes of L100x10, L75x8, and L60x6 were
considered without L70x7 to reduce the number of specimens. The concrete
compressive strength emplayén specimens 25 through 33 was lower than its

counterpart.

2.2.2 Geometric and Material Properties

The geometric properties of the angle sections were measured with a caliper and

reported inTable2.3. The dimension conformed to tB&100562 (1993)standard.

Tensile tests were conducted on the coupons
base plate according ©N10002 (2001) The measured material properties, i.e.,

yield strength, ultimate strength, and percent elongation, are indicalatdle?.4.
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Table2.3: Angle section dimensions

L100x10

I-upper tupper I-|ower tIower

100.70 | 10.14 | 100.11 | 10.22

101.06 | 10.08 | 100.41 | 10.24

100.64 | 10.12 | 100.77 | 10.28

100.80 | 10.11 | 100.43 | 10.25 | Average
L75x8

I-upper tupper I-|ower tlower

76.64 7.51 76.18 8.11

76.73 7.49 76.22 8.02

76.12 7.50 76.63 7.81

76.50 7.50 76.34 7.98 | Average
L70x7

I-upper tupper I-|ower tlower

70.79 6.93 70.22 7.26

70.62 6.87 70.30 7.26

70.32 6.90 70.05 7.26

70.58 6.90 70.19 7.26 | Average
L60x6

Lupper tupper L|0wer tiower

59.77 5.98 60.33 6.08

59.60 5.97 60.46 6.09

59.92 5.95 60.27 6.09

59.76 5.97 60.35 6.09 | Average
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Table2.4: Material properties of angle sections and base plate

Specimen Name Fro2 i E

MPa MPa -

L100x1Q, 348.59 | 492.53 -
L100x1Q, 350.83 | 496.33 | 33.42
L100x10 - Average 349.71 | 49443 | 33.42
L 75X & 355.91 | 516.38 | 28.30
L75x&, 354.81 | 524.12 | 28.73
L75 - Average 355.36 | 520.25 | 28.52
L70x ¥ 332.37 | 434.82 | 30.75
L70x ¥, 33243 | 432.85 | 34.37
L70x7 - Average 332.40 | 433.83 | 32.56
L60X G 348.34 | 485.58 | 30.61
LE0X &, 347.50 | 485.15 | 29.07
L60x6 - Average 347.92 | 485.36 | 29.84
Base Plate 338.37 | 431.22 | 27.18

The stressstrain responses obtained from the coupon tests are gi¥eguie 2.7.

Stress (MPa)

Stress vs Strain
600

500

400 —\ ——160-
—— 160
L70-
300
—L70-

L75 -

200 L100- 1
——L100-2

BN RN e

Base Plate
100

0 5 10 15 20 25 30 35 40
Strain (%)

Figure2.7: Stress versus strain diagram for angles
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The

bol

ts were subjected

to

tensile testi

specimens were tested for each bolt grade and diameter. The avenagie wnsile

strengths of the bolts are reportedable2.5.

Table2.5: Material properties of bolts

Specimen Name Rro2 il
Mpa Mpa
M20x55 - 8.8 -Test 1 794.2 885.7
M20x55 - 8.8 -Test 2 801.9 885.4
M20x55 - 8.8 -Average 798.0 885.6
M20x55 - 10.9 -Test 1 1010.3 1097.1
M20x55 - 10.9 -Test 3 1005.6 1114.2
M20x55 - 10.9 - Average 1008.0 1105.7
M24x55 - 8.8 -Test 1 894.3 963.1
M24x55 - 8.8 -Test 2 867.0 953.9
M24x55 - 8.8 - Averagp 880.7 958.5
M24x55 - 10.9 -Test 1 1033.7 1136.1
M24x55 - 10.9 -Test 3 915.8 1108.0
M24x55 - 10.9 - Average  974.8 1122.1

Cylinder samples were taken during concrete placement

and kept at the same

laboratory conditions as pusiut specimens. The 2&ompressive strengths were

39.1 MPa and 28.7 MPa for batch 1 and batch 2, respectively.

2.3

Test Results

A total of 33 specimens, explained irable 4.1, were tested. The conducted

experiments had a single phase, and specimens were loaded to failure.

While conducting the experiments of specimen 1, hydraulic jack shutdown itself.

Therefore, the loading of specimen 1 was completed in more than one stage, similar

to cyclic loading.



231 Observed Failure Modes

Observd failure modes of the specimens are givefale2.6. The main failure
modes considered were bolt she#fit cracking of concrete block, crushing of
concrete, tilting of connector, and connector stuaimhe explanation of the failure

modes is given below:

Bolt shearoff: Rupture of the bolt due to shear forces
Cracking of concrete block: Observation of cracks with lengtbaterthan
5cm

1 Crushing of concrete: Total loss of the lezatrying capacityf the concrete
block supporting the connector
Tilting of connector: Bending of the connector edge

Connector sheaoff: Rupture of the connector due to shear forces

The failure modes are illustrated as givefrigure2.8, Figure2.9, andFigure2.10.

Figure2.8: Failure mode of specimen 2 (Bolt shedir & cracking of concrete)
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Figure2.10: Failure mode of specimen 9 (connector stu#h& crushing of
concrete)
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Table2.6: Faiure mode of each specimen

Spe;:;mer Nomenclature Observed Failure Mode
1 L100-M24-10-FE-C1 Bolt shear-off - Cracking of concrete block
2 L100-M24-8-FE-(1 Bolt shear-off - Cracking of concrete block
3 L100-M20-10-FE-¢1 Bolt shear-off
4 L100-M20-8-FE-J1 Bolt shear-off
5 L75-M24-10-FE-(1 Tilting of connector - Crushing of concrete
6 L75-M24-8-FE-C] Tilting of connector - Cracking of concrete block
7 L75-M20-10-FE-(1Tilting of connector - Cracking of concrete block - Bolt sheal
8 L75-M20-8-FE-C1 Bolt shear-off
9 L70-M24-10-FE-(1 Crushing of concrete - Connector shear-off

10 L70-M24-8-FE-C} Crushing of concrete - Connector shear-off
11 L70-M20-10-FE-J1 Crushing of concrete - Connector shear-off
12 L70-M20-8-FE-C} Bolt shear-off - Tilting of connector

13 L60-M24-10-FE-(1 Crushing of concrete - Connector shear-off
14 L60-M24-8-FE-C} Crushing of concrete - Tilting of connector

15 L60-M20-10-FE-(1 Crushing of concrete - Connector shear-off
16 L60-M20-8-FE-C} Bolt shear-off - Tilting of connector

17 L100-M24-10-BE-C1 Crushing of concrete

18 L75-M24-10-BE-(1 Crushing of concrete - Connector shear-off
19 L70-M24-10-BE-(1 Crushing of concrete - Connector shear-off
20 L100-M24-10-BE-¢1 Crushing of concrete

21 L60-M24-10-FI-CL Tilting of connector - Crushing of concrete

22 L100-M24-8-FI-CL Bolt shear-off

23 L100-M20-10-FI-d1 Bolt shear-off

24 L100-M20-8-FI-C}1 Bolt shear-off

25 L100-M20-10-FE-¢2 Crushing of concrete - Connector shear-off
26 L75-M20-10-FE-(g2 Crushing of concrete - Tilting of connector
27 L60-M20-10-FE-(J2 Crushing of concrete - Connector shear-off
28 L100-M24-8-FE-(2 Crushing of concrete - Tilting of connector
29 L75-M24-8-FE-C} Crushing of concrete - Tilting of connector
30 L60-M24-8-FE-CP Crushing of concrete - Tilting of connector
31 L100-M20-8-FE-(J2 Bolt shear-off

32 L75-M20-8-FE-C? Crushing of concrete - Bolt shear-off

33 L60-M20-8-FE-C} Crushing of concrete - Tilting of connector

In general, as a result of decreasing the angle size from L100x10 to L60x6, the failure
evolved from bolt sheeoff to a situation where the concrete block was crushed and
the connector edge was bent. However, observed faihades and the reported
ultimate loadcarrying capacities might not represent the real behavior or the
practical usable strength of the specimens since specimens underwent very high

deformations during experiments. As mentioned before,
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composite beams encounter very low slip deformations. Thus, loads carried at slip
displacements of 3, 6, 9, and 12 mm were reported to predict the connector capacity
depending on the degree of composite action. Additionallystizdle beam bending

tests areequired to determine the failure modes that might be expected in practice.

