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Abstract

Composite beams are frequently used in buildawgnbining a steel beam witkithera
concretefill ed steel declor solid concrete slabTo ensure proper composite action, shear
connectorstypically in the form ofheaded shear studsre utilized. Traditionally, the strength
assessment of theBeadedshear studis made using empirical design specifications that are based
on pushout tests, which have been widely conducted and standardized over the years. However,
the standardized pusiut testshave shorcomings, such asneven slab bearinglab buckling
guestios regarding the distribution of load to each stud, etc

A study was conducted to evaluated compar¢he existing pustout test setuwvith two
alternative test setup3he study also aimed to examine the behavior of headed shear studs in
composite beantsavingdeck agepethe current allowable limit of 3 inas specified byAmerican
Institute of Steel ConstructiorfAISC) design specificatianWhile the standard specification
allows for steel decks with rib heights of up to 3 in., there are deck prdéser than 3 in.
available in the market. Utilizing these deeper decks in composite beams offers several advantages,
including faster and more cestfective construction by reducing the number of besegaired.

This research therefofeund thata major challenge in creating an alternative test setup
involves eliminating moment at the interface between the corfilfetesteel deck and the steel
beam.This noment leads to tension the headed shear stud/stud group closest to the actuator,
thus affectiig the shear strength of the headed shear studs. Further, these headed shear studs have

significant strength when used with 3.5aecks bufurtherresearch imecessary.
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General AudienceAbstract

Composite beams are widely used in building construction, combining a steel beam with
either a concretélled steel deck or a solid concrete slab. To ensure their proper function, shear
connectors are usegpically in the form of headed shear studs. Traditionally, the strength of these
shear studs is determined using standardized-puistests, but these tests some challenges like
uneven slab bearing, questions about even load distribution, etc.

In this stidy, the existing pusbut test setup was evaluated and compared with two
alternative setups. The behavior of headed shear studs in composite beams with deeper decks than
the current allowable limit specified by design standards was also investigategltidsia deeper
decks offers advantages such as faster and moreftestive construction.

One major challenge in creating an alternative test setup was eliminating the moment at
the interface between the concrétied steel deck and the steel beam. sSTmoment caused
tension in the headed shear stud closest to the actuator, impacting the overall shear strength of the
studs. Additionally, it was found that these shear studs show promising strength when used with
3.5 in. decks, but more research is neadddlly understand their capabilities.

By exploring new test setups and considering deeper decks, this research contributes to
improving the design and construction of composite beams, making them more efficient and

reliable for future building projects.
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1. Introduction

1.1 Composite Beams

A composite beam ia structural element typicallgonsisting of a concrete slab attached
to a steel beam. The composite beam thus can take advantage of the compressive strength of
concrete andhe tensile strength of steel. Composite beams possess high sta@agttuctility,
and are eonomicalto assemid and construct. A composite beam (Figure 1.1 and Figure 1.2)
consists of a solid concrete slab or a conefifiesl steel deck over a wide flange steel beam with
shear connectot® transfer loads between the tvgm that they act together as a unifiedtiss.
Perhaps, the most important elenseaf composite beams are the shear connect8rear
connectors should have sufficient strength and ductilitgdanposite action to take pla¢¢eaded
shear studs are typical shear connectors used in these denigEmns.The classification of
composite beams as partialpmposite or fullyyomposite depends on whether the shear
connectors are designed to provide partial or full composite action, respectively, between the steel
beam and the concrete slab.
Some oftheadvantages of composite beams are as follows:
1. Effective utilization of material propertiegith concrete in compression and steel in tension
2. Stiffer elements causing less deflection.
3. More economical design by using shallower steel beam setlianson-composite beams.

Headed Shear

 Stud . . Solid Slab

Steel Beam

Fig. 1.1 Solid Slab Composite Beam
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oncrete-filled
Steel Bea Steel Deck

Steel Beam

a) Deck Parallel b) Deck Perpendicular
Fig. 1.2 Concretd-illed Steel DecilCompositeBeam
Trapezoidal or dovetatleck profiles are typically used in steel buildings for composite
beams aseen in Figure 1.®ovetail decks are advantageous as they allow hanging fixtures, pipes,
and ceilings from their ribs and also are also considered aesthetically pleasing by some architects.
A key advantage of trapezoidal decks are that they can be dtackested into one another and
so areefficient to transport or storél.rapezoidal profiles of a given depth also use less material

(steel coil width) than comparable dovetail profiles.

Trapezoidal deck Dovetail deck

Fig. 1.3 Typical DeckProfiles

1.2 Motivation for Research

The conventional pusbut test conducted usingAISI S92320 (2020) has some
challenges. The pusbut testspecimerconsists of twdialves using composite slabs attached with
headed shear studs structural teedolted together angdlaced in averticdly as seen in Figre
1.4(a) While testing, thdheadedshear studs in one of the slabs often fails first and so the results

are biased towards the weaker sldbe test alscsuggests application of mormal load:a



perpendicular load less than equal to 10 % of the applied axial loaddiscourage unrealistic
failure modes where the slab separates from the bgaasual failure modare observed these
tets like slab cracking which give unreliable haded shear stud strengthchieving uniform
bearing between the slabs and the flootde ehallenging. Uneven bearing leads to uneven stress
distribution at the interface, which results in rotational movements of the slabs as they strive to
achieve everbearing Also, dter failure is observed in these tests, it is difficult to recsipl
between concrete and steEb overcome all these challengkfferent test setupwereevaluated.

To reduce the bias toward weaker studs, eliminate rotation of thduseto noruniform bearing,

and improve pospeak slip measurements, it is better to ¢edy one slab at a time such as shown
in the shear test setup of Figure 1.4@yaluation of the shear test led to a modification which
resulted in a singlsidedpushout test(Figure 1.4(c)) This configurationwas designed to have
boundary conditions similar to the conventional pashtest This singlesided pustout test will
offer the same advantages as shear test over the comzepushout test A more caetailed

description of all the three test setups will be give latter in this document.

|
a) Pushout Test Setup b) Shear Test Setup  ¢) Single Sided PustOut Test

Fig 1.4 Different test setup ftweaded shear studs
In addition tainvestigating alternative test configurations for headed shear studs, this study
is also concerned with the behavior of headed shear studs with deeper steel deédSCrhe
specificationsection 12¢c (AISC2022 allows steel decks with rib heights up tor3 for these

composite beam3his is because past tests were almost exclusively conducted using a maximum

3



of 3 in. deck for composite beam A review of past tests is provided in Chapiemg. deeper

decks with composite beams has advantages and desgker slich as 3.5 in. and 4 in. dovetail
decks are already bei ng beumusalandcantpesde, beamdittizing r e n 6 t
deeper decks offers the advantage of achieving longer unsupported spans, restdtingead

number otbeams thereby enkibg quicker constructiomnd acosteffective solution

1.3 Scope

The objective of the researthtodevelop a test setup for headed shear studs in composite
beamsand toprovide preliminary data about the applicability of 3.5 in. deep fmckomposite
beams.A total of 33 test were conductedising three different test setups. To evaluate and
understand the challenges of the conventional pushiest six testwere condcted. Further, a
test setup was designemmitigate the challenges of the conventional pushtest given in AISI
S92320. To eliminate the bias in data toward the weaker shear connectors of two slabs as tested
in the conventional pusbut test.eliminate rotation of the slab due to roniform bearing, and
improve posfpeak slip measurememnsly oneslab is used in the proposed test sefupavoid
unusual limit states such as the slab crackingptation ofthe specimerthe shear test had the
specimerattached on the sidéo the testing frameéNith thesheartestsetupiit is also possibléo
record reliable pogpeak behavior. The test frame was thus designed asraaetiihng frame which
usedan actuator to impart a shear load to the specinthe testing procedure of thleear test
setup was set to be monotonic ahsplacementontrolled to understand the strength as well as
the ductility of the headed shear stut@ibe test setup was assessed by conducting a total of 24
tests. Out of thessix tests were conducted in conjunction with the conventionalquistest for
comparison purposes. The evaluation of the setup was based on several factors, including its ability

to generate shear force on the headed shear stud while minimizing fenségmconsistent failure



modes in headed shear studs of the specimen, exclusion of undesirable failure modes, and the
recording of pospeak behavior. The setup was further modified to create a-sigld puskout
test. To evaluate this modified settiree additional tests were conducted.

These tests were also utilized to conduct a preliminary examination of the behavior of
headed shear studs with 3.5 in. steel deck, both trapezoidal and ddeet#ileir potential

application in composite beams.

1.4 Thesis Organization

Chapter 1 gives an introduction to composite beams and discusses the motivation for the
research. Also, the scope of research is laid out in the chapter.

Chapter 2 consists of a literature review explaining the composite action nrposite
beams and describing past research related to solid slab composite beams and the derivation of
empirical equations. Further describing past research related to cerlmdtesteel deck
composite beam with the rib height less than 3 in. and sessarch about deeper deck i.e., rib
height greater than 3 in. This chapter also briefly summaries thecal# composite beam tests
and challenges that come along while conducting conventionalquighst.

Chapter 3 summarizes the test setups used giveés information on therocedure;
instrumentations used to collect data. It also discusses the test matrix and material test conducted.

Chapter 4 discuss the stress state of concrete around the headed shear studs in the different
test setup evaluatexhdtheir correlation to the stress state in composite beams

Chapter 5 provides a discussion of the results from the tests cordlucte

Chapter 6 gives conclusions discovered and summaries the scope of future work.



2. Literature Review

2.1 CompositeBeam Action

Composite action is when a steel beam and the corfdtetesteel deck act as a single
unit together as a composite beam seciitive degree of composite action depends on how much
the slip at the interface is minimized.

Consideing a noncomposite bearand slabunder vertical loa@nd reglecting the friction
between the slab and beam, each carries a part of the load separagsy in Figure 2.1(a)hen
subjected to positive momerthe slab deforms generating tension on ldwer surface and
compression of the upper surface and similar is the case of the steel beam. This creates a
discontinuity in strain at the surface of contact between the slab and steel Negletting
friction, only the vertical forces act between th@bsand steel beam generating a relative slip
between the two. When the slab and steel beam act compositely, horizontal forces develop at the
contact surface causing the lower surface of the slab to compress and the top surface of the steel
beam to elongat When there is no composite action, each element resists the moment individually
and the total resisting moment can be givBa 0 0 . It can be seen from the strain
variation (Figure 2.1 (a)) there are tweural axes, one at the camtof gravity of the slab and one
at the center of gravity of the steel beam. The horizontatedigting from the bottom of the slab
in tension and the top of the beam in compression is also indicated in FigureRudtfer, when
partial composite don takes place, the neutral axes move closer to each other, and also the
horizontal slip is reduced. This partial interaction results in the partial development of compressive
and tensile forces C6 and TO0 i nsistinggreomentohtbe a n d
section would be increased by TG0 e 0,nohorizogtale 6 .

slip occurs and a linear strain diagram is generated with a single neutral axis. The neutral axis lies

k
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between the center of gravity tiie slab and the center of gravity of the steel beam. The

compressiveantt nsi | e

in partial interaction.
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Theresisting moment thus for fully composite beam becomes
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Composite/
beam

7

/~—No Slip Strain

c¢) Fully composite
Fig. 2.1 Strain variation in composite beams (Salmon & Johnson, 1996)

The horizontal shear developed between the concrete slab asteéhdeam must be

resistedfor composite actionMechanical shear connectors are therefore required to create

substantive composite actiohleaded shear headed shear studs @rahnel connectors are

included in the AISC specification, but the most commarded are the headed shear studs. For

full composite action, the shear connectors must be stiff and this would require the connectors to

be rigid. Also,consideringa simply supported beam with a uniformly distributed Ig&dure 2.2)
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Moment Diagram

Shear Diagram
Fig. 2.2Simply supported beam under uniform loading
Under elastic conditions the shear force at any point will vary from maximum at the
supports to zero at midspan. So, it would require more shear connectors where the shear is high
and fewer connectors where shealow. This would lead to nomniform distribution of headed
shear studs which is not necessary as the ductility in stud connectors allow the load to spread
evenly among all the headed shear studs. Thus, the connectors are required to transfer the
maximum compressive force developed in the slab between the region of the zero moment and
maximum moment. The nominal she@mand need neixceed the maximum compressive force
the concrete can develop which is given by,
6 TNO Q (2.1)
Where
A Al 1l bOAMMEAAEOEAOAOA

A AEEAGIOEBAOE
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or the maximum tensile force in the steel beam given by,
Y 00 (2.2)
Where:
I AOI GARAAOCBDR AEARO ARIA I
& UE KNGO AT GBEEO ARIAI
The nominal shear strength can be given by,

5 ¢ 0 (2.3

Where:

1 OOOAIN EOEOOA

¢ 101 AAOCORMNOEDAAAARBR HIMAQEIIGIT AAIOBAOT 1 AT O
Thus, for full composite action

0 & QBRY (24)

When, B 0 G "QBR'Y partial composite action takes place and the degree of composite

action is defined asB—ﬁ, this term is also sometimes defined as partial shear connection. The

determination of this shear connector capacity is complex as the connectors deform under load and
the surrounding concrete also crushes. The amount of deformation of a shear connector depends
on many factors like its own shape and size, its location alenigetam and the way the steel deck

is been placed, etc. As a result, a number of research programs were undertaken to develop the
strength of different types of shear connectors. The further literature review gives a brief about
different research progranmdertaken about headed shear studs as it is one of the widely used

shear connectors in the industry.



2.3 Pushout Test for Headed ShearConnectors

The earliest form of composite beam included a solid slab over a steel beagpiraitbr
channel shear coectors for composite action before headed shear studs werd heéeadcd
shears t upbpularitystems from the fact that it can be installed using a weldingThashear
capacity of these headed shear studs in solid slabs was first evaluated by Viest (195@)t Push
tests were conducted feahannelconnectors and they gave good results in agreement with the
beams test and so were used for headed shear stwad.adiest (1956) conducted 12 Pusht
tests each consisting of two solid slabs attached on either side of a wide flange steel beam with
each test consists of four or eight headed shear studs. All headed shear studs were approximately
4 in. long after wkling and the stud diameter varied from 0.50 to 1.25 in. The centanter
stud spacing was either 2 in. or 4 in. All other parameters were held coRkiages were greased
before the slabs were cast to prevent bond and to reduce the effect anf filating testingA
sharp drop idoad vs residual slip curves was observed for small diameter headed shear studs.
Load corresponding to the transition from small to large residual slip was determined by
extrapolation and Viest (1956) considers the laathafi c r i t i cca Viest (D986Y) defin€y
residual slip as the slip recorded between the concrete slab and the wide flange section after
removal for load in each load step. Slip can be defined as the amount of displacement of the
concrete slab withespect to the steel section when shear load is applied. For large diameter headed
shear studs, this procedure was difficult to follow as a sharp transition was not observed so the

load corresponding to 0.003 in. residual slip was considerdi the ildad, @@ |
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Fig. 23 Determination of Critical load by Viest (1956)

Tests also revealed that the load capacity of the headed shear studs was proportional to the

square of the stud diameter for small diameters and linear increase in strength forataegerd

headed shear studs. He saw no significant effect of stud spacing and a linear relationship between

concrete compressive strength and stud capacity. The following equation for the critical load was

proposed.

TTTTT

AINO pE8D Vg @Q ——

EiE8 A pP_EITD

Z A m e s
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o)

T

Tt

vQQ ——

o)

(25)

(2.6)

Further limitations wer@laced orthe use of the abowxuation as follows,

The yield point of headed shear studs should at least be 50000 psi.

A lower limit of f.6= 2500 psi and upper limdf f.6= 5000 psiwas suggested. For concrete with

f.6> 5000 psiyield safe value of.6= 5000 psimust be substituted.

All headed shaastuds must be 4 in. or higher.
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Viest (1956) also observed that the envelope of load vs slip curve for loading and unloading
specimens were in good agreement with simple monotonic loading until failure specimens

Chin (1965) carried out solid slab pustut experiments in the same manner as Viest
(1956), but with lightweight concrete with 1/2, 5/8, 3/4, and 7/8 in. diarhetaded shear studs
lengths nearly four times the diamet@milar to Viest (1956) he also observed thatlic loading
did not afectthel oad vs slip envelope w@nd haetsearmmi meady
deter mi ned @c.rifiilirevad dud toanalor tw@aded shear studbearing off
in all specimens except tif@8 in. diameter headed shear stwdsich faled by slab crackingnd
from failure it was evidenthat considerablplastic actioroccurred in headed shear studs. Further,
it was observedhat the square root variation with concrete strength given by Viest (1956) had
good relation with the results dugave the following equation.

. - T (27)

x EADA OO AIEOA A
A OOCBAEAI EKDOAO
Q AT T AOAOADOBE

However it was observed thalhe ultimateheaded shear stud capadigd no effect of the
concretestrength and gave the following equation.

0 oa@ Q° (2.8)

x EADA O1 OEOC®APAREOU
A OOBGEAI EDAO

Lastly, Chin (1965)performed two beam tests and observed that#heulated ultimate

loads for both beamssing results othe pushkout testsvere close to the experimental values

12



Davis (1967) conducted 20 hal€ale solid slab pushut tests to understand the variation
in stud configurations on the strength of headed shear connectors. All specimens used 3/8 in.
diameter heagd shear studs 2 in. longe discovered that inr@commendedpecimerprovided
by the British code of practice CP 117: Part 1:1965 (hwaded shear studst perpendicular to
the direction of forceyive 25% higher ultimate strengthaluethan when théwo headed shear
studsare orientegbarallel tothe direction of loaithg. In addition,Davis (1967discovered a linear
relationship between longitudinal stud spacing and stud capacity, which Viest (1956) did not.
Finally, he believes that ultimate strelhgimproves with stud spacing at a faster rate for three
headed shear stuger flange than for twbeaded shear stuger flange, with twdheaded shear
studsorientated perpendicular to the applied force appearing to be the ideal arrangement.

