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Abstract

Composite beams are frequently used in building, combining a steel beam with either a
concrete-filled steel deck or solid concrete slab. To ensure proper composite action, shear
connectors, typically in the form of headed shear studs, are utilized. Traditionally, the strength
assessment of these headed shear studs is made using empirical design specifications that are based
on push-out tests, which have been widely conducted and standardized over the years. However,
the standardized push-out tests have short-comings, such as uneven slab bearing, slab buckling,
questions regarding the distribution of load to each stud, etc.

A study was conducted to evaluate and compare the existing push-out test setup with two
alternative test setups. The study also aimed to examine the behavior of headed shear studs in
composite beams having deck deeper the current allowable limit of 3 in., as specified by American
Institute of Steel Construction (AISC) design specification. While the standard specification
allows for steel decks with rib heights of up to 3 in., there are deck profiles deeper than 3 in.
available in the market. Utilizing these deeper decks in composite beams offers several advantages,
including faster and more cost-effective construction by reducing the number of beams required.

This research therefore found that a major challenge in creating an alternative test setup
involves eliminating moment at the interface between the concrete-filled steel deck and the steel
beam. This moment leads to tension in the headed shear stud/stud group closest to the actuator,
thus affecting the shear strength of the headed shear studs. Further, these headed shear studs have

significant strength when used with 3.5 in. decks but further research is necessary.
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General Audience Abstract

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

In this study, the existing push-out 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 investigated. Using these deeper
decks offers advantages such as faster and more cost-effective construction.

One major challenge in creating an alternative test setup was eliminating the moment at
the interface between the concrete-filled steel deck and the steel beam. This moment 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 needed to fully 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 is a structural element typically consisting of a concrete slab attached
to a steel beam. The composite beam thus can take advantage of the compressive strength of
concrete and the tensile strength of steel. Composite beams possess high strength and ductility,
and are economical to assemble and construct. A composite beam (Figure 1.1 and Figure 1.2)
consists of a solid concrete slab or a concrete-filled steel deck over a wide flange steel beam with
shear connectors to transfer loads between the two, so that they act together as a unified section.
Perhaps, the most important elements of composite beams are the shear connectors. Shear
connectors should have sufficient strength and ductility for composite action to take place. Headed
shear studs are typical shear connectors used in these composite beams. The classification of
composite beams as partially-composite or fully-composite 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 of the advantages of composite beams are as follows:
1. Effective utilization of material properties with concrete in compression and steel in tension.
2. Stiffer elements causing less deflection.
3. More economical design by using shallower steel beam sections than non-composite beams.

Headed Shear

 Stud . . Solid Slab

Steel Beam

Fig. 1.1 Solid Slab Composite Beam



Headed Shear Headed Shear /—Concrete-ﬁlled
Std_ N Stud N ___/_Steel Deck

!

oncrete-filled
Steel Bea Steel Deck

Steel Beam

a) Deck Parallel b) Deck Perpendicular
Fig. 1.2 Concrete-Filled Steel Deck Composite Beam
Trapezoidal or dovetail deck profiles are typically used in steel buildings for composite
beams as seen in Figure 1.3. Dovetail 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 stacked or nested into one another and
so are efficient to transport or store. Trapezoidal profiles of a given depth also use less material

(steel coil width) than comparable dovetail profiles.

Trapezoidal deck Dovetail deck

Fig. 1.3 Typical Deck Profiles

1.2 Motivation for Research

The conventional push-out test, conducted using AISI S923-20 (2020), has some
challenges. The push-out test specimen consists of two halves using composite slabs attached with
headed shear studs to structural tees bolted together and placed in a vertically as seen in Figure
1.4(a). While testing, the headed shear studs in one of the slabs often fails first and so the results

are biased towards the weaker slab. The test also suggests application of a normal load: a



perpendicular load less than or equal to 10 % of the applied axial load to discourage unrealistic
failure modes where the slab separates from the beam. Unusual failure mode are observed these
tets like slab cracking, which give unreliable headed shear stud strength. Achieving uniform
bearing between the slabs and the floor is also challenging. Uneven bearing leads to uneven stress
distribution at the interface, which results in rotational movements of the slabs as they strive to
achieve even bearing. Also, after failure is observed in these tests, it is difficult to record slip
between concrete and steel. To overcome all these challenges different test setups were evaluated.
To reduce the bias toward weaker studs, eliminate rotation of the slab due to non-uniform bearing,
and improve post-peak slip measurements, it is better to test only one slab at a time such as shown
in the shear test setup of Figure 1.4(b). Evaluation of the shear test led to a modification which
resulted in a single-sided push-out test (Figure 1.4(c)). This configuration was designed to have
boundary conditions similar to the conventional push-out test. This single-sided push-out test will
offer the same advantages as shear test over the conventional push-out test. A more detailed

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

a) Push-out Test Setup b) Shear Test Setup c) Single-Sided Push-Out Test
Fig 1.4 Different test setup for headed shear studs
In addition to investigating alternative test configurations for headed shear studs, this study
is also concerned with the behavior of headed shear studs with deeper steel decks. The AISC
specification section 12¢ (AISC 2022) allows steel decks with rib heights up to 3 in. for these

composite beams. This is because past tests were almost exclusively conducted using a maximum
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of 3 in. deck for composite beam A review of past tests is provided in Chapter 2. Using deeper
decks with composite beams has advantages and deeper decks such as 3.5 in. and 4 in. dovetail
decks are already being produced, but aren’t allowed to be used in composite beams. Utilizing
deeper decks offers the advantage of achieving longer unsupported spans, resulting in reduced

number of beams thereby enabling quicker construction and a cost-effective solution.