2.3.2 Load-Slip Response

In order topresent the data in an effective manngpecimens were grouped
according tothe angle sizes, i.e., L100x10, L75x8, L70x7, and L60x6, and bolt
propeties, i.e., M24 grade 10.9, M24 grade 8.8, M20 grade 10.9, and M20 grade 8.8.

Thus, the loaglip behavior of specimernis presentedn groups.

As mentioned, specimen 1 experienced problems during loading. To show the whole
behavior of specimen 1, loadip values of both the first and the second loadings are
considered irFigure2.11. However, in grouped graphs, only the first loading was

considered.

Specimen 1 (L16M24-10-FEC1)
350.000
300.000
250.000

~

Z
X 200.000

kS
S 150.000

-
100.000
50.000

0.000
0.000 5.000 10.000 15.000 20.000

Slip (mm)

Figure2.11: Load vs slip behaor of specimen 1

To understand the loaglip behavior of the specimens at the very start, i.e. around 1

mm slip, initial stiffness values were calculated and giverainle2.7.
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Table2.7: Initial stiffness of each specimen

Specimel Nomenclature Initial Stiffnesg
# (kKN/mm)
1 L100-M24-10-FE-C1 171.7
2 L100-M24-8-FE-J1  137.5
3 L100-M20-10-FE-C1  63.0
4 L100-M20-8-FE-J1 = 72.1
5 L75-M24-10-FE-(J1 1315
6 L75-M24-8-FE-C} 117.3
7 L75-M20-10-FE-J1 91.0
8 L75-M20-8-FE-C} 127.5
9 L70-M24-10-FE-(J1  141.5
10 L70-M24-8-FE-C} 115.0
11 L70-M20-10-FE-(J1  103.8
12 L70-M20-8-FE-C} 89.1
13 L60-M24-10-FE-J1 =~ 122.3
14 L60-M24-8-FE-C} 143.9
15 L60-M20-10-FE-(1 80.2
16 L60-M20-8-FE-C} 114.2
17 L100-M24-10-BE-C1 112.1
18 L75-M24-10-BE-J1  115.8
19 L70-M24-10-BE-(1 122.6
20 L100-M24-10-BE-€1  100.5
21 L60-M24-10-FI-CL 72.7
22 L100-M24-8-FI-C}L 127.5
23 L100-M20-10-FI-g1 40.3
24 L100-M20-8-FI-C}L 83.2
25 L100-M20-10-FE-¢2 84.4
26 L75-M20-10-FE-J2  91.7
27 L60-M20-10-FE-(2 97.8
28 L100-M24-8-FE-J2  126.6
29 L75-M24-8-FE-Cp 122.6
30 L60-M24-8-FE-CP 114.6
31 L100-M20-8-FE-J2  60.1
32 L75-M20-8-FE-C} 88.5
33 L60-M20-8-FE-CP 96.6

According to the results, in general, the initial stiffness against slip decreased with

the decrease of the angle size, bolt diameter, bolt grade, and concrete quality.
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To examine the effects of the change adt pooperties, the slip displacement of the
specimen groups, according to the angle sizes, under applied shear loads were
considered. All of the considered groups had front loading direction, threads
excludedfrom the shear plane, and the concrete quafit§1. The loaeslip graph

of each specimen is given kigure2.12, Figure2.13, Figure2.14, andFigure2.15

for L1L0O0x10, L75x8, L70x7, and L60x6, peectively.

L100x10 Front - Excluded C1
350.000

300.000
250.000

200.000

Load (kN)

150.000
100.000
50.000

0.000 *
0.000 2.000 4.000 6.000 8.000 10.000 12.000 14.000 16.000 18.000 20.000
Slip (mm)

= Specimen - 1 L100-M24-10-FE-&4— Specimen - 2 L100-M24-8-FE-C1
Specimen - 3 L100-M20-10-FE-S%~ Specimen - 4 L100-M20-8-FE-C1

Figure2.12: Effects of the bolt propertigsL100x10
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L75x8- Front - Excluded C1

350.000
300.000
250.000
200.000

150.000

Load (kN)

100.000
50.000
0.000

0.000 5.000 10.000 15.000 20.000 25.000 30.000 35.000
Slip (mm)

Specimen - 5 L75-M24-10-FE-&4— Specimen - 6 L75-M24-8-FE-C1
- Specimen - 7 L75-M20-10-FE-€%4— Specimen - 8 L75-M20-8-FE-C1

Figure2.13: Effects of the bolt propertied 75x8

L70x7- Front - Excluded C1
250.000

200.000

150.000

Load (kN)
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0.000 /
0.000  2.000  4.000 6.000 8.000 10.000 12.000 14.000 16.000 18.000 20.000

Slip (mm)

———Specimen - 9 L70-M24-10-FE-G&— Specimen - 10 L70-M24-8-FE-C1
Specimen - 11 L70-M20-10-FE-€%~ Specimen - 12 L70-M20-8-FE-C1

Figure2.14: Effects of the bolt propertied 70x7
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L60x6- Front - Excluded C1
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Specimen - 13 L60-M24-10-FE-64— Specimen - 14 L60-M24-8-FE-C1
Specimen - 15 L60-M20-10-FE-€1~ Specimen - 16 L60-M20-8-FE-C1

Figure2.15: Effects of the bolt propertied 60x6

The loadslip graph of each specimevith C2 quality concretés given in Figure
2.16, Figure2.17, andFigure2.18for L100x10, L75x8, and L60x6, respectively.

L100x10 Front - Excluded C2

300.000
250.000
200.000

150.000

Load (kN)

100.000
50.000
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0.000 5.000 10.000 15.000 20.000

Slip (mm)

25.000 30.000 35.000

Specimen - 25 L100-M20-10-FE=€2= Specimen - 28 L100-M24-8-FE-C2

Specimen - 31 L100-M20-8-FE-C2

Figure2.16: Effects of the bolt propertied 100x10
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L75x8- Front - Excluded C2

250.000

200.000

50.000

0.000 5.000 10.000 15.000 20.000 25.000 30.000
Slip (mm)

Specimen - 26 L75-M20-10-FE-62— Specimen - 29 L75-M24-8-FE-62— Specimen - 32 L75-M20-8-FE-C2

Figure2.17: Effects of the bolt propertied 75x8

L60x6- Front - Excluded C2
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= 120.000

40.000 |
20.000 /

0.000
0.000 5.000 10.000 15.000 20.000 25.000 30.000
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Specimen - 27 L60-M20-10-FE-62— Specimen - 30 L60-M24-8-FE-€2— Specimen - 33 L60-M20-8-FE-C2

Figure2.18: Effects of the bolt propertied 60x6

According to the results, providing bolts with highesirdeter and grade increased
the initial stiffness, loadarrying, and slip capacities. In other words, M24 bolts
provided higher initial stiffness than the M20 bolts, and grade 10.9 bolts provided
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higher initial stiffness than the grade 8.8 boitsost ofthe casesas shown imTable
2.7. Additionally, loadcarrying and slip capacities increased with the increase of the

bolt capacity, which is related to bolt grade and diameter.

To examine the effects of the change of angle siee slip displacement of the
specimen groups, according to the bolt sizes and grades, under applied shear loads
were considered. All of the considered groups had front loading direction, excluded
threads from the shear plane, and the concrete quality.oft@@lloadslip graph of

each specimen is given lmigure2.19, Figure2.20, Figure2.21, andFigure2.22 for

M24 grade 10.9, M24 grade 8.8, M20 grade9] and M20 grade 8.8 bolts,

respectively.