Ollgaard et b (1971) evaluated shear stud capacity by testing 48-stell pustout tests.
These tests considered stud diameter (5/8 and 3/4 in.), number of headed shear studs per slab, type
of concrete (normal weight and lightweight), and concrete propéciesrete strength, density,
modulus of elasticity and split tensile strengthwo distinct failure mode i.e., Stud shearing and
concrete crushing in the region of shear connectors were observed. It was also observed that the
connector strength decreased (frénto 25%) when lightweight concrete was used. The cracks
in the slabs were more numerous and larger in lightweight concrete than in normal weight concrete
specimens. When compared the test resultskygjttation2.9 given by Slutter and Driscoll (1965)
which they modified from Viest (1963) was observed that it did not account for the difference
between normal and lightweight concretes so further perforregdession analyses using
logarithmic transformations

1 ogv A (2.9)

Where:
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The results also showed that the stud strength was primarily influenced by compressive
strength and modulus efasticity of concrete and cressctional area dfeaded shear studiyed
an important factor. Based on the following he gave an empiricatieqgEquation 2.0) to
determine the shear stud capacity in solid slab composite beams as

1 ™ A% (2.10)

Where:
R AT 1T ADROAOAGDEARO BE
O I 1TAOT BEDACOEAEAELOEA
6 1711 EAGAEERA A OEARGATKDA

Further,it was observedunloadingof the specimens did not affect the envelope of the
curves, and the reloading was reasonably linear until the maximum load prior to unloading was
reachedvhich was also seerylviest (1956) andChin (1965) An empirical formula for the load

slip relationship of continuously loaded specimemas therefore given as follows,

1 0 p Q 7 (2.11)
Where:
o , | PEED
> OIEDP

Hawkins and Mitchell (1984)onducted a total of 28ush-out test: 13ushout specimes
were tested monotonicallyand 10 specimenswvere testedunderreversed cyclic loadingThe

influenceof the following variables: type of loading, presence of metal deck, deck geometry, and
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deckorientationwere tested with 10 solid slab specimens and 13 concrete filled metal deck (1%
in. or 3 in.). Each specimen had two 3drameter headed shear studs in each slab. distimct
failure modes: stud shearing, concrete withdrawal, rib sheandg;ia punchingvere observed
Large elastic deformations and sligere observed in the specimens that failed in stud shearing
Such connections daa reversed cyclic shear strength thets roughly 17% lower than their
monotonic strengthlhey also concided that the empirical equation predicteddilgaardet al.
(1971)very well predict the stud capacity for spaenswith stud shear failureThe specimens
that showed concrete pullout failure werery brittle When compared to the responsestofi
sharing failure specimens, there was a considerable drop in strength and duedilityuch
failures, the reversed cyclic strengths aroun@9% lower than the monotonic strengttawkins
and Mitchell (198%thoughtthe shearing forcéstud capacity)can be thought of as the frictional
force arising from the normal forc@eveloped in the stud due to large slippaga)d the
coefficient of frictionand gave the following equation
© L8 " (2.12)

Where:
@ 3 EAMOD KEBOBT T ADADIHAE® OEBA
6 AOAAI 1 ADADBHAG®D O O AdA A
Q Al T ADRDAOADMDEARO B E

The value oA was derived as theoneshaped failuréormedby the underside of the stud

head and making45° anglewith the vertical axi®f the studFigure 24).
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Fig. 24 Pull-out surface aredd@wkins and Mitchell (198%)

Further, Hawkins and Mitchell (1984) observeatticularly in a narrow rib profile close
to the edge of a slab that rib shearing failures are brittle that can become grave if headed shear
studs are grouped together, they beliethesl failure may not have occurrédhe test specimen
had been widelAlso, if the headed shear studs had very little concrete cover in the direction of
the applied load, rib punching failure.

Jayas and Hosain (1988) conducted 18 pudltests. Five of the 18 pusiut specimens
had a solid slab, five had a metal deck patalh the steel beam, and eight had a metal deck
perpendicular to the steel beairheir objective was to studyeaded shear studs in composite
beam with ribbed metal deck perpendicular and parallel to a steel beam and the experimental
parameters were lortgdinal spacing and rib geometry. They tested 1.5 in. and 3 in. steel deck

with headed shear studs 3/8 in. diameter and8rmig or % in. diameter and 5 in. long.
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The failure modes observed in these tests whearing off ofthe headed shear studs,
crushing of concrete adjacent to the stud cludtergitudinal shearing of the concrete slatud
pull-out together with a concrete wedge aibdshear The first three failure modes were observed
in solid slab and metal deck parallel to the steel beammpasi Stud shearing occurred in
specimens where stud spacing was more than 6d (six time the diameter of stud) and concrete
related failure in specimens with closed spaced headed shear studs i.e., stud spacing approximately
6d. The stud shearing failure @pged by thelayas and Hosain (198&re similar toHawkins
and Mitchell (1984) and Ollgaard et al. (19.7Cpncrete related failure led to the reduction in stud
strength by 7% for solid slab and 14% for specimens with metal deck parallel to the gteel bea
The failure area was similar to the pyramidal cone giveHdykins and Mitchell (1984)AImost
all specimens with perpendicular deck saw stud-quil failure. This failure led to a drastic
reduction in stud strength compared to solid slab specimppspxamately 40% reduction for
specimens with wide ribW/h, > 4) and even more reduction for narrow (W./h, > 4) deck
profiles. The stud spacing had no effect on stud strength in these perpendicular deck specimens.

Jayas and Hosain (1988w thatHawkins and Mitchel(1984)equation underestimate
the stud strengtfor 1.5 in. deck and overestimated f8rin. deck So proposed two different
Equations2.13 and 2.4 for each deck with the upper limit as Ollgaard et al (1&&)ation 2.
For 3 in. deck,

w TL QW 0 (2.13)

For1.5 in.deck,

(2.14)

C

© TEp QO
Where:

® 3 EAMOD ADABT T ADADOBHAG® OOA
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Further, Jayas and Hosain (1988pnducted four composite beam test which will be
discussed later in th@drature.
Robinson (1988) evaluated 17 puslt test simulating three distinct components of

composite floor system: ahn interior beamSteel deck perpendicular to the bgal) a spandrel
beam Steel deck perpendicular to the beam aktiige), andc) a girder Steel deck parallel to the
bean). Steel deck 3 in. and 2 in. deep were used along with headed shear studs having % in.
diameter and 4.5 in. and 3.5 long respectively. Robinson (1988) observed that up to the first
crack the load increased parionally with the slip. The crack generated at the root of the concrete
rib containing headed shear studs and then extended across the slab as the ultimate load was
reached.The mode of failure for both the interior beam and spandrel tm@nimens was
ultimately cracking through the solid part of the concrete slab at the root of the concrete rib on
both sides of the rib, but the average normalized ultimate shear capacities for spandrel type
specimens were significantly loweComparing thee test results with of perpendicular deck
specimens with theoretical formula given by Grant et al. (1977) saw that the formula was

conservative. Further comparing the specimens with pair of headed shear studs to that having a
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single stud showed that thegk load performance of a pair of headed shear studs is only 1.3 time
of that of a single stud which was also comparable to the formula given by Grant et al. (1977).

G mpuv0O Q0 .,

) 5 (2.15)
Mo € Q

C

Where:
0 OO0 OAI EDEE KEI OIOMAIA E
0 OO OAIl EDEOD OK AMIO 1 ARAKGHI QN OBEHAgaard et al, 1971)
0O EAECEOOEAMAIO T AADI O
Q EAECEDA
0 1 Oi AIABA A KOERAWEAD E A
0 AOCACOREAOE
Robinson (1988also saw that for girder type (steel deck paratelatively small edge
distance ofthe stud in the concrete rib had no significant effect on the slageacity and the
ultimate $rength were greater than for a single shear connector in solid slab. The failure mode for
these types of specimens was stud shearing.
Later, Robinson (1988) tested two composite beams haegigee of composite actiarf
0.25 and 0.26 with deck perpendemuto the steel beam and sgeod agreement between the
ultimate shear strengths obtained from the pugttests and the ultimate shear strengtiserved
in the test. So, it was concluded ttte comparable pusbut specimens tested, having one ldtera
row of single or pairs of headed stud connectors, gave reliable values of ultimate shear strength
Mottram and Johnson (199€Yaluate®5 pushout test using througtleck welded headed
shear studs with normal and lightweight concrdteree different tpes of steel deck were
employed perpendicular to the steel beam, together3with diameterheaded shear stu@s75

in. or4.7 in.long. The results showed plastic deformation in the headed shear studs but indicated
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that the strengtiwas proportional tofc.°?/, feu is the cubestrengthof concrete For lightweight
concrete the 10% reduction for solid slab gi v
The resistance of headed shear studs was seen to be decreased by 6% when the stud spacing was
reduced from 3 in. to 2 in. The headed shaatssplaced in weak position had strength 35% lower

to the headed shear studs placed in strong posiithin one steel trough, twieeaded shear studs

placed diagonally were weaker than two headed shear studs placed @vdéinehough the latter

were Urther apar Thestrength per stuah a pair of headed shear studs per rib leas than for

ribs with one stud, but threductionwasnot greater than the 3@ Increasing the slab thickness

by 0.75 in. and stud height by 1 in. increased the resistant@%.Mottram and Johnson (1990)

also saw that the slip capacity for all specimen having one stud per rib was more than 0.3 in. but
specimens having two headed shear studs per rib had the slip capacity 1638 ihamvhich

concerned him. They also diddetailed comparison of the experimental results with the equation

given by Grant et al. (1977) and the modified equation by Lawson (1989) and found that the
modified equation by Lawsof1989)was more consistent with the test results which can be for
thefact that equation accounted for the stud positions in the rib. The modified strength reduction
factor (SRF) given by Lawsqii989)is as follows

ey T DO (2.16)
YY™O = 0 0 p8t

Where:
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Lloyd and Wright(1990 conducted 42 pusbut test to investigate the effectsashount
and position of reinforcemenand slab width and heighfests were also conducted to investigate
the effects of applying transverse loading to the slab during th@ kesslab thicknessfd.5 in.
along with 4 in. long % in. diameter headed shear studs and normal weight concrete was chosen
for all specimens. Five different slab width chosen ranged from 17 in. to 53 in. Three different
wire mesh placed at different heights along the sladiestl the effect of reinforcement to the stud
strength. On few specimens prior to the application of the main load transverse moment was
applied until a longitudinal crack appeared centrally along the specimen and this moment was then
help constant througtut the test to stimulate the slab hogging over the beam.

Almost all the specimens saw minor horizontal and vertical cracks with concrete separating
from the steel deck just prior to the ultimate load had reached. Further loading the specimen, the
slab wasseen to ride over the deck causing extensive distortion to the deck. A-sreajugd cone
of concrete(figure 25) around the stud was seen unlike the pyramidical cone seen by Hawkins
and Mitchell (1984). Some specimens exhibiteeshiear failure whereitihe concrete shears along
a plane level with the upper flange of the deck. Specimens with parallel deck saw failure as a result
of longitudinal shear along the rib or by stud shearing. Increasing the width of the specimens or
the variation in reinforcememuantity and position appeared to have a little effect on the stud
resistanceThe application of transverse moment to a poghtest specimen appears to raise the

ultimate connection capacity only marginalfased on the observed weekiepe conekloyd
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and Wright(1990 gave an expression of the surface area of the wopeedict the connection

strength

Mean Test

Dimensions

Geometric
Approximation

45
(b)

Fig. 23. (a) Wedged-shear-cone geometry; (b) centre-line section.

—
P
Fig. 24. Double-stud wedged-shear cone.

Fig. 25 Wedgeshear conel{oyd and Wright 1990
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And the connection resistance can be given as
% o w8 (2.19

Lloyd and Wright(1990 also gave an expression of thesitear failure surface area that occurred

in 17.7 in wide specimens
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When the ribshear surface area is less than the wethgar cone surface area thgure
modes changes from cone failure to-shear failure. The critical breadth of slab at which this
occurs can be given by
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Androustos and Hosaif199) conducted 1®ushout tests to study the stud behavior in
narrow ribbed metal deck placed parallel to the steel beam. The effect of stud spacing on stud
capacity was investigated. The spacing was varied from 6 times to 3 times the diameter of the
headed shear studs. ®wnetal decks having the ratio of rib width to rib heightty0.78 and
1.485 were used with the overall concrete thickness of 6 in. and 4 in. respectively. Since the ratio
wi/hr for both the deck was less than 1.5 they were termed as narrow ribbdddetks.
Companion solid slab specimens were also tested. 6 in. thick slab used 5 in. long % in. diameter
headed shear studs and 4 in. slab used 3 in. long 5/8 in. diameter headed shefardstuastos
and Hosain(1992) observed five different failure rdes namely longitudinal splitting of the
concrete slab, combination of longitudinal splitting and stud shank shear, stud shank shear, cursing
of the concrete rib and concrete shear. Stud spacing greatly affected the failure mode. Closely
spaced stud speceans saw concrete related failure. for such specimens the strength increased
proportionally as the spacing was increased. This similar trend was observed by Davies (1969).
Further as the spacing increased stud shank shear became the predominant failufehenode
transition point appeared to be approximately 5d for 6 in. solid slabs and 6d for 4 in. solid slab.

Sublett (1992) conducted 36 pusht tests with three different deck geometri€sst
variables wer@ormal load applicatigrstud positionslabthicknessdeckrib geometryandbase
member thickness. Test conducted by past researchers showed that durhogtpiesh the
concrete would tend to peel away from the specimens which caused premature failure in-the push
out test and therefore poor relatiinthe fultbeam testSublett (1992}herefore applied normal
load ranging from 5% to 20% of the main load to understand its effect. It was also believed that
the normal load closely models gravity loading of the$atlle beams. When comparing ideritica

specimens which varied in the applied normal IGadblett (1992)saw transverse cracks when
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20% normal load was applied and longitudinal cracks when only 5% normal load was applied. The
stud strength increases as the normal load was increased. Theslshd gquation given by
Ollgaard (1972) although derived from solid slab paoshtest gave acceptable results when
compared with the test resul&ublett (1992nlso saw that the location of the stud in the flute of
the metal deck impact the strengthdastiffness of the headed shear studs. Strong position stud
specimens observed longitudinal cracks which showed high concentration of compressive force at
stud location and as result shear cone is developed whereas weak position stud specimens did not
form longitudinal cracks and the concrete limits the size of the shear cone and the deck yields and
fails. The weak position headed shear studs showed more ductility than the strong position headed
shear studs. A linear relationship between the stud strendtthe base metal thickness similar to
Goble (1968) was also observddin base members flanges rotated in the direction of reaction
load with the headed shear studs remained perpendicular to the flange and the failure observed was
ductile. When comparedpecimens having twbheaded shear stuger slab to one stud per slab
good relation between the ultimate strength was observed indicating equal load distribution
betweerheaded shear studs. Increase in the flute increased the strength, an increasaf irbratio
width to height from 0.387 to 0.706 saw a 38% increase in stud strength owing to the fact that
larger flute forms bigger concrete shear cone. FuSbtett (1992 ompared the experimental
results to the formulas given by Mottram and JohnsonQ)L8A8d saw that the test results were
within 10% of the predicted strength as these equations considered the position of the headed shear
studs in the rib unlike the design codes used during at that time.

Chandrasekaf1995 conducted a total of 104 puslut test in three phases on solid slab
and wide ribbed metal de¢kV./h: > 1.5). The first phase was focused on to study the effects of

transverse spacing and the staggered placement of headed shear studs on the shyaf capaci
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headed shear studs in both solid slab and wide ribbed deck specimens. Phase two focused on the
effect of longitudinal spacing, compressive strength of concrete and transverse reinforcement on
solid slab specimens while phase three focused on widediimetal deck specimens to study the
effects of longitudinal stud spacing and the rib width to height réfith{). Chandrasekaf1995

observed 5 failure mode: shank shearing of headed shear studs, concrete splitting and crushing,
combination of concret crushing and stud shear, longitudinal splitting of concrete slabs, and
concrete shear plane failure. Shear shank failure appeared in specimens having stud spacing
relatively large and also lardg,/h, ratio whereas concrete splitting and crushing ocdunrieen

headed shear studs spacing was relatively small and so the combination of both of this failure was
seen somewhere in between when longitudinal stud spacing was 4.5 times the diameter of the stud.
Longitudinal splitting of concrete was observed ie@mens with a single row of headed shear
studs and a single layer of welded wire mech as the only transverse reinforcement and concrete
shear plane failure was predominant in specimens having 4 in. thick slab and 1.5 in. deck or 6 in.
slab and 3 in. decKhe stud capacity increased as the transverse stud spacing was increased from
3d to 4d but further decreased as the spacing was increased to 5d for headed shear studs planed in
line. For staggered position the stud capacity increased as the transvensg ®pa increased.

For 6 in. solid slab specimens the stud capacity increased as the longitudinal spacing was increased
from 3d to 4.5d then slight increase until 6d and further no significant increase when spacing was
8d illustrating a transition poinbta plateau region at approximately 5d was observed. Similar
trend was observed for 4 in. solid slab specimen with the transition point at 4.5d. Observing these
trend Chandrasekaf1995 carried out a least square regression analysis to give an equation fo

predicting ultimate load per stud in solid slabs as:

A TMXQ0 chivQQ ™Mb Q ] L Q m@d O (2.24)
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For 6 in. metal deck specime@fiandrasekafl995 saw no plateawithin the range of
longitudinal spacing tested but seeing the trend expected a plateau slightly over 8d and for 4 in.
metal deck specimens saw a plateau at around 6d. Following the same least square regression

analysis procedure gave an equation famate load per stud in wide ribbed metal decks as:
_ 3 —
i phQ T@E O T@es000 @ o (2.%)

oQ i ¢Q
Where:
= OB AQBEMEQEOE|
Lyons (1994), Lyons et al. (1996) conducted 48 poshtests on solidlabs and 87 push
out using steel deck. The normal load apparatus developed by Sublett (1992) wastadopted
accurately simulate the behavior of shear connectors in a compositeabdahe steel deck test

specimens were identical to Sublett (1992)ept the specimens were 2 ft. wide as recommended
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by him to ensure that the premature failure caused by failure planes extending to the boundaries
does not occur. The solid slab specimens were similar to Ollgaard {h@74ngle stud grouping

was usedhstead of two headed shear studs grouping and specimens were cast horizontally instead
of vertical. % in. stud diameter with ultimate strength of 67 ksi and 0.56 in. and 0.68 in. headed
shear studs with 84 ksi ultimate strength were tested. The failude wioserved were stud
shearing, stud rupture, concrete g, rib punching, rib cracking, slab splitting and tee rotation.
Solid slab specimens observed mainly stud shearing failure except a few which exhibited concrete
pull-out failure. The specimenshich failed in stud shearing saw that the connector strength
depends on concrete strendtiions 6 s  (rela®oB Wak first observed by Viest (1956) and also

by Slutter and Driscoll (1965). The strong position headed shear studs in steel deck specimens
failed in stud shearing and concrete pait failure.Lyons (1994)saw no difference in the shape
between a stud sheared from a sloid slab and the one which sheared from a metal deck slab. As the
stud height was decreased the specimens exhibited conclletaipfailure. The weak position
headed shear studs in steel deck specimens exhibitedndihing and observed a low ultimate
strength compared to the strong position headed shear studs but extraordinary ductility. The
strength of weak position headedahstuds increased if the strength of the steel deck increased.