1.3 Scope

The objective of the research is to develop a test setup for headed shear studs in composite
beams and to provide preliminary data about the applicability of 3.5 in. deep deck for composite
beams. A total of 33 tests were conducted using three different test setups. To evaluate and
understand the challenges of the conventional push-out test six tests were conducted. Further, a
test setup was designed to mitigate the challenges of the conventional push-out test given in AISI
S923-20. To eliminate the bias in data toward the weaker shear connectors of two slabs as tested
in the conventional push-out test, eliminate rotation of the slab due to non-uniform bearing, and
improve post-peak slip measurements only one slab is used in the proposed test setup. To avoid
unusual limit states such as the slab cracking or rotation of the specimen the shear test had the
specimen attached on the sides to the testing frame. With the shear test setup, it is also possible to
record reliable post-peak behavior. The test frame was thus designed as a self-reacting frame which
used an actuator to impart a shear load to the specimen. The testing procedure of the shear test
setup was set to be monotonic and displacement controlled to understand the strength as well as
the ductility of the headed shear studs. The test setup was assessed by conducting a total of 24
tests. Out of these, six tests were conducted in conjunction with the conventional push-out test 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 tension force, consistent failure



modes in headed shear studs of the specimen, exclusion of undesirable failure modes, and the
recording of post-peak behavior. The setup was further modified to create a single-sided push-out
test. To evaluate this modified setup, three 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 dovetail, for their 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 in composite
beams and describing past research related to solid slab composite beams and the derivation of
empirical equations. Further describing past research related to concrete-filled steel deck
composite beam with the rib height less than 3 in. and some research about deeper deck i.e., rib
height greater than 3 in. This chapter also briefly summaries the full-scale composite beam tests
and challenges that come along while conducting conventional push-out test.

Chapter 3 summarizes the test setups used and gives information on the procedure;
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 evaluated and their correlation to the stress state in composite beams

Chapter 5 provides a discussion of the results from the tests conducted.

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



2. Literature Review

2.1 Composite Beam Action

Composite action is when a steel beam and the concrete-filled steel deck act as a single
unit together as a composite beam section. The degree of composite action depends on how much
the slip at the interface is minimized.

Considering a non-composite beam and slab under vertical load and neglecting the friction
between the slab and beam, each carries a part of the load separately as seen in Figure 2.1(a). When
subjected to positive moment, the slab deforms generating tension on the lower 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 beam. Neglecting
friction, only the vertical forces act between the slab and 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 elongate. When there is no composite action, each element resists the moment individually
and the total resisting moment can be givena }, M = Mg, + My oq0m- It can be seen from the strain
variation (Figure 2.1 (a)) there are two neutral axes, one at the center of gravity of the slab and one
at the center of gravity of the steel beam. The horizontal slip resulting from the bottom of the slab
in tension and the top of the beam in compression is also indicated in Figure 2.1(a). Further, when
partial composite action 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 C” and T’ in the slab and beam respectively and thus the resisting moment of the
section would be increased by T e’ or C’e’. When full composite action is developed, no horizontal

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



between the center of gravity of the slab and the center of gravity of the steel beam. The
compressive and tensile forces C” and T” are therefore larger than C” and T’ respectively existing
in partial interaction. The resisting moment thus for fully composite beam becomes

Z M — T"e" or C"e"_

M (slab) ( M (slab) ( T o
o
M (beam) M (beam)
ar
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Fig. 2.1 Strain variation in composite beams (Salmon & Johnson, 1996)

2.2 Shear Connectors

The horizontal shear developed between the concrete slab and the steel beam must be
resisted for composite action. Mechanical shear connectors are therefore required to create
substantive composite action. Headed shear headed shear studs and channel connectors are
included in the AISC specification, but the most commonly used 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, considering a simply supported beam with a uniformly distributed load (Figure 2.2).
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X
Moment Diagram

Shear Diagram
Fig. 2.2 Simply 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 shear is low. This would lead to non-uniform 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 shear demand need not exceed the maximum compressive force
the concrete can develop which is given by,

C = 0.85fbesrd, (2.1)

Where:
f'. = compressive strength of concrete

b.sr = effective slab width



d. = depth of concrete in a concrete filled steel deck
or the maximum tensile force in the steel beam given by,
T = AGF, (2.2)
Where:
Ag = cross — sectional area of the steel beam
F,, = yield strength of the steel beam

The nominal shear strength can be given by,

D =m0, @3

Where:
Q, = strength of one stud
n = number of studs required between the point of maximum moment and zero moment

Thus, for full composite action

> 0, = min{c,7} (2.4

When, Y. Q,, < min{C, T} partial composite action takes place and the degree of composite

X Qn

action is defined as —=—,
min{C,T}

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 along the beam 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 programs undertaken about headed shear studs as it is one of the widely used

shear connectors in the industry.