M24 - 10.9- Front- Excluded C1
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Specimen - 1 L100-M24-10-FE-&4— Specimen - 5 L75-M24-10-FE-C1

Specimen - 9 L70-M24-10-FE-G4— Specimen - 13 L60-M24-10-FE-C1

Bolt Capacity

Figure2.19: Effects of the angle sizevi24 - 10.9 bolt
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Load (kN)
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Figure2.20: Effects of the angle sizevi24 - 8.8 bolt
M20 - 10.9- Front- Excluded C1
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Figure2.21: Effects of the angle sizevi20 - 10.9 bolt

60



M20 - 8.8 - Front- Excluded- C1
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Specimen - 12 L70-M20-8-FE-C1 Specimen - 16 L60-M20-8-FE-C1
Bolt Capacity

Figure2.22: Effects of the angle sizevi20 - 8.8 bolt

The loadslip graph of each specimevith C2 quality concretés given inFigure
2.23, Figure 2.24, andFigure 2.25 for M24 grade 8.8, M20 grade 10.9, and M20
grade 8.8 bolts, respectively.
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— Specimen - 28 L100-M24-8-FE-C2 ——— Specimen - 29 L75-M24-8-FE-C2
Specimen - 30 L60-M24-8-FE-C2 — Bolt Capacity

Figure2.23: Effects of the angle sizeVi24 - 8.8 bolt
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M20 - 10.9- Front- Excluded C2
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Figure2.24: Effects of the angle sizeM20 - 10.9 bolt
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Bolt Capacity

Specimen - 31 L100-M20-8-FE-C2
Specimen - 33 L60-M20-8-FE-C2

Figure2.25: Effects ofthe angle sizeM20 - 8.8 bolt

The bolt capacities given in the graphs were calculated using Equation 2.1, given in
AISC (2016) The group effect capacity reducing factor of 0.9 was not considered

since connectors contad single bolts.

62



Y qv0o 70 P

Where R is the shear loadarrying capacity of the bolt,,ks the ultimate tensile

strength of the bolt, given ifiable2.5, and A is the area of the bolt.

Using Equation 2, the capacity of the bolts was calculated as given below.

. grz” . .
Y s T&CUP P PE— OpX @pe op&g xQU
: guz” . i
Y g T CLwLAY CXpTBUW ¢ X PQU
: qmz" . e
Y s T&CUP PG — CPXMUO ¢ NP TQU
: ¢ mz” . oo
Y s TP COY Y2 — PXOUWUY p xdyQu

According to the results, providing larger angle sizes increased the initial stiffness.
The loadcarrying capacity of the connectors was also increased since the area that
transfes the applied load to the concrete block increased with the increase in the
angle size; however, with the increase of the applied load, bolt capacities were
exceeded, which resulted in bolt sheéirand caused slip capacity reduction. In
other words, wit larger angle sizes, the thickness of the connector and the concrete
contact area increased. Hence, the initial stiffness against slip increased. A higher
contact area between the connector and the concrete block retarded the crushing of
the concrete bldg which allowed higher loads. Nevertheless, retardation of the
concrete crushing resulted in higher shear forces in thecgiretete interface that
caused bolt sheanff. The bolts with relatively lower capacity, i.e., M20 grade 8.8

bolts in this studyfailed in small slip values since the stiffness against slip was high.

To strengthen the behavior explained above, the comparison graphs of the specimens
with threads included in the shear plane and threads excluded from the shear plane

are given inFigure2.26, Figure2.27, Figure2.28, andFigure2.29.
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L60x6- M24 - 10.9
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' 200.000

50.000
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Figure2.26. Specimen 13 (threads excluded) anccspen 21 (threads included)
comparison
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Figure2.27: Specimen 2 (threads excluded) and specimen 22 (threads included)
comparison
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L100x10- M20-10.9
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Figure2.28. Specimen 3 (tlmads excluded) and specimen 23 (threads included)
comparison

L100x10-M20- 8.8
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0.000 1.000 2.000 3.000 4.000 5.000 6.000 7.000 8.000 9.000

Slip (mm)
—— Threads Excluded = Threads Included
Figure2.29: Specimen 4 (threads excluded) and specimen 24 (threads included)
comparison

With the inclusion of threads in the shear plane, tlaeltarrying capacity of the
bolts reduced by 20%, according AdSC (2016) Since the connectors used in
specimens 2, 3, 4, 22, 23, and 24, showkFigure2.27, Figure2.28, andFigure2.29,

were L100x10 with high stiffness, capacity reduction of the bolts caused by the
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inclusion of threads in shear plane reduced the slip andclraging capacities.
However, the connecters used in specimenant321, shown ifrigure2.26, were
L60x60 with lower stiffness, and the lecadrrying and slip capacities of specimens

were similar.

To observe the effects of the loading direction, the comparison graphs of the
specimens with franand back loadings are givenkigure 2.30, Figure2.31, and
Figure2.32. In order to doubleheck the investigation of the behavior of the back
loading, the comparison of refieve specimens 17 and 20 were compared and given
in Figure2.33.

L100x10-M24 -10.9
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Slip (mm)
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Figure2.30: Specimen 1 (front loading) and specimen 17 (back loading)
comparison
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L75x8-M24-10.9
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Figure2.31: Specimen 5 (front loading) and specimen 18 (back loading)
comparison
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Figure2.32: Specimen 9 (front loading) and specimen 19 (back loading)
comparison
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L100x10- M24 -10.9
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Slip (mm)

Specimen 17 Specimen 20

Figure2.33. Specimen 17 (back loading) and specimen 20 (back loading)
comparison

According to the results, back loading caused a decrease in initial stiffness. In larger
angle sizes, i.e., L100x10 and L75x8, lazmdrying capaty decreased with the
change of the loading direction; meanwhile, in smaller angle sizes, i.e., L70x7 and

L60x6, loadcarrying and slip capacities did not show any significant change.

The differences in capacities between companion specimens were a@nd 2
according td=igure2.33. This can be attributable to the local variations of concrete
strength.

To ease the understanding of the interpretations regarding the change -of load
carrying behavior of specimens with the changeowoiccete quality, the load versus

slip displacement graphs of the identical specimens with different concrete qualities
are given inFigure2.34, Figure2.35, Figure2.36, Figure2.37, Figure2.38, Figure

2.39, Figure2.40, Figure2.41, andFigure2.42for L100x10, L75x8, and L@&x6 with

the combinations of the bolts M24 grade 8.8, M20 grade 10.9, M20 grade 8.8,

respectively.
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Load (kN)
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L100x10 M24 - 8.8 - Front- Excluded
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Specimen - 2 L100-M24-8-FE-C1 Specimen - 28 L100-M24-8-FE-C2 Bolt Capacity

Figure2.34: Specimen 2 (C1) and specimen 28 (C2) comparison
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Specimen - 25 L100-M20-10-FE-C2

Specimen - 3 L100-M20-10-FE-C1

Figure2.35. Specimen 3 (C1) and specimen 25 (C2) comparison
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L100x10 M20- 8.8- Front- Excluded
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Figure2.36: Specimen 4 (C1) and specimen 31 (C2) comparison
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Specimen - 6 L75-M24-8-FE-C1 Specimen - 29 L75-M24-8-FE-C2

Figure2.37: Specimen 6 (C1)ral specimen 29 (C2) comparison
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Figure2.38: Specimen 7 (C1) and specimen 26 (C2) comparison
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Figure2.39: Specimen 8 (C1) and specimen 32 (C2) comparison
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Specimen - 14 L60-M24-8-FE-C1 Specimen - 30 L60-M24-8-FE-C2

Figure2.40: Specimen 14 (C1) and specimen 30 (C2) comparison
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Figure2.41: Specimen 15 (C1) and specimen 27 (C2) comparison

72



L60x6- M20 - 8.8- Front- Excluded

250.000

200.000

150.000

Load (kN)

100.000

50.000

0.000
0.000 5.000 10.000 15.000 20.000 25.000

Slip (mm)
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Figure2.42: Specimen 16 (C1) and specimen 33 (C2) comparison

M24 grade 10.9 bolts were not included in the design of the specimens in the second
batch since the second batch specimens were planned to be tested with lower
concrete quality, red the capacity provided by M24 grade 10.9 bolts would be
unnecessarily high. However, since the capacity difference between the concrete
batches was around 35%, the concrete crushingpneominantfor the second

batch specimens. Therefore, the ductikiyd slip displacement capacity of the
specimens of the second batch was higher. Additionally, the specimens with higher

concrete quality had higher loaarrying capacity.