I n staggered position headed shear studs i f t
pull-out failure would occur or the headed shear studs saw rib punching/stud shearing and rib
cracking failure. The concrete pwdut failure for staggered position headed shear studs was
similar to strong position concrete polit. When the headed shear studs exhibited rib punching
and stud shearing failure they acted independently as one sttréng failing in stud shearing

and other in weak position failing in rib punching. In rib cracking failure the headed shear studs

behaved similar to rib punching/stud shearing failure until cracking of the rib occlymas
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(1994)also observed that ingase in the tensile strength adversely affects the stud performance.

High strength headed shear studsq(B4 ksi) fail at lower slip than standard strength headed shear

studs (k= 67 ksi). Concrete strength and unit weight affects the ultimate streinggiaded shear

studs even if stud shearing failure occur and significant portion of the connection strength comes

from the friction at the concretdeel interface. Following the observatiooyons (1994)

recommended to not use cold working to increaseténsile strength of stud and consider the

importance of friction at concresteel interface and steel deck strength for weak position headed

shear studs. He also recommended to predict the stud strength based on each possible failure mode.
Joshnson anduan (1997a) carried out research to verify the existing design rules for stud

shear. They analyzed 269 pusit tests from previous research and also carried out 34 new push

out tests. Comparing the 269 puslt tests with the rules that existed durihgtttimeJoshnson

and Yuan (1997a3aw that the Eurocode method appeared to be the least safe with several test

results below 70% of predicted strength and ldemswille et al. (2004)method to be over

conservative with all of the test results to be Intes the predicted strength. While planning the

34 new pustout testloshnson and Yuan (1997)nsidered the parameters which had the most

scare data in the previous researches. Analysis of all the tests i.e., 269 previous tests with the new

34 test theydentified seven modes of failuféor push tests with perpendicular profiled sheeting,

five failure modes were specified including stud shearing, rib punching, rib punching with stud

shearing, rib punching with concrete pailt, and concrete putiut. Johinson and Yuan (1997a)

then gave a detailed theoretical model for each failure mode (Johnson and Yuan, 1997b) which is

discussed below.

For stud shearing the equation was given from Eurodegeation2.26),

0 TP O 8 mOQ (2.26)
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Strength for other modes f#Hilure was defined as

Where:
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For concrete pulbut failure (CP)with one stud in favorable or central position,

e Qo $
— 8t
QL v P
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= Q0

If h>2hy, use h = 2hand the failure mode is shank shear (SS)
For rib punching failure (RP),
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(2.27)

(2.28)

(2.29)

(2.90)

(2.31)
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The stud irunfavorable position (u) is considered to fail by rib punching for combined rib
punching and concrete pwudut failure (RPCP) oheaded shear studs slabs with twoheaded
shear studgositioned in series or diagonally in a rib. The stud an fthvorable side (f) is
anticipated to fail due to concrete palit. The combined resistance is calculated by adding the

resistances of the twweaded shear studs

Q 0 Q80 2.3)
5 P8t
0
ay (2.34)
= QU
me Qi £ (2.3)
N QWY Q Qi
b0 i 0 Qol (2.3)
"QG Qm@ Q |1
ay (2.37)
= Q0

If h>2h,, use h = 2hand the failure mode is combination if rib punching and shank shear
(RPSS)

Where:
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Kim et al. (2001) conducted three pesiit testto determine the behavior & in. stud
shear connectors welded througgck in a composite slab and provide specific data to develop a
numercal mode.The effect of profiled steel deck, width of the specimen and different loading
conditions were studied. They also discussed the concreteuiuthilure observed in the tests.
The specimens used %z in, diameter and 2.5 in. long headed sheanstdds in. deep steel deck.
The measured concrete pollit failure area observed was 30% higher than suggested by Hawkins
and Mitchell (1984) and 41% less than that suggest by Lloyd and Wright (I8989)pullout
strengths predicted using the formula®pgomsed by Hawkins and Mitchelll984), Jayas and
Hosain(1987) and Lloyd and Wrighf1990)overestimate approximately twice as large as those
observed in the tests.

Further numerical analysis was caried out to develop a finite element model for the push
out specimens. The model simulated concluded that inclusion of profiled sheeting in the linear
analysis led to increase in the strength, the concrete crack pattemgeasl agreement with the
test and the main failure mode for the FE analysis was concreteypuhd itdid not show the
yielding of theheaded shear studsen though they were given nbnear material properties

To study the effect of friction, noral force, stud position, concrete strength and stud

properties on stud strength, Roddenberry (2002) carried out 24 solid slabytusist and 93
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composite slab pusbut tests Stud diameter ranged from 3/8 in. to 7/8 in. and deck heights of 2

in. or 3 n. for most of the specimens and 4.5 in. and 6 in. for three specimens each. It was observed
that the flange thickness has no significant effect to stud strength. Few solid slab specimens had
steel metal placed between tt@ncrete slab and steel beam @hating steel/concrete interface
friction. These specimens saw a reduction in stud strength that those which had the steel/concrete
interface. It was therefore believed that the use to steel deck composite slab had less stud strength
that solid slab due teeduction in the frictional component. Appling a 10% normal load of the
shear load increased the stud strength by 14% to when no normal load was applied. The normal
load appeared to increase the frictional resistance of the beam/slab interface. Therspeauimg

headed shear studs in strong position in 2 in. and 3 in. deck had stud shearing failure, a few had
weld failure and it was unknown as if the failure started a concreteyiThe specimens having
headed shear studs in strong position in 2éck with a normal force of 20% of the applied shear

load had the highest strengths and believed to exhibit concreteypdhilure. The specimens
havingheaded shear studs in weak posifio2 in. and 3 in. deck aladrib punching failure. A

few speimens having deep deck saw average strength of headed shear studs to g f@28A

4.5 in. deck and 0.214, for 6 in. deck. These strengths were less 50% of the stud strength used

in typical decks and therefore not efficient for use in composite flRaddenberry (200Zpund

to attain reliable welds for 7/8 in. diameter headed shear studs and many for these specimens failed
due to weld defects but comparing the reliable specimens it was floeiraerage stud strength

of 7/8 in.headed shear studss much less than that of 3/4 imeaded shear studs. Further analysis

of the test conducted by herself, Lyons (1994), Sublett (1992) gave a new strength prediction

model as.
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Where:
6 #0O1 CCAAOCBEDRAOOA
"0 Ultimate tensile strength of the stud

Hicks and Couchman (2004)jcks and Couchman (2006), Smith and Couchman (2010),
Hicks and Smith (2014), Hicks and Odenbreit (2017) conducted a multipleoptisést and full
beam test program from 2004 to 2017. These tests were conducted along with finite element
modelling. The ma objective was to study and standardize pmshtest and its correlation to
full-beam test along with understanding the various paraments effecting the stud sttekgth.
and Couchman (2004) recognized that the drafting committee for British codaatice for
composite construction identified variable to be considered as the number of headed shear studs
to be present per slab, the size and quality of concrete slab and amount of steel reinforcement and
size of steel member to be used. A standardspetimen configuration was latter given as BS

59503 1990 without comment on the need to modify it when profiled steel sheeting was employed

(Figure 26).
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Fig. 26 Standard push test specimen according to BS-3968800
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These specimens were criticizeg dohnson and Anderson (1993) to be very small and

having a tendency to split longitudinally. So, later the Eurocode 4 (EN-1-992204) made

significant changes to the standard poshtest(Figure 27) compared to the British standards as

to increaselte slab size to 25.6 x 23.6 in., increase in reinforcement and flange width of the steel

section and providing connectors at two levels in each slab and a few Hibkssand Couchman

(2004) puskout specimens were identical to Johnson and Yuan 199ptetkeeedge trim (used

to create the formwork for the slabs) was removed for few specimens. They saw that the absence

of edge significantly lowered stud resistance and slip capacities. Further they created an FE model

for composite beam calibrated with ttveo-beam test to confirm that the slip capacity of shear

connectors in composite beam appeared to be in excess of 0.25 in. required by Eurocode 4.
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Further in Hickg2006), reported the results of 24 pwumlit tests and 2 full beam tests and
found that the specimens with two headed shear studs per rib gave a consistently lower ratio of
experimental resistance to predicted resistance than those with one stud pespéciive of the
stud |l ayout this was | atter-battaki hngbtedq dascubs
the literature) failure mode. Comparing thefodlam test results to the companion poshtest it
was found that the peak resistann pushout test is compatible with the plateau of load vs slip
curve of the headed shear studs in the beam specimens but the slip measured indhetesish
was well below the slip measured in fokkam test. The slip in the pusht tests were lowehan
what was required by the Eurocode 4 to consider the connection as ductile. The resistance of a
single stud back calculated from the fofam results showed that the Eurocode 4 was overly
conservative and the characteristic slip capacity outperfotimedluctility requirements by a
factor of two. The stud strength and slip for single headed shear studs in beam outperform the push
test results (45% and 269% respectively) but for a pair of headed shear studs, the strength value
agrees with the push test

Smith and Couchman (2010) conducted 27 pughtest to investigate the effect of mesh
position, transverse spacing, number of headed shear studs per rib and slab depth on the stud
resistance in deck perpendicular to the steel beam. The test was pdrform@ a fAnew pus
(Figure 2.8) which applied a transverse load to the faces of the test specimen to prevent the
specimen from splitting or spreading away from the beam. The slip capacity of the headed shear
studs exceeded the minimum ductile requireimenby Eur ocode 4 whi ch wer
(2006). They further saw that two headed shear studs per rib gave only 16% more strength than a
single stud per rib and three headed shear studs per rib had a similar performance to two headed

shear studs per ribncrease in the transverse spacing had a small effect on the total area of the
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failure surface and so a small increase in the stud resistance. Increase in the slab depth increased
the stud resistance and positioning the mesh on top of the deck instepdbbthe slab saw an
improvement of stud resistance by 31%.

Hicks and Smith (2014) performed one fa#am test and six companion beam tests for 2
or 3 headed shear studs per rib and also saw that the resistance of three headed shear studs per rib
was o better than two headed shear studs per rib. The-quistest was performed on the
improved standard push téeigure 28), which reflected the conditions that exist in a real beam
more closelyHicks and Smith (2014felt that thereason for the poor performance in push
testswasdue to the absence of the compression force at the interface between the concrete and the
flange of the steel section, which exists in real composite teairsthe loading system consists
of two vertical jacks applying the lorigdinal shear force, accompanied with two horizontal jacks
applying a lateral force, which is uniformly distributedeo the face of the test slabs through a
grilage ofWsectons Thi s i ntroduction of the transvers
rigbé of Smith and Couchman (2010) except t ha

distributed over the slab.

Vertical jacks applying
longitudinal shear
force to shear studs

/ Three UC sections to distribute jack forces
uniformly over face of test slabs
L1
I A A I
""" ~
\ Section A-A
| | Horizontal jacks applying
lateral load to push specimen
B L 1 73
Elevation

Fig. 28 Improved standard push téklicks and Smith (2014))
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Hicks at al. (2017) showethat modifying the push test through the introduction of a
normal force to the face of the test slabs provides comparableslipagerformance to that
encountered witih a beamandproposed test setup modificatigRigure 29) in Eurocode 4 for

headed stud connectors welded with trapezoidal profiled sheeting.
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Fig. 29 Proposed test specimen for headed stud connectors welded within trapezoidal profiled
sheeting iicks and Couchman (2004))

Veljkovic and Johanssq2004) carried pustout test to study the residual static resistance
of stud shear connectors. The specimens were standar@yiuspecimens given in Eurocode 4
except that the concrete slabs were placemlbers and a steel tie was placed in the bottom of the
specimen to measure horizontal forces between the slabs. The loading was cyclic with a constant
load range of 0.2Pand a peak load ofRx= 0.6R: with different number of cycles and the loaded
to falure under displacement controk B the stud strength observed for the companion-push
test under monotonic loading. it was observed that the strength of headed shear studs reduced at

all states of fatigue loading and concluded that the maximumadpplied to the headed shear
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studs does not affect fatigue damage but increasing the maximum load reduces the fatigue life.
Observing the results and the from previous test conducted by Oehlers (1990) and Hanswille at al.
(2004)Veljkovic and Johanssq2004) assumed a linear decrease in the residual strength and gave
the following equation for 7/8 in. headed shear studs.

(2.42)

O| =

Where R is the static resistance of the stud, N is the number of cycles aisdtie
asymptotic endurancerhich is a theoretical parameter as a point where the failure envelop
(assuming to be linear) crosses the N (number of cycle) axis. Further they also did a preliminary
FE study for assessment of the mechanical model for residual static strength.

Fan and u (2014) and Sun at al. (2019) also conducted few monotonic and cyclic loading
test on shear headed shear studs. Both studiqutékence of profiled sheeting, the direction of
the steel sheeting and the loading patteffas and Li2014)used 2 in. mpezoidal and closed
deck profiles. Sun et al. (2019) also used a 2 in. dovetail deck in addition to the two above. The
specimens were in accordance of Eurocode 4. Companion monotonic test were also conducted for
each cyclic specimen testdthe monotoniclly loaded specimens were loaded under force control
until an evident reduction in stiffness was noted in the-kgdrelationship. At this point, the
specimen was loaded in displacement control until faillmecyclic specimens the lateral
displacemenbf slab was constraineahdloadedwassubjected to one cycle, in force control, at
each 30%, 60%, and 90% of the elastic capacity determined from the monotonic test. This was
followed byfurther cyclic loading. Fan and Liu (2014) observed stud sheanohglashear failure
modes while Sun at el. (2019) observed concretequi)l stud weld rupture and rib shearing
failure mode. Both saw that the type and orientation of steel deck effected the stud strength. Fan

and Lui(2014)saw very little differenceni transverse and parallel sheeting for closed type deck
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but for trapezoidal the resistance of transverse rib was less than parallel rib. Sun et al. (2019)
observed degradation of shear capacity in the latter cycles with large slip. Concreté failure
was primarily observed in open and monotonically loaded dovetail profile specimens, stud weld
rupture in closed profile specimens and rib shearing with stud shearing in cyclically loaded
dovetail specimendJnder cyclic loading the envelope respomgss similar to the monotonic
response initially but degradequickly as deformations increake Energy dissipation
characteristics did not vary significantly between specimens

Hirama et al. (2017) did eomprehensive literature review focusing on sigte, failure
mode, and largdiameter headed studom existing 1002 pusbut test resultsHirama et al.
(2017)performed regression analysis and saw the apparent variation depending of slab type and
failure mode but the shear test tended to increatieedstal crossectional area of the stud shaft
increased. Further analyzing only solid slab specimens for stud failure and concrete failure Hirama
et al. (2017kaw that the shear strength was 1.023 times the tensile strength for stud failure and
0.915 tmes for concrete failure and thus believed that for solid slabs the shear stud strength can
practically be taken as the tensile strength of the stud. The number of results for steel deck
specimens were small and Brama et al. (2017¢lassified the resdts based on stud diameter
rather than the failure mode. While analyzing the results with steel deck having headed shear studs
with diameter less thanif., they observed that the shear strength of cutting type (deck parallel)
is slightly lower than solid slab and of cross type (deck perpendicular) showed a different tendency
and lesser than solid slabs from which it was concluded that the concrete voltoneding the
headed shear studs affect its strength. The limited results of headed shear studs having diameter
greater than 1 in. showed thihe shear strength with solid slabs tended to gradually decease per

evaluation by headed stud tensile strength
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Konrad et al. (2020) summarized a new approach for the shear resistance of headed shear
studs in profiled steel sheeting in perpendicular orientation to the steel beam. This new approach
was first given in Konrad (2011) based on the mechanical model giverutyershausen.
Lungershausen defined four load bearing mechanisms for headed stud connectors in solid slabs
(Figure 210).

A. The compression strut at the welding collar
B. Bending of the shank including the associated vertical force
C. The horizontal component tie normal force in the stud

D. Friction forces between the concrete and steel surfaces
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Fig. 210load bearing mechanisms for headed stud connector given by Lungershausen
The compression force acting on weld collar (mechanism A) was determined as tle¢ prod
of reduced horizontally projected weld collar area and increased concrete compressive strength.

The shank bending (mechanism B) was determined based on a cantilever structural system and
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thus the shear force was obtained by multiplied by the conaeteyse in front of the stud shank

by the length of equivalent structural system with plastic moment resistance of the shank assumed
as the upper | imit. The horizont al component
from the anchorage of the ltean the surrounding concrete and depends on the slip occurring at

the base and the axial force in the shank when reaching the maximum load. Summing up these
load bearing components of each mechanism and few simplifications two equations were given
for healed shear connections in solid slab

Shear resistance of headed stud connector for concrete failure

O0rn o@b Q ox@qQ 0 (2.43)
Shear resistance of headed stud connector for steel failure

0p o@br 'Q ™ EQ (2.44)

Where:
O A EEABOEBARDMA A QDA
Q; O1 E AMAEIABA TATAIOD R DA O ADEAT X O E
Q OAT OBDAI GOOGEAITE &
Q OEAAEAI A&EAQ OO A

These equations were further extended to increase the scope of usage as,

. \ §o) 7 (2.45)
VR 9S®h TTE e
o 2 T 0 T p
¢ SToTa G U TLOUIG G
0 v oplof Q ! T 2 TP %)
f POR ST a G 0 TLOUTG G
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Further a new reduction factor was determined, based on the equation developed from
various individualresults depending of the position of headed shear studs and other various
dependencies which were compared with poishtest. 17 pusbut tests were carried out by
Konrad et al. (2009) to investigate the influence of position of stud in the rib andniodwof
embedment depth on stud strength. They observed that the rib shearing and concrete breakout
failure had the same cause of the maximum concrete pressure being exceeded in front of the stud
base. Headed shear studs in weak position had low strémagilstrong and centrally positioned
headed shear studs. A numerical analysis found that as the embedment depth increased the stud
strength increase up the value eftip = 1.56 (ratio of stud height to steel deck), a value greater
than that does not lead any further increase. Further the reduction factors were summarized and
the following equations was given for headed stud in steel deck in perpendicular position.

0 D 5 0 ; (2.47)
For diametelQ ¢ & & (prepunched)ang @@ & Q ¢ & & (throughwelded)

1. Prepunched profiled steel sheeting or throwdgtk welded headed shear studs with

sheeting thickness t < 0.75 mm

o e W
Q Q 'QTBIGU:},E ™ wX p

(2.48)
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2. Weldedthrough headed shear studs vwdth e e | sheeting thickness 1

mm
T T~ T 7 (I) (249)

Q QQ Qmdrt CE oo p

3. Weldedthrough headed shear studs with e <55 mm
g (2.50)

oy W
Q Qn{ﬁrpxﬁ it 1@

Where:
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Eggert et al. (2017) compared the Eurazddand the equations given by Konrad (2011)
with the puskout test results and saw that a wide difference between the two calculation
approaches when using modern deck profiles with a narrow rib. (Konrad, 2011) slightly

underestimates the test results ethis safe and conservative. They saw 22% increase when
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throughdeck welding was used instead of headed shear studs welded directly on the flange of the

steel beam. The reduction factors by Konrad were found to be more realistic for open deck profiles.