2.3 Push-out Test for Headed Shear Connectors

The earliest form of composite beam included a solid slab over a steel beam with spiral or
channel shear connectors for composite action before headed shear studs were used. The headed
shear stud’s popularity stems from the fact that it can be installed using a welding gun. The shear
capacity of these headed shear studs in solid slabs was first evaluated by Viest (1956). Push-out
tests were conducted for channel connectors and they gave good results in agreement with the
beams test and so were used for headed shear studs as well. Viest (1956) conducted 12 Push-out
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 welding and the stud diameter varied from 0.50 to 1.25 in. The center-to-center
stud spacing was either 2 in. or 4 in. All other parameters were held constant. Flanges were greased
before the slabs were cast to prevent bond and to reduce the effect of friction during testing. A
sharp drop in load 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 load as the “critical load, Qc””. Viest (1956) defines
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 with respect 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 considered the “critical load, Qcr”.
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Fig. 2.3 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 for large diameter
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.
4000
for,d < 1in. Q. = 5.25d?f; I3 (2.5)
c
4000
for,1in.<d <11/, in Q, = 5df! 7 (2.6)
c

Where, d = stud diameter, in.

f¢ = concrete strength, psi

Further limitations were placed on the use of the above equation as follows,

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

A lower limit of fc” = 2500 psi and upper limit of fc” = 5000 psi was suggested. For concrete with
fc” > 5000 psi yield safe value of fc’=5000 psi must be substituted.

All headed shear studs 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 push-out experiments in the same manner as Viest
(1956), but with lightweight concrete with 1/2, 5/8, 3/4, and 7/8 in. diameter headed shear studs at
lengths nearly four times the diameter. Similar to Viest (1956) he also observed that cyclic loading
did not affect the load vs slip envelope and determined “useful load, Quc” the same way Viest
determined “critical load, Qc”. The failure was due to one or two headed shear studs shearing off
in all specimens except the 7/8 in. diameter headed shear studs which failed by slab cracking and
from failure it was evident that considerable plastic action occurred in headed shear studs. Further,
it was observed that the square root variation with concrete strength given by Viest (1956) had
good relation with the results and gave the following equation.
2.7)

4000
]CCI

Quc = 6.5d°f!

where, Q. = useful load, Ib
d = stud diameter, in.
f/ = concrete strength, psi

However, it was observed that the ultimate headed shear stud capacity had no effect of the
concrete strength and gave the following equation.

Q, = 39.22a%76¢ (2.8)

where, Q, = ultimate stud capacity, Ib
d = stud diameter, in.

Lastly, Chin (1965) performed two beam tests and observed that the calculated ultimate

loads for both beams using results of the push-out tests were close to the experimental values.
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Davis (1967) conducted 20 half-scale solid slab push-out tests to understand the variation
in stud configurations on the strength of headed shear connectors. All specimens used 3/8 in.
diameter headed shear studs 2 in. long. He discovered that in a recommended specimen provided
by the British code of practice CP 117: Part 1:1965 (two headed shear studs set perpendicular to
the direction of force) give 25% higher ultimate strength value than when the two headed shear
studs are oriented parallel to the direction of loading. In addition, Davis (1967) discovered a linear
relationship between longitudinal stud spacing and stud capacity, which Viest (1956) did not.
Finally, he believes that ultimate strength improves with stud spacing at a faster rate for three
headed shear studs per flange than for two headed shear studs per flange, with two headed shear
studs orientated perpendicular to the applied force appearing to be the ideal arrangement.

Ollgaard et al. (1971) evaluated shear stud capacity by testing 48 small-scale push-out 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 properties (concrete strength, density,
modulus of elasticity and split tensile strength). Two 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 (from 15 to 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 results with Equation 2.9 given by Slutter and Driscoll (1965)
which they modified from Viest (1965) it was observed that it did not account for the difference
between normal and lightweight concretes so further performed regression analyses using
logarithmic transformations.

Qu = 37.45A,/fl (2.9)

Where:
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Q, = ultimate stud capacity, kips
A, = nominal area of the headed shear stud, in?
f'. = concrete compressive strength, Ksi

The results also showed that the stud strength was primarily influenced by compressive
strength and modulus of elasticity of concrete and cross-sectional area of headed shear studs played
an important factor. Based on the following he gave an empirical equation (Equation 2.10) to
determine the shear stud capacity in solid slab composite beams as

Qu = 0.5A/f{E¢ (2.10)

Where:
f'. = concrete compressive strength, ksi
E. = modulus of elasticity of concrete , ksi
A; = nominal area of the headed shear stud, in?