As mentionedEurocode 4 (2011jequires a minimum slip capacity of 6 mm as a
ductility limitation. However, the composite beams with high degrees of composite
action, i.e., morghan 75%, are generally expected to show a slip demand of less
than 6 mm; meanwhile, beams with low degrees of composite action, i.e., less than
33%, can undergo slip levels of 12 mm. Thus, the applied loads at 3, 6, 9, and 12
mm slip displacements andetimaximum loagtarrying capacity of specimens were

determined. The determined load values are givdiaibie2.8.
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Table2.8: Applied loads at 3, 6, 9, and 12 mm and ultimate loadaiigpa

Specime Nomenclature Bolt Capacity 3mm 6 mm 9mm 12 mm Maximum
# (kN) Capacity (kN Capacity (kN|Capacity (kN|Capacity (kN Capacity (kN
1 L100-M24-10-FE-C1 317.3 257.6 291.9 314.7 327.1 329.4
2 L100-M24-8-FE-(J1  271.0 236.6 268.2 281.5 292.6 313.8
3 L100-M20-10-FE-¢C1 217.1 184.3 218.6 230.3 - 231.1
4 L100-M20-8-FE-J1  173.9 166.2 194.4 - - 197.7
5 L75-M24-10-FE-J1  317.3 215.2 213.5 217.7 241.8 288.6
6 L75-M24-8-FE-C]  271.0 204.7 206.7 193.0 215.0 290.0
7 L75-M20-10-FE-J1  217.1 174.9 200.4 207.8 225.0 251.0
8 L75-M20-8-FE-C]  173.9 167.8 188.4 - - 193.2
9 L70-M24-10-FE-J1  317.3 211.6 173.3 172.8 198.4 227.1
10 L70-M24-8-FE-C]  271.0 204.0 196.1 197.4 216.8 218.3
11 L70-M20-10-FE-(J1  217.1 163.3 166.8 180.7 185.8 189.3
12 L70-M20-8-FE-C}]  173.9 161.4 184.1 191.5 - 191.8
13 L60-M24-10-FE-J1  317.3 182.5 149.2 165.6 180.1 239.5
14 L60-M24-8-FE-C]1  271.0 163.0 180.1 204.5 229.7 236.5
15 L60-M20-10-FE-(J1  217.1 156.4 187.4 161.9 171.9 214.9
16 L60-M20-8-FE-C1  173.9 159.8 176.2 190.9 - 193.4
17 L100-M24-10-BE-€1 317.3 207.1 190.7 201.5 215.9 300.9
18 L75-M24-10-BE-d1  317.3 140.7 160.0 190.1 219.4 280.8
19 L70-M24-10-BE-d1  317.3 153.0 181.6 206.4 218.1 248.9
20 L100-M24-10-BE-C1 317.3 181.1 154.3 151.0 161.9 243.8
21 L60-M24-10-FI-CL  253.8 187.1 227.2 223.9 220.4 234.8
22 L100-M24-8-FI-CL  216.8 205.0 231.8 - - 233.5
23 L100-M20-10-FI-d1  173.7 124.7 - - - 169.9
24 L100-M20-8-FI-CL  139.1 143.8 - - - 153.6
25 L100-M20-10-FE-¢C2 217.1 172.7 199.9 213.3 224.8 244.6
26 L75-M20-10-FE-J2 217.1 159.2 163.8 159.6 168.4 180.9
27 L60-M20-10-FE-J2 217.1 136.2 133.2 151.4 155.4 157.0
28 L100-M24-8-FE-J2 271.0 217.3 241.3 223.9 227.0 242.4
29 L75-M24-8-FE-CP  271.0 195.2 182.8 195.6 212.4 214.2
30 L60-M24-8-FE-CP  271.0 149.8 152.4 159.0 152.4 160.9
31 L100-M20-8-FE-(J2 173.9 164.3 192.3 - - 194.5
32 L75-M20-8-FE-CP  173.9 154.6 173.8 176.0 186.7 199.9
33 L60-M20-8-FE-CP  173.9 146.0 153.1 162.8 176.0 179.0

To examine the effects of angle size on loadying capacity before reaching the

ductility limitation, resistances at 3 mm and 6 mm dlgp specimens with C1

concrete quality are given Figure2.43 andFigure2.44,respectively.
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Capacity at 3 mm (Specimens with C1 Concrete Quality)

mL100x10
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mL70x7
= L60x6
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Figure2.43: Loads at 3 mm slip of specimens with C1 concrete quality (angle size
effect)

Capacity at 6 mniSpecimens with C1 Concrete Quality)
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Figure2.44: Loads at 6 mm ghi of specimens with C1 concrete quality (angle size
effect)

According to the figuregn short,the loadcarrying capacity of the specimens at 3

mm and 6mm slipgicreased with the increase of angle size
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To examine the effects of angle size on ultimaseHarrying capacity, the ultimate

load capacities of specimens with C1 quality concaedgiven inFigure2.45.

Maximum Load Capact{$pecimens with C1 Concrete Quality)
350.00

300.00

250.00
200.00 mL100x10
HL75x8
150.00 mL70x7
L60x6
100.00
50.00
0.00

M24 -10.9 M24 - 8.8 M20 - 10.9 M20 - 8.8

Capacity (kN)

Figure2.45: Ultimate capacities of specimens with C1 concretityu(angle size
effect)

According to the results, except for the specimens that experienced bolbfhear
L100x10 angle connectors provided the highest capacity, and capacities decreased
with a decrease in the angle size. Exceptionally, L70x7 consegtovided lower
capacities compared to the L60x6 connectors, although their thickness was higher.
The reason might be the relatively lower yield strength of the angle sections, reported
in Table2.4.

To examine the effects of lhgroperties on loadarrying capacity before reaching
the ductility limitation, loads carried until 3, and 6 mm for specimens with C1
concrete quality are given Figure2.46 andFigure2.47, respectiely.
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Capacity at 3 mniSpecimens with C1 Concrete Quality)
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Figure2.46. Loads at 3 mm slip of specimens with C1 concrete quality (bolt

property effect)

Capacity at 6 mniSpecimens with C1 Concrete Quality)
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Figure2.47: Loads at 6 mm slip of specimens with C1 ceteruality (bolt

property effect)

According to the figuregn short,the loadcarrying capacity of the specimens at 3

mm and 6mm slips increased witte use of stiffer bolts.
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To examine the effects of bolt properties on ultimate Hcatying capacitythe
ultimate load capacities of specimens with C1 quality concrete are givegure
2.48.

Maximum Load Capacif$specimens with C1 Concrete Quality)
350.00

300.00

250.00

200.00 mM24-10.9
mM24 -8.8
150.00 mM20 - 10.9
M20 - 8.8
100.00
50.00
0.00

L100x10 L75x8 L70x7 L60x6

Capacity (kN)

Figure2.48. Ultimate capacities of specimens with C1 concrete quality (bolt
propertyeffect)

According to the results, the ultimate leearying capacity of the specimens

increased with the increase of the bolt capacity.

The maximum slip displacement of each specimen is giveRigare 2.49 to
strengthen the préws interpretations. According to the results, in general, the
ductility of the specimens increased with the increase of the bolt capacity and with

the decrease of the concrete quality.
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Figure2.49: Maximum slip displacement of each specimen

The behavior of channel connectors in stamicrete compositsystems were
investigated bAr é k o] | u .€lo evauate thg p2ridrtn@nyetbé proposed
connector systemthe ultimate capacities of the specimens 1, 5, and 13 were

compared with the capacities of channel connectors with similar heagidsthe
compaison is given inTable2.9.

Table2.9: Comparison with channel connectors

Specimen Name Ultimate | Ultimate Specimen Nam Ultimate | Ultimate Capacity % Capacity
Capacity (kN|Slip (mm Capacity (kN|Slip (mm] Difference (kN] Difference
L100-M24-10-FE-§1 329.4 16.2 |UPN100-HSM-30 340.0 18.1 -10.57 -0.03
L75-M24-10-FE-CJ1  288.6 30.0 | UPN80-HSM-50  328.8 15.6 -40.20 -0.14
L60-M24-10-FE-J1  239.5 24.5 | UPN65-HSM-50  301.8 13.7 -62.25 -0.26

Where the chosen specimens frémm € k 0] | u  @ada carninector (wizith & 0 )

50 mm and high strength mortar (HSM) filling material with the compressive
strength of 40.7 MPa.

According to the comparison, the proposed connector system had less stiffness
against gp due to the high stiffness provided by the welded connections.