Thestud strength according to Konrad is proportional @” which gives a 11% increase from

40 N/mntto 46 N/mnt which fitted well with the measured 11% seen in the test results.

2.4 Pushout Test for Headed ShearConnectors in Deeper Decks

The above sdion has given us a brief about the research on-pusttonducted on
composite beam with steel deck up to deck height of 3 in. since all these past researches focused
on decks with a maximum height of 3 in. the existing design equation restrict thedes& ofith
height morethan3 in. for composite beam. However as mentioned in the scope of the research
decks with height more than 3 in. are already been manufactured and offer advantages a few
researchers investigated the resistance of shear headedtallean deeper decks.

Ottenbreit and Nellinger (2017) predicted mechanical model of shear stud resistance in
composite beam with deep steel deck. They observed a concrete cone failure mode rather than a
pure shear failure in composite beams with deefksdethe concrete cone failure mode was
observed in combination with the load bearing capacity of the shear stud by formation of one or
two plastic hinge. This hinge mechanism was developed by Lungershausen. Ottenbreit and
Nellinger (2017) developed a newuation on mechanical models of formation of concrete cone
in bending and stud in bending which are explained below.

The assumed the concrete cone to be pinned at the bottom of the steel deck and fixed in the
concrete above the steel deck and the loagtead under the shear stud in each direction making
an angle of 40giving the concrete width w=2.4hThe moment resistance of the cone was given

as follows.
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. A (2.51)
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Where
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Further the relative slip between the concrete and steel section leads to the bending of the
headed shear studs forming one or two plastic hinge which was given by the following equation
T 100 AiA® ABBEERA

PAI®D cQ &
CEID cQ &

With the first hinge always forming at the bottom of the stud just above the weld and the

second hinge forming at the distari@e | "Q from the bottom wherk is 0.45 for trapzoidal

deck and 0.41 for rentrant deck and the plastic bending resistance of the stud to be

5 20 ()
¢

Where
£ OAT OBDA of §hérEheaded shear studs
Q OO0OAEKAI AGAO
based on these two mechanical model @teenbreit and Nellinger (2017ave the

loadbearing capacity of the shear headed shear studs

. 0w &0 (2.83)
0 p T T@ - : P
Qe "0 QC

Where
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To account for the possibility of pure shear failure@teenbreit and Nellinger (201 gavethe

following equation

“Q p (2.54)

Where
AA AIOELAERDOANT ANED QT p pR L
The stud resistance was therefore given as
0 G M | (2.55)

The Ottenbreit and Nellinger (201 €pompared these equations with 211 test results and
saw that the 201 failed due to concrete cone and shear stud bending and 10 failed in pure shear and
concluded that equatiaeveloped based on Lungershausen mechanical model governs for most
cased and it is important to consider all important parameters of observed failure modes.

Albarram et al. (2017) conducted a FE study to understand shear connection behavior in
narrow (/hp<1.5) and deep concrete filled steel decks. He modelled 54quighst specimens
for decks in perpendicular positions having 4 in. and 5.75 in. deep decks to understand the effect
of various parameters like rib geometry, stud layout, slab reinforcaandrglab depth. Through

his results, he saw that the stud capacity with narrow and deep decks were almost 65% of that from
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traditional deck geometries. The narrow geometry having less concrete was found to be the main
reason. Any increase in the concretume above the deck i.e increasing the slab dept or
reinforcing the sl ab above the deck didndét in
headed shear studs in alternative ribs in theqpusispecimens and saw an increase in strength by

20%. Using a special wire mesh reinforcement in the narrow rib region around the headed shear
studs saw a 24% increase in strength by suppressing the concrete damage. Reinforcing the rib
region also saw higher ductylithan the traditional specimens. Albam et al. (2017) further
compared these results with AISC predicted strength equations and found out that these equations
overpredicted the strength for deep deck profiles with the averatiaiB- = 0.79. He also noticed

that for concrete strength higher than 3 ksi the steel failure side of the equation governed. These

equations also didnét consider the geometries

2.5 Challengeswith Push-out Tests

With many pushout test being conducted by different researchers for the past two decades,
researchers faced challenges while conducting these tests and have been modifying these
standardized tests.

As seen abovElicks and Couchman (2004)joposed a modified Plxdest for Eurocode.
When Hicks (2017) conducted pusht test on specimens having trapezoidal steel deck sheeting
he saw the wedgghaped portion of concrete separating when loads were applied which was called
as the concrete pudiut failure. During thigailure mode there was a significant axial tension force
being generated in the headed shear studs. Approximately 30% of longitudinal force (van der
Sanden, 1996). Due to this tension and the rotation of the headed shear studs the concrete slab use
to se@rate from the steel decking. He then compared these results with simitaaielbeam test

and saw that the slips measured in the pughtest were lower than the fdeam test which
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concluded that the behavior of the headed shear studs in thepash t e st wer endt si
full-beam test. He modified the putdst by introducing a normal force to be applied uniformly to

the face of the test slab. This normal force to be 10% of the applied shear force gave comparable
results to the full beam teas seen by Rodenberry (2002). Hicks also observed an artificial back
breaking of the specimdRigure 2.1), which was due to the stud in the last rib at the top causing
rotation and giving rise to a horizontal crack. To eliminate hisyure failurehe proposed to

keep the top rib of the specimen without headed shear studs.

Fig. 2.11 Backbreaking of the specimen due to internal forces causing rotation of the last rib of
the specimen. (Hicks, 2017)

The most recent pusbut being conducted at Vingia Tech as a part of the concrete filled
deck diaphragm research by Raul Avellaneda (personal communication) saw few challenges. The
test specimen being vertical it is important the specimens to have even bearing on the ground,
uneven bearing of the spew@ns can pollute the slip measurements which can hamper the results.
Normal force is often required which according to the AISI $223hould be a maximum of 10%
of the applied longitudinal load. The result is often biased towards the weakest stud.léAs whi
giving the results, we assume all headed shear studs failed at the same time and shear stud strength
is given by total applied load divided by the number of headed shear studs Q = P/n. Often one of
the headed shear studs fails first then the rest. pleimens being vertical the compression

stresses in the specimens causes slab bufkiggre 2.2) similar to the back breaking seen by
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Hicks (2017). Often the poegieak behaviors are polluté€igure 2.4 and 2.5), as any one headed

shear studs fails ione slab the test setup rota{Eggure 2.B) and further given unreliable slip

measurements.

Fig. 2.2 Slab Bckling Fig. 2.13 Slab Rotation (Avellaneda, personal
(Avellaneda, personal communication)
communication)

= LVDT | ====LVDT 2 =——LVDT 3 ——LVDT 4
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Load (kip)
Load (kip)
ES
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Fig. 2.14 Negative slip measurements (red Fig. 2.15 Unreliable slip measurements (ligt
due to uneven bearing (Avellaneda, persol blue and green) aftef'stud failure
communication) (Avellaned, personal communication)
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2.6 Different Test Setup

Apart from the conventional pusiut test few researchers conducted test on different setup

to evaluate the shear strength of the headed shear studs in a composite beam. These setups have a

single slab placed horizontally instead of the two slabs bolted together vertically like the

conventional pusiout test.

Van derSanden1996) devedped a new push test setup where a single headed stud was

tested in a composite slab. He tested 23 push testhis setup. The setup had intricate details

with. The specimen was a steel deck paced on a steel platectothe stud was welded through

the deck and latter reinforcement was placed before concrete casting. A typical specimen used by

theVan derSanden(1996)is shown inFigure2.16.
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Fig. 2.16 Typical Test Specimen by Van der Sanden (1996)
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These specimens were then placed in the loading frame which was made of several parts
which theVan derSander{(1996)described as supports from 1 to 6 as shoviigare2.17. There
was no support &upport 1. Support 2 was just below the steel platetaoh the stud was welded.

It transferred the shear force and the normal force. Supmamsisted of a load cell to measure

the normal load. Support 4 and 5 were identical and also consisted of load cell to measure the
normal load. Whereas support 6 was loading apparatus which consisted of two hydraulic jacks
which imparted concentrated load and the further arrangement transferred these concentrated loads
to the specimen as distributed loads. The loading was displacement controlled.

Hicks and McConnd]1996) undertook a series of pusht tests aimed at investigating the
impact of different boundary conditions at the base of specimens on the strengths of shear
connectors. The primary objective was to gain insights into the behavior of these connectors
various loading scenarios. A Singdeled puskout test configuration (Figure 2.18) to evaluate
individual slabs was developed. Four distinct boundary conditions were examined during the
experimentation process:

a) Twodirectional roller bearing was emaged at the interface of the reaction floor, facilitating
unrestricted movement in both lateral (x) and normal (y) directions.

b) Onedirectional roller was utilized at the interface, allowing movement solely in the lateral (x)
direction.

c) A standard Genanstyle puskout specimen was prepared, wherein the base of the specimen
was recessed and securely embedded in dental plaster placed directly on the strong floor.

d) Similar to c) without the recess adhering to British code specifications.
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Fig 2.18 Sngle-sided Pustout Test setup by Hicks and McConnel (1996)

adjust specimen for
verticality prior to testing

To compare the Singieided Pustout test and conventional test setups, two specimens
were subjected to testing in accordance with the British code. The failure modes observed in both
the Singlesided Pusfout test and the conventional test were found to be identical, demonstrating
that the lateral bracing system in the former effectively mitigated any adverse effects arising from
eccentric loading-urthet to understand influence of boundary didions, specimens with a two
directional roller bas€boundary condition (a)gxhibited ultimate strengths that led both the
Eurocode and British code to overestimate the true strengths. However, conclude that such two
directional roller base conditiongddnot precisely replicate the loading conditions experienced in
a composite beam, as seen the separation between the slab and the deck. Specimen-with a one
directional roller (b) boundary condition also resulted in overestimations of strengths acamrding t
Eurocode 4 and the British code. Nonetheless, this overestimation was of a lesser magnitude when
compared to the first (a) boundary condition. This can be attributed to the restriction imposed on
the specimerand consequently reducing the separation leetwthe slab and the deck. Next,

comparing specimens with boundary conditi¢clsand(d), both of which exhibited favorable
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agreement with the British code, with specimen with boundary conddjotisplayed a strength
10% higher than that ¢t). Lastly while investigating the effect of added reinforcement Hicks
and McConnel (1996) observed the specimen with boundary con@ijagave similar results
identical specimen with boundary conditi¢z). This concluded that the friction force presen
between the slab and floor played a significant role in enhancing the strength of the specimens.
The magnitude of this friction force relied on the specific conditions of the floor where the
specimens were tested. This variability in the floor conditexress different laboratories thus
explaining the wide range of data scatter observed in previousThstefore it was suggested

the implementation of a orgirectional roller (boundary condition b) during testing. This approach
aimed to eliminate thmfluence of the friction force, thus ensuring that the data obtained would
be more reliable and comparable across different experimental setups.

Chan et al. (1985) conducted 42 tests on a horizontal setup to understand the behavior of
headed shear studsa stub girder system to observer the effect of prying action of concrete due
to shorter length of available concrete slaban et al. (1985lso studied the behavior of headed
shear studs in relation to parameters such as the concrete flute leanghertse reinforcement,
stud size and configuration and method of stud installation. The setup used in sHegurén

2.18.
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Fig. 2.19 Test Setup by Chan at al. (1985)
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Thestud assemblage (specimen) was attached to a rolled | section which actedesas the t
bed which also held the loading setup. The loading assembly consisted of two Enerpac hydraulic
rams operated against a rigid support subjecting all specimens to a symmetrgairtitoading.

To measure the applied shear load, ecpilibrated load el was pacedbetween each ram and the
specimenVertical uplift and slip of the concrete were measured by three mechanical dial gauges
and slab rotation was measured by watdbble type clinometer placed on the concrete slab at the
location of first std. As seen in th€igure2.18 the specimen consisted a concrete block with no
deck in the front few lengths for equal distribution of force similar to the specimens kopsh

test to have full bearing on the grou@han et al. (1985) saw the increasihg overhang length

(length ahead of the stud) increased the prying action and thus reduced the stud strength.
Transverse reinforcement slightly increased the stud capacity and welding the headed shear studs
through the deck was better the stud welded:tiréo the flange.

Lam (2000) developed a new similar horizor{iéibure 2.D) setup as Chan at el. (1985)
to determine the shear strength of headed shear studs in composite beam with precast concrete
hollow cored floor slabs. The setup consisted 8b4x 254 x 73 UQ(I shaped steel section) on
which the loading apparatus as well as the specimens waedest specimens each consisted
of four 23.5 in.wide x 31.5 in.long prestressed hollow core units (heudh single row of pre
weldedheaded sheatuds to the sanb4 x 254 x 73 UGection. Horizontal load was applied by
two hydraulic jacks and spreader beam was used to produce uniform distribution of load on the
specimen. A single load cell was used to measure the applied_loadr voltage disiacement
transducers (LVDTs) measursttains in the tie bars as well as horizontal slippage between the

slab and the beam at the specimen's end.
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Fig. 220 Test setup by Lam (2000)

Lam (2000) said the advantages of this setup ovetdheention pustout test were that
this setup could be used for other type of slabs and different shear connectors, the possibility of
weaker slab failing first in the conventional setup is eliminated as the new setup uses one slab per
specimen. The friatin force between the base of the slab and floor is eliminated. He also verified
the new setup with conventional setup and saw the results were compatible.

Lowe et al. (2014) carried out a finite element analysis for understanding the failure mode
at the skar studconcrete connection. He modeled half of the composite beam specimen which
would accurately represent the full test specimen. The getgyre 220) was a modified version
of Gillies et al. (2006). The load was applied to the | beam form one side and the concrete was
held against a reaction beam on the other side. This created slight eccentricity in shear transfer but
it was found to have negligibleffect on stud strength and strength. They believed that the

advantage of this configuration is that there is only one interface where slip might occur, as
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opposed to two in a standard pwfhtest. When the behavior moves from linear to nonlinear in a
conventional push oftest, the force distribution in each contact is unknown, and acceptable data

cannot be derived after nonlinear behavior is recognized.

Reaction beam

Load cell 1000 KN Jack

Lo
T T T vl v
VAN JSYAN

Rollers

Fig. 221 Test setup used by Lowe at al. (2014)

Briggs et al. (2021) usexhorizontal pustout tes$ setup(Figure 2.22}0 explore thecyclic
behavior and strength of the composite conefidesl steel deck diaphragm systeifhis test
design differs frontonventionalpushout test arrangements in that it contains four sets of studs
along the length aspposed to the typical one or twtuds.This maleit possible to conduct a
more indepth analysis of the distribution of shear transfer throughout the length as a result of
cyclic loading, as would be observed in a collector in a diaphragmgravity lading was also
applied with aactuator in a more controlled manner as opposed to hydraulic jack in a conventional
test setup. The specimen beam was supported by three rollers and the concrete slab was restrained
laterally as seen in Figure 2.22. The twoihantal actuator one at each edge of the specimen acted
antksymmetrically to impart the monotonic or cyclic loading. The vertical actuator applied the

normal load equal to 10% of predicted shear load of the specimen.
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Fig. 2.22 Pusiout test setup by RBygs et al. (2021)

Ernst et al. (2010) and Ernst (2006) introduced a horizontakioleel puskout test, as
depicted in Figure 2.23 of their work. The test setup comprised a vertical test frame with two
horizontal actuators, responsible for applyingltizel to the loading beam. This loading beam was
responsible for transmitting the applied load to the sliding steel section. To facilitate horizontal
movement while preventing vertical uplift, the sliding steel section was positioned on two Teflon
sliding kearings. For the experimental configuration, the specimen was affixed to the sliding
section using a prbold connection plate. The end restrains were designed to load a specific area
of the slab, simulating the concrete compression zone or the receslyyfmund in standard
Eurocode 4 specimens (Figure 2.7). To ensure uniaxial support, the horizontal force was
transferred to a hardened steel plate via five rollers. Considering the eccentric loading, vertical

movement was restricted by four steel platéso on each flange that were securely bolted to
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the transverse beam. If required, these vertical restraints could be removed to investigate the effects

of uplift on shear connectors

Transverse Beam
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—
-
2x Vertical Restraint

2.7 Full Beam Composite Test

Even though tests are conducted to understand the behavior of headed shear studs in shear
using the conventional pusiut test or any other setup. These need to be validated kscald
beam test to accurately coreldtee behaviors observed in these tests to depict thdifeeal
composite beams. This section summaries some of thechllk composite beam test conducted
by research in the past.

Robinson (1967) carried out 15 Full scale beam tests having cellulara#ducation to
study influence of different rib proportions on the failure modes and load capacity of the beams.
He used rib heights caring from 1.5 in. to 3 in. with concrete over deck 1.5 in thick. The beams
varied from 90 in. to 166.5 in. long with twaint loading. Comparing the results of beams having

deck removed before loading to ones having deck, he saw that the deck significantly contributes
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to the strength and stiffness of the connections causing spreading of the yield zone. He also saw
that the strength of the beams wawoportional to the square of the width and inversely
proportional to the square root of the heighthe cellular rib geometry. There was no significant
difference in the behaviors of the beams due to difference in diameter and spacing of the headed
shear studs. None of the beam failed due to stud shearing. All beams faitddnduiequate shear
comection. Crushing or spalling of the concrete occurred in some instances but was a secondary
effect occurring after large deformations, and was confined to the region of the load points.

Fisher (1970) discovered that for rib heights up to 1.5 in., tiseme appreciable drop in
beam stiffness in the working load range as long as the compressive stress block does not reach
below the top of the rib corrugation. The rib height hadigoificant effect on the ultimate flexure
capacity too. But the beams wighin.r i b hei ght didndét develop the
The flexure capacity of the beam reduces as rib height increases due to a reduction in shear
connection strengtiiRobinson (1967) relation of rib geometry to the strength of the beams ohatche
with his results too except for specimens having Lightweight concrete. The reduction in the
strength of beams having Lightweight concrete was proportional to the square root of the ratio of
the moduli of elasticity of lightweight to normal weight conerefhe ratio of rib width to the rib
height effected the strength of the shear connectors which in turn effected the flexure capacity.
Based on the observation thisher (1970pave the following equation for the shear stud strength
for rib height up to 3n as.