Further, it was observed unloading of the specimens did not affect the envelope of the
curves, and the reloading was reasonably linear until the maximum load prior to unloading was
reached which was also seen by Viest (1956) and Chin (1965). An empirical formula for the load-

slip relationship of continuously loaded specimens was therefore given as follows,

Q= Q,(1—e 85 (2.11)
Where:
Q = Load, kip
A = slip, in.

Hawkins and Mitchell (1984) conducted a total of 23 push-out test: 13 push-out specimens
were tested monotonically, and 10 specimens were tested under reversed cyclic loading. The

influence of the following variables: type of loading, presence of metal deck, deck geometry, and
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deck orientation were tested with 10 solid slab specimens and 13 concrete filled metal deck (1v2
in. or 3in.). Each specimen had two % in. diameter headed shear studs in each slab. Four distinct
failure modes: stud shearing, concrete withdrawal, rib shearing, and rib punching were observed.
Large elastic deformations and slips were observed in the specimens that failed in stud shearing.
Such connections had a reversed cyclic shear strength that was roughly 17% lower than their
monotonic strength. They also concluded that the empirical equation predicted by Ollgaard et al.
(1971) very well predict the stud capacity for specimens with stud shear failure. The specimens
that showed concrete pullout failure were very brittle. When compared to the responses of stud
shearing failure specimens, there was a considerable drop in strength and ductility. For such
failures, the reversed cyclic strength was around 29% lower than the monotonic strength. Hawkins
and Mitchell (1984) thought the shearing force (stud capacity), can be thought of as the frictional
force arising from the normal force (developed in the stud due to large slippage), and the
coefficient of friction and gave the following equation
V. = 5.4 f!A, (2.12)

Where:
V. = Shear capcity due to concrete pullout failure, psi
A, = area of concrete pullout failure surface, in?
f¢ = concrete compressive strength, psi

The value of Ac was derived as the cone-shaped failure formed by the underside of the stud

head and making a 45° angle with the vertical axis of the stud (Figure 2.4).
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Fig. 2.4 Pull-out surface area (Hawkins and Mitchell (1984))

Further, Hawkins and Mitchell (1984) observed particularly 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 believed this failure may not have occurred if the test specimen
had been wider. Also, 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 push-out tests. Five of the 18 push-out specimens
had a solid slab, five had a metal deck parallel to the steel beam, and eight had a metal deck
perpendicular to the steel beam. Their objective was to study headed shear studs in composite
beam with ribbed metal deck perpendicular and parallel to a steel beam and the experimental
parameters were longitudinal spacing and rib geometry. They tested 1.5 in. and 3 in. steel deck
with headed shear studs 3/8 in. diameter and 3 in. long or % in. diameter and 5 in. long.
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The failure modes observed in these tests were shearing off of the headed shear studs,
crushing of concrete adjacent to the stud cluster, longitudinal shearing of the concrete slab, stud
pull-out together with a concrete wedge and rib shear. The first three failure modes were observed
in solid slab and metal deck parallel to the steel beam specimens. 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 observed by the Jayas and Hosain (1988) were similar to Hawkins
and Mitchell (1984) and Ollgaard et al. (1971). Concrete related failure led to the reduction in stud
strength by 7% for solid slab and 14% for specimens with metal deck parallel to the steel beam.
The failure area was similar to the pyramidal cone given by Hawkins and Mitchell (1984). Almost
all specimens with perpendicular deck saw stud pull-out failure. This failure led to a drastic
reduction in stud strength compared to solid slab specimens, approximately 40% reduction for
specimens with wide rib (Wi/h; > 4) and even more reduction for narrow rib (W/h; > 4) deck
profiles. The stud spacing had no effect on stud strength in these perpendicular deck specimens.

Jayas and Hosain (1988) saw that Hawkins and Mitchell (1984) equation underestimated
the stud strength for 1.5 in. deck and overestimated for 3 in. deck. So proposed two different

Equations 2.13 and 2.14 for each deck with the upper limit as Ollgaard et al (1971) Equation 2.9.

For 3 in. deck,

V. = 0.350/f/Ac < Qq (2.13)
For 1.5 in. deck,

V. = 0.614/f/A. < Qy (2.14)

Where:

V. = Shear capcity due to concrete pullout failure, N
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f¢ = concrete compressive strength, MPa
A, = area of concrete pullout failure surface, mm? (Hawkins and Mitchell, 1984)
Q. = ultimate shear stud strength, N (Ollgaard et al, 1971)
A = factor which depends on the type of concrete
= 1.0 for normal density concrete
= (.85 for semi low density concrete
= 0.75 for structural low density concrete

Further, Jayas and Hosain (1988) conducted four composite beam test which will be
discussed later in the literature.

Robinson (1988) evaluated 17 push-out test simulating three distinct components of
composite floor system: a) an interior beam (Steel deck perpendicular to the beam), b) a spandrel
beam (Steel deck perpendicular to the beam at the edge), and c) a girder (Steel deck parallel to the
beam). 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 in. long respectively. Robinson (1988) observed that up to the first
crack the load increased proportionally 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 beam specimens 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 lower. Comparing these 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 the peak 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).