Additionally, since the filling material used in the design of channel connectors had
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relatively higher compressive strength, the ultimate capacity of the conneei®rs
influenced in a posite manner. Nevertheless, the proposed system had similar
behavior and slip capacijtwhich showed that bolted angle shear connectors were a
strong alternative for welded connection systems.

2.3.3 Recommendations for Capacity Prediction

To predict the ultimateoldcarrying capacity of theonnectors at 6 mm slip, the
specimensthat experienced bolt sheaff failure were neglected. The average
capacities, standard deviations (ST), and coefficient of variations (COV) of
remainng specimens were calculated accaglito the size of angle sections and

given inTable2.10andTable2.11 for series 1 and 2, respectively.

Table2.10: Seriesl - average load, ST, and COV

Series 1
Specimen Name Load at 6 mm Average Standard Coefficient of
P Displacement (kN) | Load (kN) | Deviation (kN)] Variation (-)
L100-M24-10-FE-C1 291.9
L100-M24-8-FE-(1 268.2
L100-M20-10-FE-C1 NDBS 280.0 16.8 0.06
L100-M20-8-FE-Q1 NDBS
L75-M24-10-FE-J1 213.5
L75-M24-8-FE-C1 206.7
L75-M20-10-FE-d1 200.4 206.9 65 0.03
L75-M20-8-FE-C1 NDBS
L70-M24-10-FE-J1 173.3
L70-M24-8-FE-C1 196.1
L70-M20-10-FE-d1 166.8 1787 15.4 0.09
L70-M20-8-FE-C1 NDBS
L60-M24-10-FE-J1 149.2
L60-M24-8-FE-C1 180.1
L60-M20-10-FE-d1 187.4 1r2.2 203 0.12
L60-M20-8-FE-C1 NDBS
NDBS: Neglected due to Bolt Shear-off
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Table2.11: Series 2 average load, ST, and COV

Series 2
Specimen Name _ Load at 6 mm Average S_tar_ldard Coeffigient of
Displacement (kN) | Load (kN) | Deviation (kN)| Variation (-)
L100-M24-8-FE-(2 241.3
L100-M20-10-FE-¢2 199.9 220.6 29.3 0.13

L100-M20-8-FE-d2 NDBS
L75-M24-8-FE-C} 182.8
L75-M20-10-FE-d2 163.8 1735 95 0.05
D
D
2
)

L75-M20-8-FE-C 173.8
L60-M24-8-FE-C 152.4
L60-M20-10-FE-Q 133.2 146.3 11.3 0.08
L60-M20-8-FE-C 153.1

NDBS: Neglected due to Bolt Shear-off

The average loadarrying capacities of each series were compared and given in
Table2.12. Sincethe calculated coefficient of vari@ns were low, less than 15%,

average loads were directly used without any modification in comparison.

Table2.12: Comparison of seriégs6 mm

Comparison
L Shape | Average Load| Average Load Ratio
Size Serie 1 (kN)| Serie 2 (kN) | (Serie2/Seriel
L100x10 280.0 220.6 0.79
L75x8 206.9 173.5 0.84
L60x6 172.2 146.3 0.85
Average 0.83

The ratio between concrete qualities was calculated usingi&i|2a2.
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The similarity of the average of calculated load ratios and the concrete strength ratio
showed that the loadarrying capacity of the proposed connectors atrGstip could

be predicted for any concrete strength by using the load capacities of series 1
specimens which were 280 kN, 206.9 kN, and 172.2 kN for L100x10, L75x8, and

L60x6 connectors, respectively.

The same procedure was followed for the capacities-aan8 9 mm slip
displacements. The obtained capacity comparison betweeerilee 1 and series 2
specimends given in Table 2.13 and Table 2.14 for 3mm slip and 9 mm slip

respectively.

Table2.13: Comparison of seriés3 mm

Comparison
L Shape | Average Load| Average Load Ratio
Size Serie 1 (kN)| Serie 2 (kN) | (Serie2/Seriel
L100x10 247.3 194.8 0.79
L75x8 198.3 169.6 0.86
L60x6 167.3 143.9 0.86
Average 0.83

Table2.14: Comparison of serigs9 mm

Comparison
L Shape | Average Load| Average Load Ratio
Size Serie 1 (kN)| Serie 2 (kN) | (Serie2/Seriel
L100x10 297.8 218.5 0.73
L75x8 206.2 177.2 0.86
L60x6 177.4 157.6 0.89
Average 0.83

The comparison between the tables af @, and 9 mm slips showed that the
increase in theaverageshearload-carrying capacity of the specimensith the
increase of the slip displacemewis small. Additionally, the average of the series
1 and series 2 capacity ratios did not change wittslipedisplacement increase,
indicating that therediction methods accurate.

82



CHAPTER 3

PULL-OUT TESTS

In this chapter, an experimental investigation of the proposed shear connectors is
made via pulout tests conducted at the Structural Mechanics Laboratory of the
Department of Civil Engineering at Middle Eastchnical University. These tests

are the second phase of the experimental study and aim to understand the behavior
and the tensile loadarrying capacity of the connectors.

3.1 Test Setup

The technical drawings of the test setup are givedfigare3.1, and the photos are
indicated inFigure3.2. The test setup was designed to conduct aquiltest on a
typical connector, which is embedded into a concrete block. The setup was
configured as a selfontainedsystem that does not require any reaction wall or a
vertical support system. The loading was applied by making use of a 600 kN capacity
hydraulic jack. The applied load was measured by making use of a 1000 kN capacity
load cell which is mounted on the topthe hydraulic jack. The load was transferred
from the hydraulic jack to a rod with a 27 mm diameter which is connected to the

shear connector embedded into the concrete.
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LOAD CELL

HYDRAULIC JACK

SUPPORT LEG

f PULL-OFF SPECIMEN

/

L CONNECTOR

Figure3.1: Test setup

Figure3.2: Photos of the test setup: a) General vewb) General view 2, ¢)
During test- 1, d) During test 2

84



A typical test specimen consists of a square concrete block of 400 mm side length.
The highstrength bolt used in the proposed connector extends out of the concrete
block. A freely extending bolt was connected to the loading rod with a special
transmitter produced for the test setup. A concrete cone type of failure, which has a
failure radius of efctive connector height, was expected while designing the test
setup. Hence, the distance between supporting legs, showigune 3.1, was

designed long enough for not to prevent the concrete cone failure.

Two European channel B0 sections of 400 mm length were welded to a 150x100
mm steel plate with a 40 mm spacing between the channels to construct the support
legs, as shown iRigure3.3. The reaction beam located at the top of the supporting
legs hadhe same orientation of the legs, showrrigure3.3. The 40 mm gap was
ensured to provide enough spacing for the 27 mm diameter loading rod to pass

through it.

--100 =~

40
150

! Fillet weld

- 80 -

Figure3.3: Suppating leg top view
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3.1.1 Orientation of Data Recording Instruments

The applied load and the vertical displacement of the connector were monitored
during a typical test. Two extension legs were welded to the transmitter. Two LVDTs
were placed at the ends of th@ension legs connected to the transmitter, as shown
in Figure 3.4. The differential vertical displacement can be directly calculated by

making of these two independent readings.

— ﬁ15 7@27

1 ,
() LVDT-1 (+) LVDT-2(

Figure3.4: Orientation of LVDTs

3.2  Test Specimens

The pullout experiments conducted in the literature were constructed with a
concrete block supported by steel sections from top and bottom. The concrete block
was clamped to the floor beam by two square eestand bolted to the top beam
with investigated mechanical anchorages. However, in this study, a different test
setup with a similar working mechanism was used. Thus, the design of the test
specimens varied compared with the ones in the literature.

The cacrete blocks used in test specimens had a square shape with 400 mm
dimension and 180 mm thickness. Four 8 mm diameter bars were used as steel
reinforcement in the long and short directions. These were placed symmetrically at
the top and bottom surfaces shown inFigure3.5. A total of 6 specimens were

designed and the parameters considered are given in Section 3.2.1.
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Figure3.5: Reinforcement layout
3.2.1 Design Parameters

The size otthe angle sections was the main parameter considered. Changes in the
section sizes resulted in the change in total height, which enabled an increase in
tension resistance. Detailed tabulated information about the specimens is given in
Table 3.1. European angle sections L100x10, L75x8, L60x6, L40x4, and L30x3

with 50 mm width were used in the testing program. The leg size of the lower section

was selected considering the applicability in beam specimen production, and the total
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height is limited to stay in between the applicable deck height limits. M24- high

strength bolts with 10.9 grade were considered.