(2.56)
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Further, depending on the rib height and the depth of the concrete compression block he
gave provisions for flexure capacity calculatiofigh®e beam. Continuing the study Grant at al.
(1977) conducted 17 Full scale beam tests having lightweight concrete, % in. dia. Shear headed
shear studs. The beams varied in ratio of rib width to rib height from 1.5 to 2. Most beams were
designed for 80%artial shear connections and a few below 50%. The beams were 24ft. or 32 ft
simply supported. Fotpoint loading was usedll of the test beams had maximum deflections
ranging from 8 to 22 in. The creation of a plastic hinge near the midspan in albettine allowed
for such enormous deflectionBhe final strength of individual connection groups varied greatly,
as seen by the connector force vs slip curves of one beam. However, all displayed ductile behavior,
allowing for force redistribution acrossetlslab and hence a ductile composite beam. This force
redistribution allows the beam's average connection capacity to be prediinteequatiorgiven
by Fisher(1970)wasinadequate for rib height of i8. and conservative for rib height of 1.5 in
and soa new equation was given (eq. 2.95her (1970nlso stated that by assuming that the
slab force acts at the makpth of the solid component of the slab above the ribs rather than the
centroid of the concrete stress block, the flexural capacity offgasite beam with formed steel
deck can be evaluated more precisely and conservatively.

McGarraugh and Baldwin (1971) also conducted 6 composite beam tests with two different
types of lightweight concrete along with a theoretical analysis to study tesetif degree of
shear connection and modular ratio of concrete to steel. The beams were either designed to have
50% shear connectors to ensure shear connector failure or have adequate shear connectors.

Loading was applied with four independent hydrardims. For beams with 50% shear connectors
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equal quartespoint deflections wer used to control the loading whereas the beams with adequate
shear connectors were loaded to their working load and sustained for the test period. Based on the
results compared ith the theorical analysiMcGarraugh and Baldwin (197Xpncluded that
composite beams with lightweight concrete is as effective as normal weight concrete and their
behavior can be predicted with satisfactory accuracies with theoretical analysishéldesign
procedures for normal weight concrete may be utilized to select the beam cross section for
lightweight concrete based on the lightweight concrete's actual modular ratio.

Jayas and Hosain (198@)nducted four full scale composite beam tests wyde failure
modes for simply supported composite beans and verify thequigbst conducteby Jayas and
Hosain (1988). All specimen usedrB deck with total slab thickness ofré have % in dia shear
headed shear studs 5 in. long. Three beams avertend 13.5 ft long and one beam was 6.25 ft
long. 13.5 ft long beam first tested had a width &fwhich observed rib shear failure and so the
width was increased to 6.9 ft for the next two beams having a length on 1BagsHtbeam was
mounted on rdér supports and two rams operated by a single hydraulic pump applied the load to
the beam with help of spreader beams. Concreteopitilfailure was observed in all the beams
except for the rib shearing observed in the first beam. A linear relationshipbsarved between
load and deflection up till the initiation of the cracks around the headed shear studs. The predicted
flexure capacity calculated considering the shear strength of the headed shear studs in concrete
pull-out failure were in good agreemewith the test results. Further comparing two beams
identical except for the headed shear studs spacing due to variation in deck gdaysstrand
Hosain (1989%aw that the stud capacity in concrete-oult failure is a function of deck geometry
and stid layout. Also, the effective stiffness calculated usisgh CAN3-S16.2M84 was reliable

when predicted and test deflections were compared.
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Easterling at al. (1993) conducted four composite beam tests to understand the headed
shear studs in strong vs theeak position and also compared then with the then AISC LRFD
specifications equations. All four beams had a length dih 86th 3 in. steel deck and 6 in. total
slab thickness having % in. diairb long shear headed shear studs. The specimens only different
in the position of the headed shear studs. fpaimt loading system was used. The beams with
headed shear studs in strong or alternate strong and weak position remained elastic up to 0.6 of
predicted moment strength while the beam with headed shear studs in weak position remailed
elastic up to 0.4 of predicted moment stren@trong positionheaded shear studailed by
forming concrete shear cones or shearing off in the shank. Weak pbsitided shear stutisled
by punching through the deck rib with no major shear cone in the concrete or shearing in the stud
shank.The stud strengths were comparable to the qoushest conductetly Easterling at al.
(1993)previously bu t  we r e nldetwithcthee thenaAtS& equations.

Nie at al. (2008) conducted composite beam tests to understand the variation in strength
with respect or the degree of composite actlmhaviors of continuous composite beams and
simply supported beams under negativedira; The series of simply supported beams under
positive bending varied in the degree of shear connection from 0.25 to 1.85. These beams saw a
linear elastic behavior before the bottom fiber of the steel beam yielded. For beams with degree of
shear conndgmn more than 0.5 full strength of concrete achieved with sufficient ductility of the
headed shear studs but for beams with degree of shear connection less than 0.5 the rupture od
headed shear studs governed the strength of the beams. For simply sug@ortedvith negative
bendingNie at al. (2008%aw the longitudinal strain of reinforcement and the steel above the yield
strain with some buckling of the steel web at failure loads. They also observed the cracks to be

coinciding with the trough spacing thfe steel decks. For continuous bedfresat al. (2008saw
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three stages in the load vs deflection curves. First the linear behavior until no cracking in the
negative bending region, second with the initiation of cracks in the negative bending region
coninued to the steel at the critical location began to yield and third the nonlinear behavior with
the steel beginning to yield and significant moment redistribution.

Ranzi et al. (2009) conducted 2 full scale composite beam tests. The beams were 26.5 ft
long, 6.5 ft wide simply supported. It has 3 in. Trapezoidal deck with total slab thickness of 5 in.
One beam having one stud per rib and other having two headed shear studs per rib having degree
of shear connection of 0.39 and 0.48 respectively. The shadetheshear studs were 3/4 in.
diameter and 4.5in. in height. The beams were tested by applyipgidtioads. The Beam with
0.39 degree of shear connection was first tested at 20 days age of concrete and then again reloaded
at 27 days age of concrete wehthe other beam was tested just at 27 days age of concrete. The
beams tested on two different days shows similar behavior with their concrete compressive
strength also not varying significantly. The second beam shows significant beam displacement
along tle beam length indicating a ductile behavior. The moment capacities calculated with
Eurocode EC4 underestimated the beam strength and showed ductile response even though the

degree of shear connection were less than 0.5.

2.8 Current AISC Provision for Headad Shear Studs in Composite Beam

The AISC 360(2022) gives provision to calculate the strength of the headed shear studs as,

0 Td @O YYO O (2.57)
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2.9Summary

Composite beams with headed shear studs as shear connectors have been extensively
studied in the past literature. The evaluation of these shear studs has often involved the use of
pushout tests, which have been employed since several decades. Theuiitigetion of push
out tests can be traced back to Viest (1956), and subsequent researchers have employed them to
gain insights into the behavior of headed shear studs in composite beams, alongsiidefull
beam tests. Over time, modifications and sséadidation efforts have been made to enhance the

representation of actual composite beam behavior in-pustests. Nevertheless, the complexity

associated with the test setup poses challenges that can occasionally affect the test results.
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Consequently,@me researchers have explored alternative test setups to evaluate the performance
of headed shear studs, finding comparable results to those obtained from full composite beam tests.
This study aims to address the challenges encountered in conventionalptests and proposes

the development of mewtest setup. The primary objective of this new setup is to overcome some

of the limitations of pusiout tests, while simultaneously representing the stress stathe
concrete surrounding headed shearstndomposite beams. By doing so, a more comprehensive
evaluation of the behavior of headed shear studs can be achieved.

Further,In the current provisions of the AISC (American Institute of Steel Construction)
code, the strength prediction for headedslséuds permits the use of a steel deck with a maximum
height of 3 in. This limitation is a result of previous research that primarily focused on composite
beams utilizing decks with a maximum height of 3 in. Unfortunately, thexdimited esearch
conducted on composite beams with decks deeper thantBoimever, 3.5 in. and 4 in decks are
already been manufacturadd utilizing these deeper decks in composite beams could potentially
reduce erection time and costs. However, due to the lack of comgkehenestigation in this
area, there exists a research gap that needs to be addi@essdquently, a preliminary

investigation has been undertaken to study composite beams wiith @6ks.
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3. Test Setupand Instrumentation

Chapter 2highlights that most testing programs on shear stud strength in composite beams
have focused on a steel deck with a maximum rib height ofuging the conventional pusiut
testing frame. This study aimed to assess the current test setup and deeglggetup to address
the challenges identified in the literature during pash testing Additionally, the AISC
Specification (AISC 2P2) permits a maximum rib height ofiB. for steel decks in composite
beamsand saa preliminary investigation was conded to examine the feasibility of using 35

steel decks in composite beams.

3.1 Test Matrix
The testing program consists of a total of 33 specimens with 11 specimen groups as seen
in Table 3.1. The first two rows the estmatrix shows two test grospusing a conventional push
out test setup (AISI S9220), while the remaining rows except the T3.8R-W-SSare run using
the shear test setup described further in this chapter. The shear test setup wavéutied and

singlesided puskout test setp was developeds tested in group3.0A-4N-W-SS

Table3.1 Test Matrix

Group No. of Test setup Dec_k2 f cﬁ) Stud
Specimen Profile ksi Configuration

D3.5A-3N-C-PO 3 PushOut DT1 3NW Centered
D3.5A-3N-2S-PO 3 PushOut DT1 3NW Two studs
T3.5A-3N-S-ST 3 Shear TZ1 3NW Strong
T3.5A-3N-W-ST 3 Shear TZ1 3NW Weak
T3.5A-3N-2ST-ST 3 Shear TZ1 3NW | Two Staggered
D3.5A-3N-C-ST 3 Shear DT1 3NW Centered
D3.5A-3N-2S-ST 3 Shear DT1 3NW Two studs
D3.5B-3N-S-ST 3 Shear DT2 3NW Strong
D3.5B-3N-W-ST 3 Shear DT2 3NW Weak
T3.0A-3N-W-ST 3 Shear TZ2 3NW Weak
T3.0A-4N-W-SS 3 Singlesided Pustout TZ2 ANW Weak

Note:

1. 3NW: 3ksi Normal weight concretdNW: 4ksi Normal weight concrete

2. For deck notation refer to Table 3.2

68



The two group®93.5A-3N-C-PO and D3.5A3N-2S-PO using the pusbut test will help
to give a correlation with groups D3.53N-C-STand D3.5A3N-2S-STwhichconsist of a similar
deck and stud configuration, buse the shear test setdqurther running tests on the sheestt
setup and identifying the challenges with the new setup it was modified and-Z19-9ASS
group was run on thginglesided pusfout testsetup. Test groups3.0A-3N-W-ST and T3.0A-
AN-W-SSused 3 in. trapezoidal deck and will be used to understamktheest setup and how
well it relates to past literature.

The group notation used in the test matrix describes the variables selected and in the
following order:deck type (D for dovetail and T for trapezoidal); deck heighhaines deck
manufacturer (Aor B); nominal concrete compressive strenigttksi; type of concrete (N for
normalweight or L for lightweight); stud configuration (see Figifefor options); and test setup

(PO for puskout test setuST for shear test setup and SS for single sidisthput test setup)

D3.5A-3N-C-PO

T—TF:s.r Setup

(PO: Push-out Test; ST: Shear Test;
SS: Single-sided Push-out Test)
Stud Configuration
(C for centered; 2S for two studs per rib centered;
S for Strong position; W for Weak position;
28T for two studs per rib staggered)

Concrete Properties
(3.4 for Concrete Strength (ksi);
N for normal weight)

Deck Manufacturer
Deck height (in.)

Deck Type
(D for Dovetail; T for Trapezoidal)

Fig. 3.1SpecimerNotation
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3.2 Pushout Test Setup

The experimental setup was in accordance to AlSI 282Figure 32). The two groups
D3.5A-3N-C-PO and D3.5A3N-2S- PO used the pusbut test. This set of total six specimens are
used tocompare to the shear test setApdownward force using a hydraulic ram bearing on a
swivel plate was applied to the steel section &eddlase of the specimen was supported by two
elastomeric padso ercouragehat the load was level and evenly distributed creating a shear force
in the headed shear connectdih e st eel section consists of t wc
WT6s one for each sl ab of tinghof thesspeeimendvsenga al | ow
hydraulic ram and yoke, a normal load (10% of the applied axial force) was applied to the test

specimens.

Vertical load

/—Specimen

Steel section for uniform
distribution of normal

Hydraulic ramapplying
Normalload

Fig. 32 PushOut Test Experimenta&etup
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3.3 Shear Testetup

The setup consists of two side beams as part of theeselfing frame using W 18 x 86,
which are attached on one end to a reaction block consisting of a W 14 x 120, with bolted
connectionThe two W 18 x 86 were cop€#igure 3.4 (b)}o attachWTs of the specimenThe
reaction block hosts theervo-controlled hydraulic actuator with capacity of 110kgndwas
shored up with wooden supports. Loading was introduced by the actuator pulling the W 12 x 50
of the specimen thus testing the headed shearwtlded to it. The use of one slab specimen than
the two slabs in the pusgbut test will reduce the bias in the dafdgtaching thespecimerto the
sideeliminates the need to provide the even bearing required in theoptigés. This will also
eliminateundesirable failure modes like the bdmeaking (buckling) of the slab and rotation of

the setup.

Reaction Block
L

N
\\\\
X N

Side Beam as a part
the selfreacting frame

Servocortrolled
hydraulic

Specimen

Wide flange on roller : — WT at side of specimer
connected to slab witt connected to side bean
headed shear studs th

are being testec Fig. 33 Shear TesExperimentaSetup
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Cells
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a) Section at the center of the specimen
____________________________ ,
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Side bea, T
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with 12 “® holes WT of the specimen

b) Section at the end of the specimen

Swivel head

R R -‘;:‘d‘ R R s =R

Headed Shear studs to be ’res’red\

— —

WT 7Tx 21 \_
W 12 x 50
W 18 x 86 ﬁ
Side Beam |

Load cells J L L1 thick plate
1" thick plate

roller

c) Endview of the setup
Fig 34 Setup to specimen connection details
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3.4 Single-sided Pushout Test Setup

The setup was altered based on the shear test setup descr@sation 3.3. However,
some modifications were made to accommodate the desired experimental conditions. The main
components of the modified setup include a side beam, a reaction block positioned at the back,
and a servaontrolled actuator used to apply #teear force. To encourage even concrete bearing,
a W section arrangement was incorporated at the front of the setup. This arrangement helps
distribute the load evenly across the concrete surface. In addition to the above modifications, a
separate steel fni@e was introduced and placed on top of the specimen. This steel frame was
connected to the strong floor and utilized an Enerpac jack to apply a normal load on the specimen.
By applying a normal force in this manner, the boundary conditions created &tupeeasemble

those typically encountered in conventional poshtests described Bection 3.2.

Normal load Frame
attached to strong floo

Hydraulic jack for
application of normal load

Bearing Bloc

Servacontrolled
Hydraulic Actuator

Reaction Bloc .
Specimen

Side Beam as a part
of self reacting frame

Fig. 3.5Singlesided Pustout TestExperimental Setup
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3.5 Specimens

The different steel decks and stud configuration used in these specimens are shown in Table
3.2 and Figure 3.6 respectivelyor the DT1 profile, both centered studs and two studs per rib
centered positions were employed. This configuration was feasible because there was no stiffener
present in the center of the rib. Other profiles, namely DT2Tat®] featured a stiffener at the
center of the rib, and hence, the strong, weak, and two studs staggered positions were tested with
these profilesAs for the TZ1 profile, it was specifically manufactured for the study, as m.3.5
trapezoidal declare not producedt was assumed that the TZ1 profile would possess a stiffener
at the center of the rib if it were to be further manufactured for constructioandsgo strong,

weak and two stud staggered configurations were employed.

Table 3.2 Deck Profiles

Deck Notation| Deck Name Profile
— 2" '
DT1 EPICORE oty
EC3.5 ERYERYARNNE
s,
1L 2 }
DT2 VersaDek PERPYIR S
3.5LS WEAVERYRE
7 .
.
f =l t
TZ1 - o 1,
A MLI3§
| 3 |
AT ‘
TZ2 W3-36 Formlok + ZqL P
Note: The TZ1 were manufactured specifi
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Loading Direction Loading Direction

on concrete-filled on concrete-filled

steel deck —— | I — h“l — | l P . I %I | {— teel deck

on steel T steel

section ) \ I HE‘rlrh

|
stud Location on top L ° [ stud Location on top
flange of the steel S . R / . . o  flange of the steel
section | } section
a) b) c) d e)

Fig. 3.6Studconfigurations
a) centered b) two studs centered c) weak position d) strong position e) staggered

3.5.1 Puskout Test Specimen

Specimens consist of two 38 in. x 48 inoncretefilled steel deck slabs each attached to a
WT 6 x 17.5, 4 ft 8 in. long. The steel deck was oriented perpendicular to theHiezted shear
studswith nominal ultimate strength,,f= 65 ksi and % in. diametemwere usedTo avoid slab
buckling No.5 rebars were used one on each side of the Blabccordance with the AISC
Specification (AISC 360) minimum height of studs above the 2ok long headed shear studs
were usedvith a total concrete thickness of 5.5 in. Two or four headed stads were welded
to each WT 6 x 17.5 based on the configuration of centered or two headed shear studs per rib. Each
of the two half specimens i.e., 38 in. x 48 concfied steel decks attached to WT 6 x 17.5 were

attached with a bolted connection.
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Applied Load Applied Load

b4 A4

—H5 bar
I Headed shear stud s 1]
eaded s earxu—\-u
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o == == | PR =
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o | T A1 welded wire it : = =T
| ,,,/ reinforcement ["'-‘:,: ] l . u . !
[ =
ﬂ " et Y
B 7 oy— b (A

| |

1 - i

Fig. 3.7 Typical Pustout Test Specimen
3.5.2 Shear Test Specimen

All specimens consist of a 48 in. x 72 in. concifted steel deck except for 3in.
trapezoidal deck consisting of 36 in. x 2 concretefilled steel deckthis is because 3 in.
trapezoi@dl deck had a coverage of 36 and each specimen consisted of one deck sheet while
other decksused hada coverage of 24 inso two sheets were used. Each specimen had two
WT7x21.5attached at theides and a W12x51 the center. The decks were oriergethbendicular
to beam. Each of the two WT7x21.5 was attached to W18x86 with the bolted connection. The
W12x50 was coped at the front end and a loose bolted connection was made with the plate
arrangement that was attached to the actuator swileslded sher studswith nominalultimate
strength, § = 65 ksiand%a in. diameter were use@®ne or twoNo0.5 rebars were used as tension
chord (Figure 3.8(a) ané&igure 3.9(a)}o avoid flexure failure@nd smeNo.5 rebars were used on
both side of specimen to avdidnsverse cracking in the specimbnaccordance with the AISC
Specification (AISC 360) minimum height of studs above the deck, 4.5 in. and 5 in. long headed

shear studs were usedth a btal concrete thickness &fin. and5.5 infor 3 in. and & in geel
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decks respectively-or 3.5 in.steel deck specimens 6 headed shear studs were welded to each
WT7x21.5, whereas for 3 in. trapezoidal decks 4 headed shear studs were welded to each
WT7x21.5according to the specimen dimensioh&o or fourheaded shear studs were welded to
W12x50 to be tested based on stud configuration. The W12x50 were placed on two rollers to allow

lateral translation.

| Headed shear stu

™ e ® ® ® L Tension chord PR NI L

par g22K73 Ry e
W12x50
0o
6 e e —
(o]
O 4 T e s
X6 WL x Wik I i
welded wire
— reinforcement 18 x 86 x50 TIX215
. . o o . . Load cells
- /—#5 bars )
Hillman roller: W 18 x 86
= 1L T 1 7 1 7' il T
1 X
Fig. 3.8 Typical Shear Test Specimen with 3.5 in. steel deck
Headed shear s‘ruﬂ—\

® ° ° ° Tension chord — T RV

e N
o]
W12x50
6 ° . °° —
(el e]

[ P I [ PR
6x6WLA x Wik | ‘ I 1 \
welded wire
reinforcement | v 12 % 50 TIX 218

[} . L] . Load cells
/#5 bars . )
Hillman rnll!rs—/ \—w 18 x B6
d | |
T 7 7 LTI

t |

1 3 1

Fig. 39 Typical Shear Test SpecimentwvB.0 in. steel deck
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3.5.3Singlesided Pustout Test Specimen

The specimen group T3.64N-W-SSwhich was ran using th@inglesided Pustout test
setup consisted of 36 in. x 48 in. concrifled steel deck with a W12x58t the center on which
the headd shear studs welded. The W12x50 was coped at the front end and a loose bolted
connection was made with the plate arrangement that was attached to the actuator swivel while
testingHeaded shear studgth nominalultimate strength,,f= 65 ksiand% in. dameter were
used The total slalthicknessof 7.5 in. waschoseras according to standard 2 hr. fire rating and

two No.5 bars were used on both sides of the specimens to avoid any slab buckling during testing.