085/H—h 2.15
Qrip = W( n )(%) Qsot < Uso ( )

Where:
Q.ip = strength of a stud in formed steel deck
Qso1 = strength of a stud stud shear connector in a flat soffit slab (Ollgaard et al, 1971)
H = height of stud shear connector
h = height of rib
N = number of headed shear studs in a rib
w = average rib width
Robinson (1988) also saw that for girder type (steel deck parallel) relatively small edge
distance of the stud in the concrete rib had no significant effect on the shear capacity and the
ultimate strength 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 having degree of composite action of
0.25 and 0.26 with deck perpendicular to the steel beam and saw good agreement between the
ultimate shear strengths obtained from the push-out tests and the ultimate shear strengths observed
in the test. So, it was concluded that the comparable push-out specimens tested, having one lateral
row of single or pairs of headed stud connectors, gave reliable values of ultimate shear strength.
Mottram and Johnson (1990) evaluated 35 push-out test using through-deck welded headed
shear studs with normal and lightweight concrete. Three different types of steel deck were
employed perpendicular to the steel beam, together with % in. diameter headed shear studs 3.75

in. or 4.7 in. long. The results showed plastic deformation in the headed shear studs but indicated
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that the strength was proportional to fo®?’, fcu is the cube strength of concrete. For lightweight
concrete the 10% reduction for solid slab given in BS 5950: ‘Part 3.1.” were slightly conservative.
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 shear studs placed in weak position had strength 35% lower
to the headed shear studs placed in strong position. Within one steel trough, two headed shear studs
placed diagonally were weaker than two headed shear studs placed in line, even though the latter
were further apart. The strength per stud in a pair of headed shear studs per rib was less than for
ribs with one stud, but this reduction was not greater than the 30%. Increasing the slab thickness
by 0.75 in. and stud height by 1 in. increased the resistance by 19%. 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 less than 0.2 in. which
concerned him. They also did a detailed 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 Lawson (1989) was more consistent with the test results which can be for
the fact that equation accounted for the stud positions in the rib. The modified strength reduction

factor (SRF) given by Lawson (1989) is as follows

SRF — 0.75r< H; ) <10 (2.16)
[N, \Hs +hg/ —

Where:

r = factor to account for position of stud in rib

: . . b
= headed shear studs in central or strong position, r is the lesser ofh—o, hi + 1and 2.0
R R

= headed shear studs in weak position, r is the lesser or b, /hg and 2.0

Hg = stud height
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hr = depth of deck

N, = number of headed shear studs in a rib

b, = average rib width

e = distance between midheight of deck web and stud center in direction of loading

Lloyd and Wright (1990) conducted 42 push-out test to investigate the effects of amount
and position of reinforcement and slab width and height. Tests were also conducted to investigate
the effects of applying transverse loading to the slab during the test. The slab thickness of 4.5 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 slab studied 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 throughout 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 was seen to ride over the deck causing extensive distortion to the deck. A wedge-shaped cone
of concrete (figure 2.5) around the stud was seen unlike the pyramidical cone seen by Hawkins
and Mitchell (1984). Some specimens exhibited rib-shear failure wherein the 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 reinforcement quantity and position appeared to have a little effect on the stud
resistance. The application of transverse moment to a push-out test specimen appears to raise the

ultimate connection capacity only marginally. Based on the observed wedge-shape cones Lloyd
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and Wright (1990) gave an expression of the surface area of the cone to predict 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. 2.5 Wedge-shear cone (Lloyd and Wright, 1990)
For single stud,

w2 (2.17)
A.(ss) = 2w, 1/4 + hZ +wy /le + 2h% + 2w, /3D5
For double stud,
[w2 (2.18)
A.(ds) = A.(ss) + 2s W1/4 + h3

And the connection resistance can be given as

0.34
Qx = (Ac\/ fcu) (2.19)
Lloyd and Wright (1990) also gave an expression of the rib-shear failure surface area that occurred

in 17.7 in. wide specimens
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For single stud,

> (2.20)
A (ss) = wy /b2/4 +hZ +b /W1/4 +h2

For double stud,

5 2 2 2.21
A, (ds) = wl\/(b Tyt 3+ (b= )"y 13+ 25"y + B3 @20

When the rib-shear surface area is less than the wedge-shear cone surface area the failure

modes changes from cone failure to rib-shear failure. The critical breadth of slab at which this
occurs can be given by

For single stud,

’ 2.22
ber(ss) = AC(SS)/hZZ, W12/4_ + hzz, - W1/2h12, \/AC(SS)Z + 4h? ( )

For double stud,

b.-(ds) = b..(ss) +s (2.23)
Where:
A. = Area of concrete
h,, = Projection height of stud (h - Dp)
w; = Overall trough width
D, = Overall profile depth
s = stud spacing
f.u = Characteristic concrete strength
b = Slab breadth

h = Overall stud height

23



Androustos and Hosain (1992) conducted 16 Push-out 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. Two metal decks having the ratio of rib width to rib height (w/h;) 0.78 and
1.485 were used with the overall concrete thickness of 6 in. and 4 in. respectively. Since the ratio
wi/hy for both the deck was less than 1.5 they were termed as narrow ribbed metal decks.
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 shear studs. Androustos
and Hosain (1992) observed five different failure modes 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 specimens 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 failure mode. The
transition point appeared to be approximately 5d for 6 in. solid slabs and 6d for 4 in. solid slab.