The nomenclature used for identifying the specimens is as follows: the first entry is
used for the size of the lower angle sectiwhere L100 is for L100x10 and L75 is

for L75%8, the second entry is used for the size of the upper angle section 75 is for
L75x8, 60 is for L60x6, 40 is for L40x4, and 30 is for L30x3, the third entry is for
the total height of the specimen, and it isduas given inTable3.1; although bolt
diameter and bolt strength are not taken as parameters, in the nomenclature, the
fourth entry is for bolt diameter where M24 refers to 24 diameter bolt, and the fifth

entry is for bolt strenity where 10 refers to 10.9 grade bolt.

For example, specimen 3 L1@A0-120-M24-10 is a specimen with an L100x10
lower angle section, L40x40 upper angle section, a total height of 120 mm, and an
M24 10.9 grade bolt. The list of all nomenclatures is giverainle3.2.

Table3.1: Experiment matrix for pulbut specimens

Specimen #| L Shape Size (mm) Total height (mm) |Bolt Grade| Bolt diameter (mm
1 L75&L30 85 10.9 24
2 L75 & L40 95 10.9 24
3 L100 & L40 120 10.9 24
4 L75 & L60 115 10.9 24
5 L100 & L60 140 10.9 24
6 L100 & L75 155 10.9 24

Table3.2: Specimen nomenclatures

Specimen# Nomenclature | Specimen# Nomenclature |Specimen# Nomenclature
1 L75-30-85-M24- 1(]) 2 L75-40-95-M24-10Q 3 L100-40-120-M24- 1
4 L75-60-115- M24-1b 5 L100-60-140-M24-10 6 L100-75-155-M24- 1}

o

[=]

The upper angle sections were veldo lower angle sections using fillet welds with
a constant welding leg of 20 mm. In other words, the angle sections overlap with
each other by 20 mm. Bolt holes were introduced into the lower angle sections by

making use of a drill bit. The size of theles was equal to the bolt diameter. In other
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words, there was no tolerance between the bolt hole and the bolt. An explanatory

drawing of specimen 1 is given kigure3.6.

Upper Angle - L30\+‘ | 30

& /Fillet weld

4
20 Fillet weld’ /Lower Angle - L75

M24 - 10.9 Grade Bolt

Figure3.6: Specimen 1 (L780-85-M24-10)

Design specimens included combinations of the same lower angle section with
different upper angle sections and the same upper angle section with different lower
angle sections to understand the contributions of sectieparately. Additionally,
similar total heights constructed with different combinations were considered to

understand whether the capacity depended on the upper angle section or total height.

3.2.2 Geometric and Material Properties

The angle sections with propes reported inTable 2.3 were used. The tensile
strength of the angles is givenTiable2.4, and the stresstrain responses are given

in Figure2.7. The ultimate tensile stngth of the bolts is given ihable2.5.

The specimens were prepared with the second batch ofoptisipecimens, so the

compressive strength of the concrete was 28.7 MPa.
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3.3 Test Results

A total of six pultout specimens, explain@dTable3.1, were tested. The conducted

experiments hadsingle phase, and specimens were loaded to failure.

3.3.1 Observed Failure Modes

According to ACI (2014) the tensile loadarrying capacity of an embedded
anchorage can be calculated by using the concrete cone method. Equation 3.1 was
used for a single stud and no haunchesyst

8
5

z[ BoZT F]Z|'HZL'3 0—@

Where Npg is the loadcarrying capacity in kips, #o is the tributary area of the

anchorage and calculated using Equation 3xR,i#\the tributary area with haunch
anditisequalto Aof or desi gns wiigeecenrioityfackoyand b, y

f or ¢ oncengNidheight factaréndd fpr,the gases where one and a half

ti mes of the connect orcnisthe junth factmndiles s t han
for the cases with no haunch, anglis\the concrete tensile strength for an embedded

anchorage and calculated using Equation 3.3.
0 w?zQ o]
0 Qz Q8 o

Where in Equation 3.3,cks 24 for castin-place anchors,fis the compressive
strength of the concrete on the'™8ay, and k is the effective length of the

anchorage.

The concrete cone strength of the specimens was calculated and ghadrei®. 3.
With the use of the capacities and the experimental results givieabla3.5, true
errors and true paegvenmiable34!| ati ve errors (U
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Table3.3: Concrete cone strength of specimens

Specimen 1 Specimen 34 Specimen 3 Specimen 4 Specimen § Specimen §

het (Mm) 85.00 95.00 120.00 115.00 140.00 155.00
he (in) 3.35 3.74 4,72 4,53 5.51 6.10
f. (MPa) 28.70 28.70 28.70 28.70 28.70 28.70
f. (psi) 4162.58 4162.58 4162.58 4162.58 4162.58 4162.58

ke () 24.00 24.00 24.00 24.00 24.00 24.00
N, (Ibs) 9481.48 11199.54 | 15898.55 | 14919.43 | 20038.10 | 23342.07
Ano(in?) 100.82 125.89 200.85 184.53 273.44 335.15
A..(in?) 100.82 125.89 200.85 184.53 273.44 335.15

" ecN 1 1 1 1 1 1

" ed,N 1 1 1 1 1 1

"N 1 1 1 1 1 1
Neog (IDS) [ 9481.48 11199.54 | 15898.55 | 14919.43 | 20038.10 | 23342.07
Neog(KN) 42.18 49.82 70.72 66.36 89.13 103.83

Table3.4: Comparison between capacities and errors

Specimen Name Experimenta| Theoretical | True Errof %)
Capacity (kN Capacity (kN  (E) !
L75-30-85-M24-10 50.80 42.18 8.62 16.98
L75-40-95-M24-10 59.08 49.82 9.26 15.68
L100-40-120-M24-10  73.80 70.72 3.08 4.17
L75-60-115-M24-1 90.35 66.36 23.99 26.55
L100-60-140-M24-10  79.87 89.13 -9.26 -11.60
L100-75-155-M24- 1|0 87.66 103.83 -16.17 -18.45

According to the errors given ifable3.4, it can be said thahetheoretical method

underestimated the loaghrrying capacity of the connectors wdhotal heightof

less than 120 mmincethe bending ofthe upper angle section provided additional

strength.

The failure of the specimens occurred in two phaBesding of the lower angle

section was observed, as showirigure3.7 followed by breaking off the concrete

cone, as shown iRigure3.8.
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Figure3.7: Failure mode phase 1

Figure3.8: Failure mode phase 2
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3.3.2 Behavior Under Tensile Load

The pultout displacemenesponsef specimens under tensile applied loads is given
in Figure3.9, Figure3.10, Figure3.11, Figure3.12, Figure3.13, andFigure3.14 for
specimens 1 to 6, respectively.

Specimen 1 (L#30-85-M24-10)
60.00

50.00

i
o
o
S

30.00

Tension Load (kN)

N
o
o
S

10.00

0.00
0.00 2.00 4.00 6.00 8.00 10.00 12.00

Pullout Displacement(mm)

Figure3.9: Specimen % load vs. pulout displacement
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Tension Load (kN)

Tension Load (kN)

Specimen 2 (L7#80-95-M24-10)

70.00
60.00
50.00
40.00
30.00
20.00
10.00

0.00
0.00 2.00 4.00 6.00 8.00 10.00 12.00

Pullout Displacement (mm)

Figure3.10: Specimen 2 load vs. pulout displacement

Specimen 3 (L1680-120-M24-10)

80.00
70.00
60.00
50.00
40.00
30.00
20.00
10.00

0.00
0.00 5.00 10.00 15.00 20.00

Pullout Displacement (mm)

Figure3.11: Specimen 3 load vs. pulout displacement
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70.00

60.00

50.00

40.00

Tension Load (kN)

30.00

20.00

10.00

0.00

Specimen 4 (L#60-115M24-10)

0.00 5.00 10.00 15.00 20.00

90.00

80.00

70.00

Tension Load (kN)

w A O o
©c o o o
o o o o
S © o o

20.00

10.00

0.00

Pullout Displacement (mm)

Figure3.12: Specimen 4 load vs. pulout displacement

Specimen 5 (L1660-140-M24-10)

0.00 5.00 10.00 15.00 20.00

Pullout Displacement (mm)

Figure3.13: Specimen 5 load vs. pulout displacement

95

25.00

25.00



Specimen 6 (L1005-155M24-10)

100.00
90.00
80.00
70.00
60.00
50.00

40.00

Tension Load (kN)

30.00
20.00
10.00

0.00
0.00 5.00 10.00 15.00 20.00 25.00

Pullout Displacement (mm)

Figure3.14: Specimen 6 load vs. displacement

The speitnens showed similar loadisplacement behavior. According to the results,
it can be seen that until an applied load of 20 kN, all specimens had a linear load

displacement response.