Headed shear sfud—\

6x 6 Wik x Wik W12x50
welded wire
reinforcement
oo
o o = - "
i M-
— —_—
12 x50 WT7X215
l—]‘../ W x 6 {for support
while testing)
Load cells
— T T — \—|
Hillm: \—w 18 x 86
L L | L }

—

Fig. 3.10 Typical SinglsidePushout Test Specimen
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3.6 Instrumentation Setup
3.6.1 Puskout Test

The specimens had four Linear variable differential transducers (LVDT) used to measure
the slip between the concrete and the WTO6s. P
made in the steel deckib. away on both sides of the shear headed shear studs. Concrete self
anchor screw was first drilled through a small wooden piece and then anchored into the concrete
(Figure 3.12). |t was made sure t haatgatimestwddhdee nWTpise
LVDT O s -leaged tip was themade in contact witthe wooden piecandwere attached to
the WTs with the help of a magnetic fixtfégure3.12)to get the relative slip. A 25Kip capacity
load cell was used to measure liveed applied at the top of the WT and ak2p capacity load cell
was used to measure the applied normal load. Four string potentiometers were attanbeaf to
slab as shown in Fige 3.11to four of the specimens to measure slab buckling which was seen

during testing of the initial specimens.

PO o
- o] ¥
T T I
\ ’
VDT [ = ] 1 _—tvor3
R { o e prd
P | ) | _~Bolt with an sngle s 4 ——
o r /j/ Iv_-il(D\Tu:rum\u bear the
D 15 —
[ ]
P T o] ] -7
8 5. Plg— 1 -
a) Side view b) Plan view

Fig. 311 Pushout Test Instrumentation Setup
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Screw and wood
piece arrangement

Fig. 3.12 LVDT arrangememnPushout Test

3.6.2 Shear Test

Figure313s hows the two LVDTO6s used to measur e
section.Prior to concrete pouring, 1 in. diameter holes were made in the steel deck 5in. away on
both side®f the shear headed shear stédBole wasthenfirst drilled in the concrete and a screw
was theranchored into the concrefeigure 3.14). It was made sure thattbeo | t wasnodt t
the steel deckT h e L V DT doadedtip wwasnhgmade in contact withhe angle section
attached to the screw and the LVDT vediached to the WTs with the help of a magnetic fixture
(Figure 3.14) to get the relative slipThe actuator had an inbuilt load cell whialas used to
measure the load generated due to the applied displacement. Three load cells each having a
capacity of 10 kips were sandwiched between each roller and the W section as saae 811&8g
to measure the normal load generated. Four string jpategters were used to measure rotation
of the specimen or concrete uplift. Theseng potentiometensereattached to a reference beam

that was supported on the groumdio string potentiometensere connected to the W section with
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amagnet and twatring potentiometersvere connected to the concrete slab withews drilled
into the slab. Each of the string pots connected to the W section and concrete slab was on either

side of the specimen as seen inuFeB.13.

String pots attached to
a column arrangement
e ) i 2
—LVDT1
LVDT 2 on the

other side

oad cells inbuilt

with actuator shaft

)

- NN d =
)///////// '\";K(/////////'V/V////////// T L e

oad load

Angle sectio

Fig. 3.14 LVDT arrangement in Shear Test
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3.63 Singlesided Pustout Test

Figure315s hows the specimen have two LVDTG6s us
concrete and the W section same as the shear test instrumentatiam&3Bi The actuator had
an inbuilt load cell which was used to measure the load generated due to thechppliéeement.
Three load cells each having a capacity of 10 kips same as the shear test instrumentation were
sandwiched between each roller and the W section as segyure F15to measure the applied
normal load. Four string potentiometers were ugethéasure any buckling in occurring in the
specimenThesestring potentiometeraereattached to a reference beam that was supported on
the groundThe string potswere connected to concrete slab with a help of screws drilled into the
slab at 14in. intea leaving 3 in. from the back edge of the slab. They were attachedriér of
the specimen as the normal load spreader beam was at the center. They were attached at 10 in from

the east edge of the slab.

%r *’\ H

Fig. 315 Singlesided puskout testinstrumentation Setup
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3.7 Specimen Fabrication
3.7.1 Puskout Test

Wooden framework was created as shown imf€8.16 to keep the WT in place. Further,
four steel pour stops were attached to the deck withtaging screws. The steel deck attached
with pour sbps was then placed on the flange of the WT in such a way leaving a 1.5 in. gap
between the end of the deck and one edge of the WT to allow the slip during testihgadibe
shear studs were then welded through the deck to the flange of the WT usidgvalsling gun.
Holes for the LVTD arrangement were drilled. TMo.5 bars were placed one on each side as
shown infigure 3.10to avoid the slab cracking during testing. These bars had 1 in. concrete cover
from the top. Further 6x6 W1.4 x W1.4 welded wiggnforcement was placed having 0.5 in
concrete cover from the top. This wire mesh was used to limit shear cracks in concrete. The 0.5 in.
cover was so chosen that it is outside the anchorage zone of the shear headed shatestuds.
that, the concrete@ascast covered, and moistured for 28 days. The pour stop was removed from

the slabs, and each pair of corresponding slabs was bolted together via the wei'Ts. the

Fig. 3.16 Pushout Specimn Fabrication Framework
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3.7.2 Shear Test

A wooden framework was created as shown irufg@.11 to keep the two WTs in place
and the W section was placed centered in the framekwtker, the steel deck was placedios
flange of the W§ and the W sectioandthe pours stops were attached. Holes for the LVTD
arrangement were drilled. Twdo.5 bars were placed one on each side as showgune3.11to
avoid transverse cracking. To avoid flexure failure, tension chords were placedfmomttsde
of the specimens. One or tn.5 bars were used as the tension chbaised on the specimen
configurations These bars had 1 in. concrete cover from the top similar tequisspecimens.
Further 6x6 W1.4 x W1.4 welded wire reinforcement wkegd having 0.5 in concrete cover
from the top for the same reasons as for pughspecimensAfter that, the concrete wasst

covered, and moiatured for 28 days. The pour stop was removed from the lsédbee testing.

Fig. 3.7 Shear Test pecimen Fabrication Framework

3.7.3SinglesidedPushout Test
The same wooden frame as for shear test specimens were used with the W section placed
as the center. Further, the steel deck was plact#tedtange of the W secticandthe paurs stops

were attached. Twblo.5 bars have a concrete cover of 1.5in. were placed on each side of the
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specimen to avoid the slab cracking during testing and 6x6 W1.4 x W1.4 welded wire
reinforcement was placed having 1 in concrete cover from theAftg. that, the concrete was
laid, covered, and moistured for 28 days. The pour stop was removed from the bisfose

testing.

WT6&s justnotc
apart of the Specimen

Fig. 3.18 Singlesided pusfout testSpecimerabricationFramework

3.8 Testing Procedure
3.8.1 Puskout Testing Procedure
The procedure followed while testing each posih specimen is given below. The

procedure is in accordance with AISI S923

1 Preloadof 5% of predicted axial load or 2 kips which ever was smalbs applied for the
specimerand held for 5 min.

1 The axial load was increased in increments of 2 kips per 30 seconds and simultaneously normal
load was applied equally to 10% of the appliethlawad.

1 Conformation that an equal load is being applied on both slabs was seen by comparing the slip
measurementir each slab. If the slip in one slab exceeded 15% then the other slab before
reaching 10% of the expected peak load. The specimen wzexded| and aligned as needed.

1 Loading was carried out until 80% of the expected peak load was achieved.
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After attaining 80% of the load. Deformation control was implemented, where loading was
applied in such a way that the average slip increment doescexd0.050 in. within tha0
secondsnterval of load application.

Load was continued until the load dropped below 30% of peak load or at least 1 in. slip was
recorded.

Failure mode was recorded.

3.8.2 Shear Testing Procedure

The procedure that was foll@ed while testing each shear test specimen is summarized

below. Monotonic displacemenbntrolled loading was implemented

1
1

Preload of 5% of predicted peak load was applied for the specamémeld for 5 min.
Displacementontrol loading was implemented. rate of 0.05 in/min loading was applied
until the expected peak load was reached.

Once the failure mode was observiedding was carried out until the shear load was below
10 kips and constant for a while.

Failure mode was recorded.

3.83 Singlesided Rishout Testing Procedure

The procedure that was followed was similar to shear test and is summarized below.

Monotonic displacemertontrolled loading was implemented

1
T

T

Preload of 5% of predicted peak load was applied for the specaméield for 5 min.
Displacement contrdbading was implemented. A rate of 0.05 in/min loading was applied
until the expected peak load was reached.

A normal load equal to 10% of the shear load generated was applied simultarfeously
specimen T3.0AN-W-SS (b) only.
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1 Once tke failure mode was observed, loading was carried out until the shear load was below

10 kips and constant for a while.

i Failure mode was recorded.

3.9 Materials

The properties of steel deck, headed shear studs, steel sections and reinforcement used are

summaized belowAll decks used were gauge 20 (0.0358 in. nominal thickness) satisfying ASTM

A653. The sheaheaded shear studgere % in. diameter, satisfying ASTM A29 with a nominal

tensile strength of 65 kstpecimensvere cast in batches as mentioned abl€ 3.3

Table 3.3 Specimen Batches

D3.5A-3N-C-PO D3.5A-3N-25-PO
Batch 1
D3.5A-3N-C-ST D3.5A-3N-2S5-ST
ho T35A-3N-S-ST T3.5A-3N-W-ST T3.5A-3N-2ST-ST
Batc
D3.5B-3N-S-ST D3.5B-3N-W-ST T3.0A-3N-W-ST
Batch 3 T3.0A-4N-W-SS

Table 3.4 presents averview of the material properties of the concrete mix. Table 3.5

provides a summary of the concrete cylinder tests conducted according to ASTM C39 for each

batch of castings. However, since it was challenging to perform cylinder tests daily, the concrete

properties for specimens tested on days when cylinder tests were not conducted were estimated

through interpolation. The concrete properties for each specimen are outlined in Table 3.6.

Table 3.4 Concrete Mixture Propertiger cubic yard)

Batch 1 2 3
Cast Date 12/19/222 03/08/2023 05/08/2023
Cement (Ibs) 412 412 445
Fly Ash (Ibs) 137 137 148
Coarse Aggregate 1709 1709 -
#78 (Ibs)
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Coarse Aggregate - - 1768
#68 (Ibs)
Fine Aggregate 560 560 638
Natural Sand (lbs)
Fine Aggregate 898 898 679
Manmade Sand (Ibs)
Water (Ibs) 310 310 269
Water to Cement 0.565 0.565 0.454
Ratio
Table 3.5 Concrete Cylinder Test Results
Batch 1 Batch 2 Batch 3
Days Compressivg  Unit Compressivg  Unit Compressive  Unit
Strength weight Strength weight Strength weight
(psi) (Ib/ft3) (psi) (Ib/ft3) (psi) (Ib/ft3)
3 2220 146.1 - - - -
7 - - 3050 146.1 3490 -
14 - - 3310 145.7 3920 142.8
21 3210 145.3 3640 145.7 - -
23 - - - - 4190 142.0
25 3270 145.7 - - - -
28 3450 145.7 - - 4340 142.0
29 - - 3760 145.7 - -
31 3560 144.8 - - - -
33 - - 4190 144.8 - -
35 - - 4190 144.8 - -
37 - - 4230 144.8 - -
50 4000 144.8 - - - -
52 4070 144.8 - - - -
Table 36 Concrete Properties
Specimen gt?é?]%rtisg;\;s Unit weight (Ib/ff)
D3.5A-3N-C a 3270 145.7
b 3450 145.7
a 3560 144.8
D3.5A3N-25 b 3560 144.8
c 3560 144.8
D3.5A-3N-C-PO b 4000 144.8
c 4000 144.8
a 4070 144.8
D3.5A-3N-2S-PO5 b 2070 144.8
c 4070 144.8
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a 3550 145.7

D3.5B-3N-W b 3550 145.7
c 3600 145.7

a 3600 145.7

D3.5B-3N-5 b 3715 145.7
c 3715 145.7

a 3730 145.7

T3.0A-3N-W b 3750 145.7
c 3750 145.7

a 3760 145.7

T3.5A-3N-W b 3760 145.7
c 4190 145.8

a 4190 145.8

T3.5A4-3N-5 b 4190 145.8
c 4190 145.8

a 4210 145.8

T3.5A-3N-2ST b 4210 145.8
c 4210 145.8

a 4190 142.0

T3.5A-4N-W-M b 4190 142.0
c 4190 142.0

Tension tests were performed on steel dedkggx17.5and W12x40 on which test headed

shear studs were welded, rebars and wire mesh used for reinfor@ooerding to ASTM ES8

Table 3.7, 3.83.9and 310summarizes the resulfBhreespecimensvere tested for each material

and detailed results of the saare in Appendix C

Table 37 Steel Deck Properties

Deck Yield Stress,| Ultimate Elongation,
fy (Ksi) Stressfu (ksi) (%)
DT1 57.6 68.3 25.5
DT2 64.5 71.0 20.4
TZ1 56.0 66.9 25.9
TZ2 63.4 84.1 19.1

Table3.8 StructuralSteel Properties

SteelSection Yield Stress, Ultimate Elongation,
(Heat number) fy (ksi) Stressfu (ksi) (%)
WT 6 x 17.5 656446 53.8 69.8 26.5
W 12 x 40 65871) 55.5 72.6 26.8
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W 12 x 40 6587R) | 56.9 | 732 | 25.3
Note: W 12 x 40 steel had two heat specification anaosio were tested

Table3.9 Rebar Properties

Rebar Yield Stress,| Ultimate Elongation,
fy (ksi) Stressfu (ksi) (%)
No5 1 64.0 105.1 14.7
No5 2 78.3 97.8 14.0
No5 3 60.6 98.2 16.4

Table3.10 Welded Wire Reinforcement Properties

Rebar Yield Ultimate Elongation,
Stressfy | Stressfu (ksi) (%)
(ksi)
6x6W1.4xW1.4 114.5 128.6 2.5

Shear tests were performed on the bare headed shear studs to understand their fracture
properties and areummarized below in TableId. The tests were conducted with the following

fixture arrangement shown in Fige 3.19.

L

/ 7 Vi A ;/T' Thick Plafe

&L /‘/ 1" Thick Plafe

B,
O\lpu

’/ lr |l |
1 5., Ty 30071 5.1
Lyz 51 Vi
T 16 i‘ 76
Front view Side view

Fig 3.19 Shear Fixture for Headed Shear Studs
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Table 311 Headed Shear Studs Properties

Headed Shear Studs, Ultimate Stress, | Shear Strength, &/ VdAsFy
(3/4 in. Dia) (ksi) (kip)
S3L 3/4 X 47/8 MS 75.2 21.67 0.65
S3L 3/4 X 53/16 MS 74.0 22.34 0.69
S3L 3/4 X 57/8 MS 78.3 22.05 0.64
Note: Thef, values are taken from the mill certificates provided by the manufacturer

Fig. 3.20 Shear Test on Headed Shear Studs

Further to check the weld quality of headed shear studktesiwas performed according
to AWS D1.1 (2010). Here the Headed shear studs were welded through a piece of a steel deck on
a Steel section with the same heat setting as used for the headed shear studs welded while
fabrication of the specimens. The weldsvallowed to cool and then with the help of a hollow
The didndét fracture

pipe, the studs were beéto approximately 30 wel d

strong. Figure 21 shows the bethheaded shear studs.
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Fig. 321 Bent test on headed shear studs.
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4. Stress State®f Concretearound HeadedShear Studs

This chapter explains the stress state of concrete around the headed shear studs in the
specimens using different test setups and how they correlate with the concrete stress state in a

composite beam

4.1 Concrete Stress Statén a Composite Beam

In a composite beam, the shear force between the W section and the efienteiteel
deck is primarily generated by the effect of gravity loading. This gravitational force induces
bending in the composite beargenerates shear forces at the interface between the two
componentsesulting in a slip between the W section and the Sahllustrate this concept, let's

focus on a specific section of the beam, as depicted in Figure 4.1.