Sublett (1992) conducted 36 push-out tests with three different deck geometries. Test
variables were normal load application, stud position, slab thickness, deck rib geometry, and base
member thickness. Test conducted by past researchers showed that during push-out test the
concrete would tend to peel away from the specimens which caused premature failure in the push-
out test and therefore poor relation to the full-beam test. Sublett (1992) therefore 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 full-scale beams. When comparing identical

specimens which varied in the applied normal load Sublett (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. The load vs slip equation given by
Ollgaard (1972) although derived from solid slab push-out test gave acceptable results when
compared with the test results. Sublett (1992) also saw that the location of the stud in the flute of
the metal deck impact the strength and stiffness 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 strength and the base metal thickness similar to
Goble (1968) was also observed. Thin 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 compared specimens having two headed shear studs per slab to one stud per slab
good relation between the ultimate strength was observed indicating equal load distribution
between headed shear studs. Increase in the flute increased the strength, an increase in ratio of rib
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. Further Sublett (1992) compared the experimental
results to the formulas given by Mottram and Johnson (1990) and 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.

Chandrasekar (1995) conducted a total of 104 push-out test in three phases on solid slab
and wide ribbed metal deck (W:/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 shear capacity of
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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 wide ribbed metal deck specimens to study the
effects of longitudinal stud spacing and the rib width to height ratio (W./hr). Chandrasekar (1995)
observed 5 failure mode: shank shearing of headed shear studs, concrete splitting and crushing,
combination of concrete 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 large W,/h, ratio whereas concrete splitting and crushing occurred when
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 in specimens 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. deck. The 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 transverse spacing was 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 point to a 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 Chandrasekar (1995) carried out a least square regression analysis to give an equation for

predicting ultimate load per stud in solid slabs as:

qu = 0.47s.h\[f! + 2.855,d\/f! + 0.15A.,f, + 2.23dh/f! < 0.84,.F, (2.24)
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Where:
st = transverse stud spacing
s; = longitudinal stud spacing
d = stud diameter
h = stud height
fy = yield strength of transverse reinforcement
fc = concrete compressive strength
Ay = area of transverse reinforcement
Agc = cross sectional area of stud
F, = ultimate strength of stud
For 6 in. metal deck specimens Chandrasekar (1995) saw no plateau within 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 for ultimate load per stud in wide ribbed metal decks as:

w
qu = (11s,d — 0.8252)/f + 0.36h—;‘dh 7 < 0.84,.F, (2.25)

3d > s; < 6d

Where:

w,
h—d = rib width to rib height ratio
d

Lyons (1994), Lyons et al. (1996) conducted 48 push-out tests on solid slabs and 87 push-
out using steel deck. The normal load apparatus developed by Sublett (1992) was adopted to more
accurately simulate the behavior of shear connectors in a composite beam and the steel deck test

specimens were identical to Sublett (1992) except 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 (1971) that single stud grouping
was used instead 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 failure mode observed were stud
shearing, stud rupture, concrete pull-out, 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 specimens which failed in stud shearing saw that the connector strength
depends on concrete strength. Lyons’s (1994) relation was 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 pull-out 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 concrete pull-out failure. The weak position
headed shear studs in steel deck specimens exhibited rib-punching and observed a low ultimate
strength compared to the strong position headed shear studs but extraordinary ductility. The
strength of weak position headed shear studs increased if the strength of the steel deck increased.
In staggered position headed shear studs if the headed shear studs weren’t high enough concrete
pull-out failure would occur or the headed shear studs saw rib punching/stud shearing and rib
cracking failure. The concrete pull-out failure for staggered position headed shear studs was
similar to strong position concrete pull-out. When the headed shear studs exhibited rib punching
and stud shearing failure they acted independently as one stud in strong 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 occurred. Lyons
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(1994) also observed that increase in the tensile strength adversely affects the stud performance.
High strength headed shear studs (Fu = 84 ksi) fail at lower slip than standard strength headed shear
studs (Fu = 67 ksi). Concrete strength and unit weight affects the ultimate strength of headed shear
studs even if stud shearing failure occur and significant portion of the connection strength comes
from the friction at the concrete-steel interface. Following the observation, Lyons (1994)
recommended to not use cold working to increase the tensile strength of stud and consider the
importance of friction at concrete-steel 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 and Yuan (1997a) carried out research to verify the existing design rules for stud
shear. They analyzed 269 push-out tests from previous research and also carried out 34 new push-
out tests. Comparing the 269 push-out tests with the rules that existed during that time Joshnson
and Yuan (1997a) saw that the Eurocode method appeared to be the least safe with several test
results below 70% of predicted strength and the Hanswille et al. (2004) method to be over
conservative with all of the test results to be 1.5 times the predicted strength. While planning the
34 new push-out test Joshnson and Yuan (1997a) considered 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 they identified seven modes of failure. For 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 pull-out, and concrete pull-out. Joshnson 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 Eurocode (Equation 2.26),