To ease the understanding of the interpretations regarding the ultieteteidr of
specimens, the load versus polit displacement curves of all specimens are
combined in a single graph, which is giverFigure3.15. The comparison between
specimens 1, 2, and 3 showed that increasing the totalth&fighe specimens
resulted in a higher loacharrying capacity. However, sinoegembers were expected

to carry mainly shear forces in composite beam desigiximum favorable vertical
deformation can be limited to 5 mm, although most of the specimens had a
deformation capacity higher than 20 mm. In this manner, the comparison between
specimens 5 and 6 showed that the increase in the total height of the connectors
increased the capacity until a certain point that concrete strength became the
governing factorAdditionally, the comparison between specimens 3 and 4, which
had similar total heights, showed that in the means of capacity, an increase in the
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size of the upper angle section was more beneficial compared to an increase in the
size of the lower angle ston.

On the other hand, considering the tensile capacity of the demountable headed studs
with an embedment depth of 120 mm reported ag et al. (2019)i.e., 60 kN, all
specimens have reached very satisfactory capacity limits.

Load vs Displacement
100.00

90.00
80.00
70.00
60.00

50.00

Tension Load (kN)

40.00

30.00

20.00

10.00

0.00 5.00 10.00 15.00 20.00
Pultout Displacement (mm)

25.00

Specimen 1 (L75-30-85-M24-10) Specimen 2 (L75-40-95-M24-10) Specimen 3 (L100-40-120-M24-10)
—— Specimen 4 (L75-60-115-M24-10y— Specimen 5 (L100-60-140-M24-18)— Specimen 6 (L100-75-155-M24-10)

Figure3.15: Applied load vs. puibut displacement curves df apecimens

The maximum loagtarrying capacity, displacement at maximum load, maximum
displacement capacity, and load carried atdd 160mm displacements of each
specimen are given ifiable3.5.
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Table3.5: Maximum load and displacements

Specimen Nomenclaturk Pnax (KN) [ K I G pad(mn) | Ko (mm) [t F G &k |tp FYAY k0 T'H
L75-30-85-M24-10 50.80 3.25 10.06 49.11 25.42
L75-40-95-M24-10 59.08 7.46 13.88 55.22 45,73

L100-40-120-M24-10 73.80 14.21 21.12 59.49 69.09
L75-60-115-M24-10 90.35 17.82 20.72 59.67 73.61
L100-60-140-M24-10 79.87 17.46 21.62 56.14 66.03
L100-75-155-M24-10 87.66 19.32 21.90 50.88 66.06

According to the results givenirable3.5, specimen 1, which was used in the design
of beam specimens, reached its peak capacity at 3.25 mm and had an ultimate load

carying and displacement capacities of 50.80 kN and 10 mm, respectively.
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CHAPTER 4

BEAM BENDING TESTS

In this chapteran experimental investigation of th@oposedshear connectors is
made via beam bending tests conducteith@Structural Mechanics Laboratory of
the Department of Civil Engineeringt Middle East Technical University. These
tests are the third phase of the experimental study and aim to understand the behavior

and the responses in rdéé applications.

4.1 Test Setup

A singlepoint loading test setupvas developed to conduct beam bending
experimentsThe technical drawing of the test setup is giwreRigure4.1, and the

photos are indicated igure4.2.

Total Length
6000

Hydraulic Jack

Transmitter
Hinge
HEA200 Load Spreader Beam
Concrete Slab 120

s IPE300 Steel Beam 1200040

T\Pin Support Roller Suppon/‘)

Load Cell

Stiffener

5600
Unsupported Length

Figure4.1: Test setup

The loading was applied by making use of a 600 kN capacity hydraulic jack. The
nonstationary end of the hydraulic jack was attached to a steel frame, as shown in
Figure4.2a. The applied load was measd by making use of a 1000 kN capacity
load cell which is mounted on the stationary end of the hydraulic jack. The load was
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transferred from the hydraulic jack to a transmitter, which is fabricated specially for
connecting the hydraulic jack and the laail. Then,theload was transferred from

the transmitter to the load ceflinally, theload was transferrefdtom the load cell to

a hinge, which is used siabilizethe system against anytation effects, and from

the hinge tahe HEA200 load spreaddream, which is used to spread the load to
prevent excessive load concentrations that may cause local concretmgerush
Additionally, after some experiments, a rotation prevention system, shdviguire

4.2b, was added to the ggsn. The working mechanism of the rotation prevention
system is limiting the vertical deformation (deflection) capacity of the concrete deck

of the composite beam at the ends.

Figure4.2: Photos of the testetup: a) General view, b) Rotation prevention system
and LVDTs, c¢) Loading instruments, d) Strain gauges
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A typical test specimen consists of a steel IPE300 beam and a concrete block that is
connected to the steel beam usingaifeposedhear connectorgith 6000x800x120

mm length, width, and height dimensions, respectively. Since the tensile capacity of
the proposedconnectors, investigated in Chapter 3, was satisfactory for not
observing tensional failure, a clamping mechanism was not used; howes@men
situations requiring the prevention of concrete splitting, a clamping mechanism may

be considered to prevent concrete splitting.

41.1 Details of Data Recording Instruments

The applied load, the vertical deflection, the slip at the interface of the staml be
and concrete deck, and the strain values of the steel beam were monitored during a

typical test.

Eight LVDTs were placed to measure the slip, LVDPTo LVDT-10, as shown in
Figure4.2b andFigure4.3. Two LVDTs were placed in the middle to measure the
vertical deflection at the midspanthe backside and frontside, as shawirigure

4.3. Two LVDTs were placed at the quarters to measure the vertical deflection at the
guarter pans, as shown iRigure4.3. Five strain gauges were placed at the bottom
of the top flange, the web of steel section, and the bottom of the bottom flange to
measure the strain values on the steel beam. The number of relgivearsti
deflections, the rotation of the concrete block, and the strain profile through the

loading can be directly calculated by making of these readings.

Bottom of Top Flange Web of Steel Section Bottom of Bottom Flange
Strain Gauge-1 Strain Gauge-5

: Jjj: Straln Gauge-2:: Strain Gauge-3 09,69 ’

=== |esss)T|__Srancamesi§ oo
& ) (] 69.657 &
Load Cell
-200r——700 700 700— ~—700 700 700——]200-—
LVDT-4 L LVDT-3
= = T = — =
LVDT-5 LVDT-6 LVDT-7 LVDT-1 & LVDT-2 LVDT-8 LVDT-9 LVDT-10
O] T T O
\ LVDT-11 LVDT-12 l
1400 - 2800 | 1400

Figure4.3: Orientation of LVDTs and strain gauges
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4.2  Test Specimens

The beam specimens were prepared usingtbpgosedshear connectors. The wire
mesh reinforcements with 6 mm diameter and 150x150squrareopening were

used for reinforcing the concrete deck. The wire mesh was placed in two symmetric
layers to the top and bottom, as showrigure4.4. Bolted angle shear connectors
were fastened ta10.7 mm thickflange ofEuropean steetdection IPE300. A total

of 4 specimens were designed and the parameters consideredearen@ection

42.1. A plastic sheet was placed above the steel beam to prevent the bonding of

concrete to the-$ection and to eliminate friction at the interface

— 150 =—
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|
= ¢
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3000
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800 975 r30*
} EE * e —qlm e I €0
1201 -ll-25 i 30 1 1204 W ¥ | }
SIDE VIEW -1 SIDE VIEW - 2
Figure4.4: Reinforcement layout
42.1 Design Rarameters

The size of the angle section, degree of composite action, bolt grade, the inclusion
of hole tolerance, and bolt thread condition were considered as the prime variables.