Ny g N
° ° . . ° . °
e rd
./—Hg L2
——— e e —_——— e
Ve Composife Beam e
Effective
] N Width
K] ] ° \ L] ® ® ® be”
7 © Headed shear stud e
e e
° ° . ° ° ° e
Ny ™ ™y ‘
Ml
7 L e [N WaaN WanN" L/

Fig. 4.1 Compositbeam
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Assuming the following:

1 Stresses in the slab are uniform across the entire effective wiglth, b

1 There is no stress transferred at the edge of the effective width.

1 The stress is idealized as a uniform stress distribution over the depth of the conerite ove
deck, dc

1 The effective width is symmetric about the composite beam

Detail A
Tiett _, O-ight o
- L Otert — Uwghr
! — bogs-b i ) o
Detail A — o N N
- E—— -4
- . \
® ] |Ef’f—{’ . 4)7—;\_‘;]'_“ b
— — :
— { :[E‘ | - Iy
— . | N O\ef U‘ﬂ
- — t'»:rr —t‘ 11 & / — T /ﬁ, “_T'— :]:d(
- [ Iy 14 A ~li7a - i i
— ~ Elastic stress— i 11 L‘Ed. V;ed‘;\fre::
distribution Qn distribution
a) Effective width b) Portion around headed shear stud

Fig. 4.2 Stresses around the headed shear studs (composite beam)

In a composite beam, the presence af@nent causes compression in the slab near the
stud. This compression i s ew@malg@icshosvninthBigdre by o p |
4.2 The magnitude of this compression can be determined by calculating the sum of the stud forces
betweerthe specific location being considered and the end of the beam. It's important to note that
the magnitude of compression varies along the length of the beam. The shear load in the stud,
represented by Qis distributed to the concrete slab in two waysstly, through the difference
i n axial ¢ o mpgn- @ andseaondly,tthroegh sheaf fldw to the rest of the effective
width, resulting in a shear force V acting on both sides of the composite beam.

For effective specimen design, it is valuable to understand the contribution of the stud force

associated with the difference in axial stress and the portion associated with the shear force V. This
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knowledge helps in determining the appropriate desigmpeteas and optimizing the performance
of the composite beanfo, summing the horizontal forces in the longitudinal direction of the

composite bearaver the full effective width we get,

” 'Q (I) ” ,Q (II) 6 (4'1)
0 (4.2)
5 5 Qw

Where,
A AEEAADEGBEA AA
Further considering a small width b the slab around the headed shear studs. Thadesdiks
and Nignt are the resultant longitudinal forces in kg 4.2(b)and given as
0 . WQ (4.3)
0 .00 (4.4)
Summing the horizontal forces in the longitudinal direction of the composite beam partios
of slab around the studs considered in Figur€i).2
¢ 0 0 0 T (4.5)
Substituting Equations 4.3 and 4.46quatiorn4.5
cw .,  wQ 0 (4.6)

Substituting Equations 4.2 in Equation 4.6

ﬁ’ ) 4.7)
5 P T
Substituting Equations 4.7 Equation 4.5
0 0 &) (4.8)
0 @
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Note that the concrete width b considered influenced the amount of force coming from axial and
shear force in the concrete around the headed shear@tutigstanding the distribution of forces

in a composite beam is crucial for specimen design. In the given context, where a specimen with
a width of 3ft is intended to represent a composite beam witht b@am spacing and effective
width, the analysis reveals that 70% of the load should be amdistiear on the sides of the
specimen, while 30% should be applied as compression. This inforrdasonbes how the forces
should be applied to the specimen to more accurately represent real composite Byeams.
appropriately considering these factorghia specimen design, it becomes possible to replicate the
realworld behavior of composite beams and ensure that the testing accurately reflects their
performance under different loading conditions. This aids in enhancing the reliability and

applicability of test results for composite beam structures.

4.2 Concrete Stress Statm Push-out Specimen

Chapter three shows that a pumit specimen consists of two slabs bolted together with
the WTs. The specimen is theet on the strong flooand the load is appi ed t o t he
Assuming the slabs have a uniform bearing on the strong floor when subjected to loading and each
headed shear stud reaches its shear stréxgthoth the slabs being identically cast will bear an
equal load. Considering a pusht specinensubjected to an axial load oNB),, where N is the

number of studs per sla@s seen in Fige4.3.
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Fig. 4.3 Forces in a pusbut specimen

For the compression stress to be uniform along the bottom edge of each slab ofiwidth b
the stresssshouldspread in a triangular portion as seen in Figure 4.3. From this it can be observed
that there are no shear forces acting on the sides of the specimen. Instead, force is introduced solely
through longitudinal forcgenerating compressive stresses arouasch#aded shear studshis
differs from how load is introduced to the concrete arouhéaded sheastud in a composite
beam, as demonstrated in the earlier subsection. In the composite beam, both shear forces and
longitudinal forces contribute to the ests state around the st(klgure 4.2) Furthermore, it is
important to note that the pusiut specimen slab, as depicted in FiguB .not subjected to any
net compression stress. This means that there is no downward force acting on the top edge of the
slab, which contrasts with the stress state in a compositewlara the net compressive force is
gi Ve nigndyr. 0O

Further seeing at the free body diagram of each slab (Figure 4.4) in aoptisést the
loading in each slals eccentric which causes the slabs to rotate which is counteracted with the

help of the applied normal load. depending upon the geometry of the spekisn@pplied normal
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i.e., 10% of the axial force may or not be enough to avoid the rotation and buckling of the slab

which is further seen i@hapter 5

Linear stress Linear stress
distribution distribution
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Fig. 44 Free body diagram of each slab in a pashtest

4.3 Concrete Stress State in Shear Test Specimen
Now, consider a shear test specinfEigure 45) that is applied with a shear load M€

where N is the number of headed shear stud each reaching deisslength @

4+— ) ) e e & [
NQRp)/2

<

[eNe]
© ® —NQp
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A A
&
E.g L 6(b)
+— e} @ ® ® @ q
NGn)/2 |_—#5 bars

)=

Fig. 45 Forces in a shear test specimen
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Each WT of the specimen is bolted to the side beam of theeselifing frame in under
axial load NQ /2 which is being transferred to the concrete with the help of the headed shear studs

weldedon them. Assuming each stud transfers equal shear force to the concrete.

#5 bars
(EOnJ/Z
7 (NG /2 Easts ot
DV A N
[ T
= l
_’ . f
(NQy) /2 Tensile force in
stud closest to
i the actuator
EDanFE‘ssiol‘n Tensile force in
stress in the the reinforcing
concrete steel
a) Plan view b) Section AA

Fig. 4.6 Stressef concrete around the stughgarTest)

In the test setup, the load is primarily transferred to the shear studs tistueaghforces
coming from the sides rather than longitudinal axial forces. This stress state resembles similar
behavior observed in composite beaffgijre 4.2), where shear forces play a significant role.

Further, one of the challenges encountered ingbiesetup, as illustrated in Figuré(4),
is the development of lateral tension stresses in the slab around the stud closest to the actuator as
the beam tends to act as deep beam with support at the location where the WTs are bolted with the
shear load tathe center creating bending. To minimize cracking associated with these stresses,
reinforcing steel No.5 bar) was strategically placed along the edge of the slab nearest to the
actuator. The calculations of these reinforcements are provided in Apfeidiis reinforcement
helps to mitigate the adverse effects of the tension stresses on the slab. Another issue identified,
as shown in Figure 4.7(b), is the eccentricity between the longitudinal load applied to the slab and

the interface between the slaiidahe steel beam. Initially, it was assumed that the stiffness of the
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4 ft span of the concrefdled steel deck slab would be sufficient to resist the upward force exerted
at the edge of the slab nearest to the actuator. However, the subsequenitesisesssed in the
following chapter revealed that the stud closest to the actuator experienced a tension force,

indicating that the assumption about the slab's stiffness was incorrect.

4.4 Concrete Stress State iBingle-sided Pushout Test Specimen

The single-sided puskout test was created in such a way to have similar boundary
conditions as in a pusbut test specimen. Sthe stresses in concrete around headed shear suds
are going to be similar as that in each slab of the-pushest. The concretedge nearest to the
actuator idornesimilar to the pustout specimensat on the strong. For the compression stress to
be uniform along that edge of each slab of widjk, lithe stresses should spread in a triangular
portion as seen in Figure 4.7.

r—Stress spreading

out from the headed
shear studs

| < J S| —ay,

[slab) o O

Fig 4.7 Stresses around the headed shear s&idglésided pusfout tes}
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Similar to the pustout specimen the loading in these specimens is also eccentric causing
the specimens to rotate giving rise to normal reaction which would be measured byl ttellbba

below the specimens. The influence of this eccentricity has been evaluGteapter 5

N= 0.1(NQp)

l F (Frictional
Force)
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Fig. 48 Free body diagram of modified shear specimen

101



5. Results

This chapter summarizes the results of all the tests conducted comparing them with the
current AISC provisions (Eg. 2.58) and those given by RaRbddenberry(2002) (Eq. 2.39).
Further, it evaluates the different test setups described in Chapter 3 analyzing the test results and

documenting the challenges.

5.1 General Overview

A total of 3 tests were performed to assess, compare and evaluate the different test
configurations including the pusiut test setup, shear test setup, and sisigked puskout test
setup. Among these tesssx were conducted using the conventional paahtest, 2 were carried
out using the shear test setup, and three were performed ussiggiessided puskout testsetup.
American Institute of Steel Construction (AISC) and the equation developed by Rambo
Roddenberry2002)are applicable for deck heights up3on. However,to facilitate the use of
deeper decks, it is necessary to determine their applicability with these pravicadoes 5.1
presents a summary of all the test results. The first two groups of specimens were tested using the
conventional puslout test, while the last group of tests employedsinglesided puskout test

setup. All other specimens were evaluated using the shear test setup

102



Table 5.1 Results

Specimen Test setup (;ég w (pcf) | fu(ksi) | Qe! (Kip) peS:E g;') ';Aacl)lgée
b Pushout 4000 | 1448 | 74.0 20.02 0.105 | SS/RS
D3.5A-3N-C-PO
c Pushout 4000 | 1448 | 74.0 19.05 0.130 | SS/RS
a Pushout 4070 | 1448 | 74.0 11.57 - SS/RS
D3.5A-3N-2S-PC? b Pushout 4070 | 1448 | 74.0 11.52 - SS/IRS
c Pushout 4070 | 1448 | 74.0 15.75 - SS/IRS
a Shear 3270| 145.7 | 74.0 19.40 0.135 SS
D3.5A-3N-C-ST
b Shear 3450| 145.7 | 74.0 20.80 0.098 SS
a Shear 3560 | 1448 | 74.0 14.80 0.036 SS
D3.5A-3N-2SST b Shear 3560 | 1448 | 74.0 14.25 0.061 SS
C Shear 3560 | 1448 | 74.0 14.60 0.039 | ss/CC
a Shear 3550 | 145.7 | 74.0 11.27 0.105 SS
D3.5B-3N-W-ST b Shear 3550| 145.7 | 74.0 13.34 0.084 SS
C Shear 3600| 145.7 | 74.0 13.10 0.010 SS
a Shear 3600| 145.7 | 74.0 16.36 0.033 SS
D3.5B-3N-S-ST b Shear 3715| 1457 | 74.0 16.96 0.075 SS
c Shear 3715| 145.7 | 74.0 17.68 0.067 SS
a Shear 3730 | 145.7 75.2 12.00 0.115 SS/DP
T3.0A-3N-W-ST b Shear 3750| 145.7 | 75.2 11.02 0.070 | SS/DP
c Shear 3750 | 145.7 75.2 11.93 0.176 SS/DP
a Shear 3760| 145.7 | 74.0 12.08 0.051 DP
T3.5A-3N-W-ST b Shear 3760 | 145.7 74.0 12.83 0.049 SS*
c Shear 4190| 1458 | 74.0 12.12 0.042 SS*
a Shear 4190| 1458 | 74.0 18.23 0.024 SS
T3.5A-3N-S-ST b Shear 4190| 1458 | 74.0 17.86 0.056 | CC/SS
c Shear 4190| 1458 | 74.0 18.20 0.027 SS
a Shear 4210| 1458 | 74.0 12.14 0.013 | ss/CC
T3.5A-3N-2ST-ST b Shear 4210| 1458 | 74.0 11.05 0.004 SS
c Modified Shear| 4210 | 145.8 | 74.0 12.14 0.032 SS
a SS puskout | 4190 142 78.3 14.46 0.769 DP
T3.0A-3N-W-SS b SS puskout | 4190 | 142 78.3 12.18 0.027 | SS/DP
c SS pushkout | 4190 142 78.3 12.09 0.279 | SS/DP
Note: 1. Qe: Experimental Load per stud
2. Failure modesSS: Stud Shearin@C: Concrete con&kS: Rib SheaDP: Deck Punching
SS*: Shows deck bulging in the start but at peak Stud shearing
3. D3.5A-3N-25-PO to be redone due to buckling of slab gigtng correct slip measurements
4. T3.0A-4N-W-SS p) was carried out with an application of a normal force while (a) end (we r e
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The failure modes observed are described below:

Stud shearing(SS) The shear stress at the critical section ofstiuel reaches a level where the

stud's shank fractures. The failure surface was mostly seen on the base metal. This failure mode is
typically seen in headed shear studs in strong position.

Concrete cone(CC): This failure morehappens when the compressivecks applied to the
concrete surrounding the headed shear stud reach a critical level. The stress concentration at the
base of the stud creates a cehaped failure pattern in the concrete, causing it to break and spall

Rib shear (RS): This concrete féire is cause when the prying of the headed shear studs is
sufficient to cause transverse cracks at in the concrete at the deck height. This failure mode occurs
usually when the width of the specimens is sm
Deckpunching (DP): This is a typical failure mode of headed shear studs in weak position. Where

the small portion of concrete between the headed shear studs and deck crushes, causing the decks
to bulgefirst and then tear.

Stud shearing with deckbulging (SS): This failure mode was observed in headed shear studs

in weak position with 3.5 in trapezoidal deck. Where initially deck bulging wasseieating of

deck punching however at peak stud shearing was seen.
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5.2 Evaluatingthe Conventional Push-out Test
5.2.1 TesResult of the Conventional Pusiit Test

The results of pusbut test are shown in Table @@d the load vs slip plots in Figure 5.1.
Predicted strength are calculated using AISC provisiongdiin2.57) and that givelby Rambo
Roddenberryf2002)(Equation2.38). Results of D3.5A3N-C-PO (a) were polluted and therefore

arenot considered.

Table 5.2 Pusiout Test Results

Specimen | o5 | it | s | G | i) | ) | 09 | 99| penkiny | broder
D3.5A3N- | b | 4000 | 144.8| 74.0 | 24.42 | 22.14 | 20.02| 0.82 0.90 0.105 | SS/RS
C-PO c | 4000 | 144.8| 74.0 | 24.42 | 22.14 | 19.05| 0.78 080 0.86 088 0.130 | SS/RS
a | 4070 | 144.8| 74.0 | 20.76 | 18.82 | 11.57| 0.56 0.61 - SSIRS
D%g’;g’\" b | 4070 | 144.8| 74.0 | 20.76 | 18.82 | 11.52| 0.55 | 0.62| 0.61 | 0.69 - SSIRS
c | 4070 | 144.8| 74.0 | 20.76 | 18.82 | 15.75| 0.76 0.84 - SSIRS
Note: 1. QAISC: AISC Predicted Load per stud 2. QRR: Predicted Load per stud byRRatahberry
3. QE: Experimental Load per stud
4. SS: Stud Shearing RS: Rib Shear

25 18-

—— D3.5A-3N-C-PO b —— D3.5A3N2SP0a
—— D3.5A-3N-C-PO © —— D3.5A3N2SPOb
-1 T 16 —— D3.5A3N2SPOc
20 141
£ g
515 ;
g S 4l
§ 10+ % 8
w w g
5 4r
s
o | |
0.1 0 0.1 02 0.3 04 0.5 08 0.7 —%.15 0.1 -0.05 0 0.05 0.1 0.15 0.2
slip, in. slip, in.
a) D3.5A3N-C-PO a) D3.5A3N-2SPO

Fig. 5.1 Load vs Slip plots for Pusiut test
All specimens had a 3.5 in. Dovetail deck with a 2 in. concrete cover above the deck. These
specimens had single or two headed shear studs welded through the deck, positioned at the center
of the rib. During the initial loading of these specimens, ribrstr@gks in one or both slabs were
observed at approximately 68% to 84% of the maximum load achieved. As the loading continued,
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the headed shear stud/s in one of the two slabs failed with a loud Floeeseormal load was
maintained at around 10% of thepéipd axial force. When the slabs exhibited signs of buckling,
the normal load tended to increasghout manually increasing pump pressarel had to be
adjustedy reducing the pump pressuoemaintain it at 10% of the applied axial load. Altloése
specimens displayed transverse cracks

For specimens with single stud positions centrally per rib (D33BAC-PO) exhibited
transverse cracks during the early stages of loading, typically occurring at around 30% to 45% of
the peak load (Figre.5.2). As the loading continued, both slabs of the specimen showed rib shear
cracks at approximately8% to 84%of the peak load (Fige.5.3). Additionally, both specimens
experienced some buckling, which was monitored usistjirrg potentiometer arrangemenmt i
D3.5A-3N-C (c). The strength of a single headed shear stud per rib was measured to be 19.5 kips.
This represents approximately 80% of the strength predicted by the AISC equation. This
discrepancy may be attributed to the fact that the AISC provisiorsosiginally developed based
on past tests involving trapezoidal profiles and were limited to deck heights of up tdd8vever,
the tests conducted in this study utilized a 3.5 in. dovetail profile, which could lead to a lower
strength due to the declgeometry and increased heighihe failure mode observed was stud
shearing with the failure plane in the base mi@gjure. 5.4) East slab showed stud shearing with

the headed shear studs being severed, while the west slab had the headed sheacstuds int

a) D3.5A3N-C-PO (b) b) D3.5A-3N-C-PO (c)
Fig. 5.2 Transverse cracks8.5A-3N-C-PO
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a) D3.5A3N-C-PO (b) b) D3.5A-3N-C-PO (c)
Fig. 5.3 Rib shear cracks b3.5A-3N-C-PO

f R Y
a) D3.5A3N-C-PO (b) b) D3.5A3N-C-PO (c)
Fig. 54 StudShear Failurén D3.5A-3N-C-PO

For Specimens with two headed shear studs positioned centrally per rib {BI$-85
PO) showed strength of a single headed shear stud per rib to be 13.0 kips on average. However,
the peak load was associated with slab buogkiand therefore the measured strength is not
indicative of the strength of the headed shear stiitiss buckling also polluted the slip
measurements (Figure 5.) lvhichis explained inthe next subsection 5.2.Phese tests would
need to be redonaith a thicker slab and/or reinforcing steel to prevent this undesirable failure

mode.
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5.2.2 Challenges with tHéonventionalPushrout Test

While conducting these pustut tests, challenges were encountered, some of which are
explained irsection 2.4 oftis dissertation. This section will briefsummarize all the challenges
encounteredvhile conducting the pusbut test apart of this research.

Firstly, the puskout test has two slabs, and the strength of the headed shear stud is given
as,

0 (5.1)

Where,

Qn = Strength of a headed shear studs

P = Peak applied axial force recorded in the pughtest for the specimen

n = total number of headed shear studs tested in thequisést for the specimen

Mostly the headed shear studs in one ofsllbs fail while there is no failure seen in the
other slab. The peak load recorded at this time is then divided by the total number of headed shear
studs in the specimen. This results in the strength being biased to the weakest headed shear stud in
eithe slab. All five pushout specimens tested saw stud shearing in one of either slabs of the
specimen.