Ps = 0.37A,(fE;n) %> < 0.8A,f, (2.26)
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Where:

P.; = shear strength of stud in a solid slab

fu = ultimate strength of stud

E., = modulus of elasticity of concrete

fc = cylinder strength of concrete

A, = cross sectional area of stud

Strength for other modes of failure was defined as
P = kB

Where:

P.; = shear strength of stud

k; = reduction factor

+A(1 + A% — n?)°®
1+ A2

For concrete pull-out failure (CP) with one stud in favorable or central position,

_ 0.56v;,h? (bo - %)

Nep = <1.0
P herPrs
1 = erTy
P hyP

If h>2hp, use h = 2h, and the failure mode is shank shear (SS)

For rib punching failure (RP),

_ 18 th—hp)thy o
P Prs T

1= eT,
P 2h,P

(2.27)

(2.28)

(2.29)

(2.30)

(2.31)

(2.32)
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The stud in unfavorable position (u) is considered to fail by rib punching for combined rib
punching and concrete pull-out failure (RPCP) of headed shear studs in slabs with two headed
shear studs positioned in series or diagonally in a rib. The stud on the favorable side (f) is
anticipated to fail due to concrete pull-out. The combined resistance is calculated by adding the

resistances of the two headed shear studs.

_(gth—h)thy . (2.33)
! Prs -
ely (2.34)
Ay =
2h, P
0.56v, 1% (e + 5. — ) (2.35)
ny = — if 0.75h < (e + ;)
pLTrs
V(e + 5¢)? (0.75h - @) (2.36)
= if 0.75h > (e + s,
N hpPrs f .
eT,
A = Y (2.37)

h, P

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

Where:

Ve, = 0.8£%% < 5,shear strength of concrete

h = height of stud

b, = average width of deck trough

h, = height of steel deck

N, = number of headed shear studs per rib

e, = distance from center of stud to nearest rib wall
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for favorable position stud,

T, = 0.8A,f, , yield tensile strength of stud

feu = cube strength of concrete

es = distance from center of headed shear stud to nearer rib wall for unfavorable position

t = thickness of steel deck
fyp = yield strength of steel deck

Kim et al. (2001) conducted three push-out test to determine the behavior of % in. stud
shear connectors welded through-deck in a composite slab and provide specific data to develop a
numerical mode. The effect of profiled steel deck, width of the specimen and different loading
conditions were studied. They also discussed the concrete pull-out failure observed in the tests.
The specimens used Y2 in, diameter and 2.5 in. long headed shear studs and 1.5 in. deep steel deck.
The measured concrete pull-out failure area observed was 30% higher than suggested by Hawkins
and Mitchell (1984) and 41% less than that suggest by Lloyd and Wright (1990). The pull-out
strengths predicted using the formulae proposed by Hawkins and Mitchell (1984), Jayas and
Hosain (1987), and Lloyd and Wright (1990) 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 pattern was in good agreement with the
test and the main failure mode for the FE analysis was concrete pull-out and it did not show the
yielding of the headed shear studs even though they were given non-linear material properties.

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

properties on stud strength, Roddenberry (2002) carried out 24 solid slab push-out test and 93
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composite slab push-out tests Stud diameter ranged from 3/8 in. to 7/8 in. and deck heights of 2
in. or 3 in. 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 the concrete slab and steel beam eliminating 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 to reduction 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. The specimens having
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 concrete pull-out. The specimens having
headed shear studs in strong position in 2 in. deck with a normal force of 20% of the applied shear
load had the highest strengths and believed to exhibit concrete pull-out failure. The specimens
having headed shear studs in weak position in 2 in. and 3 in. deck all had rib punching failure. A
few specimens having deep deck saw average strength of headed shear studs to be 0.28AsFy for
4.5 in. deck and 0.21AsF, 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 floors. Roddenberry (2002) found
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 found the average stud strength
of 7/8 in. headed shear studs was much less than that of 3/4 in. headed 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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d
For headed shear studs in 2 in. and 3 in. deck with¥ < 2.7,

Qsc = RyRyR4AGE, (2.38)

R, = 0.6 for epijg_ne = 2.2 in. (strong position headed shear studs)

= 0.6 for eig_nt < 2.2 in. (weak position headed shear studs)

= 0.52 for staggered position headed shear studs
R, = 1.0 for one stud per rib or two headed shear studs in staggered position

= 0.85 for two headed shear studs per rib
R4 = 1.0 for all strong position headed shear studs

= 0.88 for 22 gauge deck (weak headed shear studs)

= 1.0 for 20 gauge deck (weak headed shear studs)

= 1.05 for 18 gauge deck (weak headed shear studs)