Detailed tabulated information about the specimens is giv&abie4.1. European
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angle sections L100x10 and L75x8 with 50 mm width were used in the testing
program. M20 higkstrength bolts with 8.8 and 10.9 grades were considered.

The nomenclature used for identifying the specimens is as follows:zén@fsthe

angle section where L100 is for L100x10 and L75 is for L75%8, the second entry is
used for theargetdegree of composite action where 100 is used for 100% composite,
50 is used for 50% composite, and 25 is used for 25% composite, the thirgsentry
for the bolt strength where 8 and 10 stand for 8.8 and 10.9 grade bolts, respectively,

the fourth entry is the inclusion of th
toleranceo and A2 mm toleranceo, respect
condition where E and | stand for fAexcl ui

For example, specimen 1 L-A®0-10-NT-E is a specimen with an L75x8 angle
section, 100% aimed degree of composite action, M20 10.9 grade bolt, no hole
tolerance, and threads areckied from the shear plane. The list of all

nomenclatures is given ifable4.2.

Table4.1: Experiment matrix for beam bending specimens

Specimer] Connector | Bolt | Boltdiameter| Target Degree of |Push-out Capacit - . # of connectory Total # of
. X Additional Information
# Used Grade (mm) Composite Action (% (kN) (Q) per half span [ connectors
1 L75 10.9 20 100 180.93 - 9 18
2 L75 10.9 20 50 180.93 - 5 10
3 L75 10.9 20 25 180.93 2 mm hole tolerance 3 6
L shape cuttoh=75m|
4 L100-cut| 8.8 20 25 158.14 Threads Included 3 6

Table4.2: Specimen nomenclatures

Specimen # Nomenclature |Specimen# Nomenclature
1 L75-100-10-NT-H 2 L75-50-10-NT-E
3 L75-25-10-2T-E 4 L100-25-8-NT-I

The first 3 specimens were designed to have a failure mode of concrete crushing,
and the last specimen was designed to have a failure mode of bolb#haace
specimen 4 had M20 8.8 grade bolts with threads dedlun the shear plane, which
created considerably lower shear laarying capacity. To accomplish a design

with threads included in the shear plane, three washers were placed between the steel
section and the bolt. Additionally, specimen 4 was congduetith L100 angle
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connectors cut to have a height of 75 mm to provide applicability to decks with 100
mm height sinc&ISC (2016)states that a clear cover provided for shear connectors
in the design of composite membstwuld be accordance wikCl (2014)and in
ACI (2014) the required minimum concrete cover is defined as % inclegs]l9

mm.

The effect of hole tolerance and change in angle size on initiatest#ffcan be
observed with the comparisons of specimens 2 and 3, and specimens 3 and 4,
respectively. The effect of the degree of composite action orclaging capacity

can be observed with the comparison of specimens 1 and 2.

In AISC (2016) it is statedhat the degree of composite action could be calculated

by Equation 4.1.

VR B0
0QQIeQ®E an ¢ o QO VéE————— ®
i E B o (00

Where Q is the shear strength of the connectarisAhe area of the steel section, F
is the yield str ecdsthedoncett coinpressive strength,andect i on,

Acis are of concrete block.

The calculation of theequirednumber of shear connections #®targetdegree of
composite action and badalculation of composite ratio with the designed beam

specimens will be givemiSection4.2.3 with the use of Equation 4.1.

4.2.2 Geometric and Material Properties

The angle sections with properties reportediable 2.3 were used. fie ensile
strength of the angles is givenTiable2.4, and the stresstrain responses are given

in Figure2.7. The dtimate tensile strength of the bolts is givarTable2.5.

Since all steel beam sections were ordered from the same batch, only ome isf the
measured with a caliper to identifygt geometric properties of theéction, IPE300,
as reported m Table 4.3. The dimensioa conformed to theEN10034 (1993)
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standard.The ®muponsusedto conduct tensile tests to detene loadcarrying
capacity were extracted from the sarsettion according tEN100@ (2001) The

obtainedmaterial properties are indicatedTinble4.4.

Table4.3: IPE300 section dimensions

IPE 300 Steel Beam
Flange Width () (mm)
Left End Right End Average| Tabulated Valug
153.54 153.56
153.32 153.53 153.21 150.00
152.30 153.03
Web Thickness (j (mm)
Left End Right End Average| Tabulated Valug
7.72 7.71
7.74 7.74 7.72 7.10
7.71 7.69
Flange Thickness){mm)
Left End Right End Average| Tabulated Valug
Left Right Left Right
10.34 | 10.12 | 10.32 | 10.15 | 9.99 10.70
9.33 10.34 9.34 9.94
Section Depth (d) (mm)
Left End Right End Average| Tabulated Valug
303 303
302 302 302 300
301 303
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Table4.4: Material propeties of Fsection

F.o2 K %E

MPa MPa -
(IPE300 - Wek) 303.59 | 426.49| 39.50
(IPE300 - Wek) 308.76 | 427.47| 38.97
(IPE300 - Wek) 306.20 | 427.32| 36.27

IPE300 - Web -Average 306.19 | 427.09| 38.25
(IPE300 - Flangg) 290.48 | 421.29| 19.73
(IPE300 - Flange) 296.63 | 429.34| 19.66

(IPE300 - Flanggy) 29250 | 428.76 | 41.34
IPE300 - Flange -Averdge293.20 | 426.46| 26.91

The stressstrain responses obtained from the coupon tests are gi¥eguire4.5.

Stress vs Strain
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-5 0 5 10 15 20 25 30 35 40 45
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Figure4.5: Stress versus strain diagram fegelctions

The specimens wergepared with the second batch of post specimensso the

compressive strength of the concrete was 28.7 MPa.

Therequirednumber of connectors fdhe aimed degree of composite actions can

be calculated using the given properties is givenhaible4.5.
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Table4.5: Back calculated degrees of composite actions

Aimed DegreqPush-ou
Specimen{ Nomenclature |of Composite| Capacity
Action (%) [(kN) (Q).

Ri #of
A (mnP) [# of connector: ounded # o Total # of [Back Calculate]

connectors per hal
p connectors| Degree (%)
span

A, (mn?) (Taken [F, (MPa) (Average ¢  f'c
from Section Table All Coupons- R ) | (MPa)| (h'w) | perhalf span

1 L75-100-10-NT{E__ 100 180.93 5381 299.69 28.70| 96000 891 9 18 100.98
2 L75-50-10-NT-E 50 180.93 5381 299.69 28.70| 96000 4.46 5 10 56.10
3 L75-25-10-2T-k 25 180.93 5381 299.69 28.70| 96000 223 3 6 33.66
4 L100-25-8-NT- 25 158.14 5381 299.69 28.70| 96000 2.55 3 6 29.42

The formulation used ithe calculation ofthe requirednumber of connectors per
half span is a modified version of Equatibi, as given in Equation 4.2.
6fganéiy@o Qd EB "o 00

0 QOB ORI ¢ & & QO O-E—— v 8

Since the provided number of connectors needs tnbateger found resuk are
rounded upwhich resuls in the need for a backalculation to determine the exact
degree of composite actioheach specimemhus, Equation 4,2 modified version
of Equation 4.1is derived and used in backlculation of the degree of compiasi

actions given imable4.5.

6OWDa Do ddHaROTY O Q{IE ,‘Wé,é,émnﬂlﬁ:m 8 s £ Qwooe ‘ITESS

| E©® "Ofma 006
The beam specimens were designed according to the calculatabder of
connectors pehalf span. While designing the specimethg determination of the
connector locations was the key issue. Considering the test setup,isvtoeiered
in Section4.2, support locations were specified to be 200 mm shifted through the
steel beam. In otherards, considering two supports at the etlusfree span of the
beamswas shortened to 5600 mnStiffeners with a heighof more than three
guarters of the beam depitlereadded to the locations which meet the supports on
the steel beam to prevent thedbcrippling phenomenon statedASC (2016) In
addition,the minimum distance between the connectors was taken as 3QGasim

stated inAISC (2016) The technical drawirgpf specimensre given inFigure4.6.
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Figure4.6: Technical drawings of specimens

4.3 Test Results

A total of four beam specimens, explainedlable 4.1, weretested undesingle

point loading.The conducted experiments had two main phases. In the first phas