Secondlyall load is transferred through compression along one edge of the slab that causes
buckling. To record the buckling of the specimen four stpatgntiometers were attached along
the height of the specimen as seen inuFe@®.5. The out of plane displacements for the east slab

of the specimens can be seen inuFgy5.6.
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Fig 56 East Slab Bucklig of the puskout specimens

Each curve represents the buckling shape of the specimen at the instance of the applied
axial load, Bshown by thesall outof each curveAs we can see the specimen buckles as the axial
load is applied. This cause transverse crackinglartothe scc al | edbrfetakd kng f ai |
observed ¥ Hicks (2017). Further, due to the buckling of the slabs (ff&b.7) the sip measure
tends to get polluted. As the slab buckles the attachment for the LVDT tend to rotate causing the
slip measurements to measure a negative slip(&®8) which pollute the slip measurements.

Figure59s hows t he LVDTO®G6s nteuamoluting thegslipimeaguaeimentse s | i p
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Fig. 58 Slab buckling causing negative slip
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D3.5A-3N-2S- PO (a) D3.5A-3N-C-PO (b)
Fig. 59 Buckling of slab polluting the slip measurements

Additionally, when one of the headed shear studs fails, there is a noticeable spike in slip
measurements, as illustrated in Figure 5.9. Moreover, the slip increases for certain LVDTSs located
on the failingslab, while it decreases for others as the load is gradually reduced. Selecting the
appropriate LVDT measurements to capture 4pestk behaviors often involves subjective
decisions, making it challenging to accurately capture such behaviors.

Uniform bearing of the specimen on the ground is crucial for reliable test results. Uneven
bearing can lead to additional rotation of the specimen, introducing variability in the test outcomes.

To address this, it may be necessary to adjust the slabsntoyisiy or resetting them to achieve
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a more uniform bearing. However, this process can be challenging. Alternatively, a high strength
grout can be used between the slab and the floor to ensure uniform bearing, although this method
is time-consuming. If unibrm bearing is not achieved, the slabs may experience relative
movement, which can impact the accuracy of LVDT measurements and potentially influence the

test results.

5.3 Evaluatingthe Shear Test Setup
5.3.10verview of Shear Test Results

Theresults of pustout test are shown in Table 5.3. Predicted strength are calculated using
AISC provisions (Eg. 2.58) and that given my Ranitmddenberry (Eqg. 2.39). The first two
specimen groups D3.58N-C-STand D3.5A3N-2S-STare the companion specimertite Push
out test specimens D3.53N-C-PO and D3.5A3N-2S-PO respectively. These specimen groups
were used to see how well the shear test compares to the conventioralipiest which is briefly
explained in section 5.3.2. More specimens having 3.8awetail and 3.5 in. trapezoidal deck

profiles with different stud configurations were intigatedhaving anominal 3 ksi normal weight

concreteResults of D3.5A3N-C-ST (c) were polluted and theref

Table 5.3 Shear Test Results

Seeimen | o) | oot | ao | i) | (i | G | 0% | @0 | ooy | boger
D3SA | @ | 3270 | 145.7| 74.0 | 22.44 | 22.14 | 19.40] 0.86 0.88 0.135 ss
3N-C-ST | p | 3450 | 145.7| 74.0 | 23.36 | 22.14 | 20.80| 0.89 088 0.94 091 0.098 Ss
a | 3560 | 144.8| 74.0 | 20.76 | 18.82 | 14.80] 0.71 0.79 0.036 ss
ey | b | 3560 | 1448| 74.0 | 20.76 | 18.82 | 14.25| 069 | 0.70| 0.76 | 0.77| 0061 | Ss
c | 3560 | 144.8| 74.0 | 20.76 | 18.82 | 14.60| 0.70 0.78 0039 | ssicc
a | 3550 | 145.7| 74.0 | 19.54 | 15.63 | 11.27] 0.58 0.72 0.105 ss
33?\}\?-% b | 3550 | 145.7] 74.0 | 19.54 | 15.63 | 13.34| 0.68 | 0.64| 0.85 | 0.80| 0.084 ss
c | 3600 | 145.7| 74.0 | 19.54 | 15.63 | 13.10] 0.67 0.84 0.010 ss
a | 3600 | 145.7| 74.0 | 24.11 | 22.14 | 16.36] 0.68 0.74 0.033 ss
;jgg b | 3715 | 145.7| 740 | 24.42 | 22.14 | 16.96| 0.69 | 0.70| 0.77 | 0.77| 0.075 ss
¢ | 3715 | 145.7| 740 | 2442 | 2214 | 1768| 0.72 0.80 0.067 ss
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a | 3730 | 145.7| 75.2 | 19.85 | 15.88 | 12.00| 0.60 0.76 0.115 SS/DP
s | b | 3750 | 1457 752 | 19.85 | 1588 [ 11.02| 056 | 0.50| 069 | 0.73[ 0.070 | SS/IDP
c | 3750 | 145.7| 75.2 | 19.85 | 15.88 | 11.93| 0.60 0.75 0.176 SS/DP
a | 3760 | 145.7| 74.0 | 19.54 | 15.63 | 12.08| 0.62 0.77 0.051 DP
arovrs | b | 3760 | 145.7| 740 | 1954 | 1563 | 12.83] 0.66 | 0.63| 082 | 0.79| 0049 | ss*
Cc | 4190 | 145.8| 74.0 | 1954 | 15.63 | 12.12| 0.62 0.78 0.042 SS*
a | 4190 | 145.8| 740 | 2442 | 22.14 | 18.23| 0.75 0.82 0.024 SS
31[—\1385-2T b | 4190 | 145.8| 74.0 | 2442 | 22.14 | 17.86| 0.73 | 0.74| 0.81 | 0.82 0.056 CCISss
C | 4190 | 145.8| 740 | 2442 | 22.14 | 18.20| 0.75 0.82 0.027 SS
T3.5A a | 4210 | 145.8| 74.0 | 18.68 | 16.93 | 12.14| 0.65 0.72 0.013* SS/CC
3N-2ST- b | 4210 | 145.8| 74.0 | 18.68 | 16.93 | 11.05| 0.59 | 0.63| 0.65 | 0.70 0.004* SS
ST | ¢ | 4210 | 145.8| 740 | 1868 | 16.93 | 12.14| 0.65 0.72 0.032 ss
Note: 1. Qusc: AISC Predicted Load per stud 2r(Predicted Load per stud by RamRodenberry
3. & Experimental Load per stud
4. SS: Stud Shearing CC: Concrete cone RS: Rib Shear DP: Deck Punching
SS*: Shows deck bulging in the start but at peak Stud shearing
Where there are two failure mode, the 1st failure mode is for front and second for back stud/stud group
6. T3.5A3N-2ST cused modified shear test setup

5.3.2Comparisorbetweenthe Conventional Pusbut Testand Shear Tessetup

The D3.5A3N-C-ST and D3.5A3N-C-PO specimens featured a 3.5 dovetail deck with a
single headed shear stud per rib, welded at the central position. The shear test arrangement yielded
a strength of 20.1 kips per stud for the headed shear stud, thitmhventional pusbut test
resulted in a strength of 19.5 kips per stud. Both tests exhibited a peak slip of approximately 0.12
in., as depicted in Figure 5.10. The load versus slip curves for both test setups displayed a close
match with each other. Rhermore, both tests exhibited shear shearing at the base metal as the
failure mode. These findings suggest that the shear test setup was capable of producing comparable
results to the pushbut test setup.

In the case of groups D3.52N-2S-ST and D3.5A3N-2S PO, both specimens featured a
3.5 dovetail deck with two headed shear studs per rib, welded at the center position. The shear test
setup resulted in a headed shear stud strength of 14.6 kips per stud, with a peak slijnmof 0.05
However, in the conveional pushout test, a strength of 13 kips per stud was obtained.

113



Unfortunately, the peak load and slip measurements for the BEB\6AS-PO groups were
compromised due to slab buckling during testing, as described in section 5.2.2. As a result, a

compaison between these test groups was not possible.

——D3.5A-3N-C-ST (a)
20 - ——D3.5A-3N-C-ST (b)
——D3.5A-3N-C-PO (b)
——D3.5A-3N-C-PO (c)

N =
T

Force per stud, kip
=)

-0.2 0 0.2 0.4 0.6 0.8 1 12
Slip, in.

Fig. 5.10 Force vs Slipomparingthe test setups
In the shear test setup, both specim@&@®&FA-3N-C-ST (a) and (B)did not exhibit any
cracks on the surface of the slab, excepnfegligible flexure and transverse cracks at the peak
loads (Figire5.11 (a)). These cracks were minimal and did not affect the strength of the headed
shear studs. The specimens also experienced slight bulging of the deck before reaching peak loads
(Figure5.11 (b). Thefailure mode observed in the shear test setup was stud shearing, with the

failure plane occurring in the base metal for both specimens.

a) Cracking patten for D3.58N-C (b) b) Deck budgér;lge;rrl ;r;ar(;t of the head.

Fig 5.11Behavior of Shear Test Specimens
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5.3.3 Challengewith theShearTest Setup

The correlation between the shear test and the previously explainedyiusit initially
gave the impression that the shear testsuasessfully capturing the behavior in push tests.
However, subsequent testing conducted on additional specimens revealed some peculiar findings.
Specifically, the headed shear studs exhibited different failure modes within the same specimen,
which was unexpected. Additionally, the behaviotha traditional 3 in. trapezoidal deck with
headed shear studs in a weak position did not align with the anticipated results based on existing
literature. These observations indicate potential challenges with the test setup and the need for
further investjation to understand and address these discrepancies.

The T3.0A-3N-W specimen group, which had a 3 in. trapezoidal deck with headed shear
studs in the weak position the exhibited a strength of 11.65pdp$ieaded shear studhich
corresponds to approxately 60% of the strength predicted by the AISC equation. also, the
behavior for headed shear stud in weak positions did not resemble past literatume5HRR)
illustrates the pusbut test results for a headed shear stud in weak position (specimen D36 W64
7N6-2) conducted by RambRoddenberryZ002)and T3.0A3N-W (a) conducted on shetast.

In D36 W647N6-2, the peak load was sustained for a significant atnaiuslip before reaching
failure. On the other hand, when examining T3ZMW (a), it was observed that the peak load
was achieved with very little slip and drops early. This disparity in behavior occurred because one
of the studs failed in stud shearjnghile the other experienced deck punching as the primary
failure mode. In the T3.08N-W specimen group, all three specimens consistently exhibited a
failure mode where thieeaded shear stud nearest the actigieared anche one farthest to the
actuaor experienced deck punching. It is worth noting that a typical failure mode associated with

weak position studs, is deck punching rather than stud shearing.
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——T3.0A-3N-W (a) D36 W64-7N6-2

Fig 5.12 Force vs Slip plot of headed shear studs in weak position

Upon furtherinvestigation into the discrepancies, it was discovered that the specimens
experienced moments during loading, leading to the development of axial forces in-treatieal
shear stud/stud groups. Particularly, the fleaded shear stud/stud group prityagkperienced
tension along with the shear force, resulting in the headed shear studs failing at lower capacities.
The eccentric loading of the specimen, as depicted in HgGr@)created the moment, which is
evident from the unequal normal forces dhd concrete uplift at the front and baak seen in
Figure5.13. The consistent failure of the freheaded shear stud first, attributed to its exposure to

both tension and shear forces, further supports this observation
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5.3.4 Preliminary Observations Regarding 3.5 in. Deck

The specimens that had single headed shear istigtiong positiorshowed a consistent
occurrence of stud sheaginexcept for one case where a concretequilifailure was observed in
one of the twcheadedshear studs. On average, the headed shear studs in strong positions had a
strength of 17.55 kips, which accounted for 72% of the predicted strength bakedyaidelines
provided by AISC. The shear surface typically occurred at the base metal, as depicted in Figure

5.14.

a) View from below the deck a) on the W section
Fig. 514 Typical shearing failure

In the case of single headed shear situdgeak positiothe average strength was measured
to be 12.19 kips, which accounted for 62% of the predicted strength based on AISC guidelines.
When headed shear studs were in dovetail profiles, they exhibitedh&adng failure similar to
the strong position, with minimal or no bulging observed on the deck in front of the shear studs.
On the other hand, when trapezoidal deck profiles were used, two failure modes were observed:
deck punching and stud shearagng with deck bulgingThe headed shear studs in trapezoidal
deckswhich saw stud shearingitially sawdeck bulging, but eventually transitioned to shearing

at peak load.
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a) Deck punching failure at peak load a) After lifting the specimen
Fig. 515 Typical deck punching failure

Fig. 516 Stud shearing failure with deck bulging
For two headed Shear studs in staggered position: The average strength of the headed shear
studs in weak position was 11.78 kips which were 63% of the predicted stgpwngithby the

provisions in AISC. The headed shear studs showed stud shearing and concrete cone failure.

Fig. 517 Concrete cone failure

Load vsslip curves for all the specimen groups testesishown in Figure 58 and 519.

Figure 5.B shows the curves with headed shear studs in strong, weak and two staggered positions
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in 3.5 in trapezoidal deckhile Figure 519 shows curves with headed shear studdriong, weak

centered and two studs centered positions in 3.5 dovetail deck profile.
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Fig. 518 Load vs Slip curves for 3.5 in. Trapezoidal deck Specimen
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c) D3.5B3N-S-ST b) D3.5B-3N-W-ST
Fig. 519 Load vs Slip curves for 3.5 imovetaildeck Specimen

The average measured shear strength per stud, ranging between 63% and 74% of the
predicted strength using the AISB60 provisionindicates a deviation from the expected values.
Considering the chiénges highlighted in th&ection 5.33 it is likely that certain groups
experienced lower strength results due to these issues. Based on these findings, it may be necessary
to consider a reduction factor for the shear strength of headed shear stud8.minheleck.

However, it is crucial to conduct further testing to gain a deeper understanding of the underlying

factors causing the deviations and to validate the need for a reduction factor.

5.35 Modified Shear Test

To address these challenges, atsmhuwas proposed to modify the test setup. The concept
involved introducing restraints on the slab to prevent rotational movement of the specimen. This
modification aimed to eliminate the axial forces experienced by the headed shear studs. The
solution involved incorporating two steel frames, as depicted in Fig@fs & create the necessary

restraints and counteract rotational movement during the test.
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c) Actual restrain arrangement
Fig. 520 Shear test setup witletrainedrom uplift

Despite implementing the restraints in the test setup, the generation of axial forces
persisted, and the strengths of the headed shear studs remained similar to those without the
restraints, as demonstratedtie plot shown in Figure 5.18. The test involved using argh
trapezoidal deck with two staggered positioned studs. The peak load observed with the restraints
was 12.1 kips per headed shear stud, while without the restraints, it was slightly lbvékgds.

Both scenarios reached the peak load at a similar amount of slip and exhibited comparable post
peak behavior, as depicted in Figur@15.The uplift of concrete was also seen showing the

specimen was still rotating some amount.
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Fig 521 Plot d Force vs Slip for T3.5A8N-2ST
5.4 Evaluation ofSingle-sided pushout test
5.4.1 Singlesided puskout testResults

One specimen group having 3 in. Trapezoidal deck with headed shear studs in weak
position was tested on tBenglesided puskout tesisetup. This group was so chosen as the typical
behavior was knowand could be compared with past literature and specimen group-B8L0A
W. The results ofinglesided pustout testare shown in Table 5.4. Predicted strength are

calculated using AISC prasions (Eq. 2.58) and that given my Rartdeddenberry(2002)(Eq.

2.39).
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Table 5.4Singlesided puskout testResults

specimen | o5 | oen | ) | e | (i) | oy | s | Q0w | SRE | Sroae
a 4190 | 142 78.3 | 20.67 | 1792 | 14.46| 0.70 0.81 0.769 DP
SL:-%V\?-AI\;ls b 4190 142 78.3 20.67 17.92 | 12.18| 0.56 | 0.62| 0.68 | 0.72 0.027 SS/DP
c 4190 142 78.3 20.67 17.92 | 12.09| 0.58 0.67 0.279 SS/DP

Note: 1. Qusc: AISC Predicted Load per stud
3. & Experimental Load per stud
4. SS: StuBhearingDP: Deck Punching
5. T3.0A-4N-W-M (b) was carried out with an application of a normal force while (@)@nd (wer en 6t .

2. Qrr: Predicted Load per stud by Rambo Rodenberry

T3.0A-4N-W-SS (a) and (c) were tested without application of external normal load and the
normal reaction was recorded while specimen (b) was tested with an application of normal load

approximately equal to 10% of shear load and the normal reaction was recordedrd sbseva

in Table 5.5.
Table 5.5T3.0A-4N-W-M specimen results at peak load
At peak load
Front Back Total Normal
Specimen | Qg | Slip, | Normal | Normal Normal Force | Normal/Shear
Kip in. | reaction,| reaction,| reaction, | applied, %
Kip Kip Kip Kip
T3.0A 2 14.46| 0.769| -0.01 3.21 3.2 - 11.09
AN-W-M b|12.19| 0.027| -0.60 3.82 3.13 2.06 12.85
c|12.09| 0.279| 0.27 4.48 4.74 - 19.62

The singlesided puskout testeswere compared with similar tests conducted by
Avellanedaet. al (203) (3/7.54-N-NF-W1) and Rambdroddenberrf2002 (D36 W647N6-2)
on a puskout test frame. From the plot in Figure 5.20, it is observed that specimen-4R:U%
SS(a) reached a peak load of &4ips per stud, holding the load for a significant amount of slip
until failure occurred with deck punching at 0.789 of slip. This behavior is similar to the
specimens 3/7-8-N-NF-W1 and D36 W64/N6-2, which peaked at 1bkips and 15.0 kips with
slip measurements of 0.7&9. and 0.850n., respectively. However, specimens T3:08-W-M

(b) and (c) did not correlate as closely with 3/Z-H-NF-W1 and D36 W64/N6-2. These
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specimens experienced stud shearing failure inhtreeled shear stud nearest e fctuatqr
followed by deck punching in tHeeaded shear stud farthest to the actudtois failure mode is

similar to what was observed in specimen T33MW-ST tested on the shear test setup.

Fig. 5.2 Force vs slip plot

The behavior o 3.0A-4N-W-SS(b) and (c) being similar to the test ran on the shear test
says the specimen still experience rotation as this setup also imparts load eccentrically and so there
is need to eliminate this rotation causing the headed studs tt faber strength dugo them
being imparted with both axial and shear load. The recommendation for this has been given in the
following section.

The axial forces generated can be approximately calculated using the interaction equation
given by Nelson (1984). The ation of shear and tension loading on an embedded headed shear
stud is given agzor full embedmente.,the when the anchor embedment length is in the range of
8 to 10 times the shank diameter.

_ (5.2)

0 Y
5 & P
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