= 1.11 for 16 gauge deck (weak headed shear studs)

d
For headed shear studsin 1 in.and 1 1/2 in. deck withz <27,

Qsc = R,3.08¢00484sFu (2.39)
R, = 1.0 for one stud per rib
= (.85 for two headed shear studs per rib

d
For headed shear studs in 2 in. and 3 in. deck with¥ > 2.7,

d 2.40
Qsc = RyRuR4AsF, — 1.5 (? - 2.7) (240)

d
For headed shear studs in 1in.and 1 1/2 in. deck with; > 2.7,
(2.41)

d
Qsc = R,3.08¢00484sFu — 1.5 (? - 2.7)
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Where:
A; = Cross — sectional area of stud
E, = Ultimate tensile strength of the stud

Hicks and Couchman (2004), Hicks and Couchman (2006), Smith and Couchman (2010),
Hicks and Smith (2014), Hicks and Odenbreit (2017) conducted a multiple push-out test and full
beam test program from 2004 to 2017. These tests were conducted along with finite element
modelling. The main objective was to study and standardize push-out test and its correlation to
full-beam test along with understanding the various paraments effecting the stud strength. Hicks
and Couchman (2004) recognized that the drafting committee for British code of practice 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 standardized specimen configuration was latter given as BS

5950-3 1990 without comment on the need to modify it when profiled steel sheeting was employed

(Figure 2.6).
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Fig. 2.6 Standard push test specimen according to BS 5950-3 1990
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These specimens were criticized by Johnson and Anderson (1993) to be very small and
having a tendency to split longitudinally. So, later the Eurocode 4 (EN 1994-1-1 2204) made
significant changes to the standard push-out test (Figure 2.7) compared to the British standards as
to increase the 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 others. Hicks and Couchman
(2004) push-out specimens were identical to Johnson and Yuan 1997 except the edge 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 the two-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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Fig. 2.7 Standard push test specimen according to Eurocode 4 (EN 1994-1-1 2004)
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Further in Hicks (2006), reported the results of 24 push-out 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 per rib, irrespective of the
stud layout this was latter attributed as the effect of artificial ‘back-breaking’ (discussed latter in
the literature) failure mode. Comparing the full-beam test results to the companion push-out test it
was found that the peak resistance in push-out test is compatible with the plateau of load vs slip
curve of the headed shear studs in the beam specimens but the slip measured in the push-out test
was well below the slip measured in full-beam test. The slip in the push-out tests were lower than
what was required by the Eurocode 4 to consider the connection as ductile. The resistance of a
single stud back calculated from the full-beam results showed that the Eurocode 4 was overly
conservative and the characteristic slip capacity outperformed the ductility 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 push-out test 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 performed on a “new push rig”
(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 requirement by Eurocode 4 which weren’t seen in Hicks
(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 rib. Increase 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 instead of top of the slab saw an
improvement of stud resistance by 31%.

Hicks and Smith (2014) performed one full-beam 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 no better than two headed shear studs per rib. The push-out test was performed on the
improved standard push test (Figure 2.8), which reflected the conditions that exist in a real beam
more closely. Hicks and Smith (2014) felt that the reason for the poor performance in push-out
tests was due 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 beams and so the loading system consists
of two vertical jacks applying the longitudinal shear force, accompanied with two horizontal jacks
applying a lateral force, which is uniformly distributed over the face of the test slabs through a
grillage of W sections. This introduction of the transverse loading was similar to the ‘new push
rig’ of Smith and Couchman (2010) except that the transverse loading was more uniformly

distributed over the slab.
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Fig. 2.8 Improved standard push test (Hicks and Smith (2014))
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Hicks at al. (2017) showed that modifying the push test through the introduction of a
normal force to the face of the test slabs provides comparable load-slip performance to that
encountered within a beam and proposed test setup modification (Figure 2.9) in Eurocode 4 for

headed stud connectors welded with trapezoidal profiled sheeting.
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Fig. 2.9 Proposed test specimen for headed stud connectors welded within trapezoidal profiled
sheeting (Hicks and Couchman (2004))

Veljkovic and Johansson (2004) carried push-out test to study the residual static resistance
of stud shear connectors. The specimens were standard push-out specimens given in Eurocode 4
except that the concrete slabs were placed on rollers 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 0.2Pr and a peak load of Pmax = 0.6Pr with different number of cycles and the loaded
to failure under displacement control. Pr is the stud strength observed for the companion push-out
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 maximum load applied 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 Johansson (2004) assumed a linear decrease in the residual strength and gave
the following equation for 7/8 in. headed shear studs.

N ) (2.42)

Pres:PR(l_E_a

Where Pr is the static resistance of the stud, N is the number of cycles and E. is the
asymptotic endurance which 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 Liu (2014) and Sun at al. (2019) also conducted few monotonic and cyclic loading
test on shear headed shear studs. Both studied the presence of profiled sheeting, the direction of
the steel sheeting and the loading patterns. Fan and Liu (2014) used 2 in. trapezoidal 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 tested. The monotonically loaded specimens were loaded under force control
until an evident reduction in stiffness was noted in the load-slip relationship. At this point, the
specimen was loaded in displacement control until failure. In cyclic specimens the lateral
displacement of slab was constrained and loaded was subjected to one cycle, in force control, at
each 30%, 60%, and 90% of the elastic capacity determined from the monotonic test. This was
followed by further cyclic loading. Fan and Liu (2014) observed stud shearing and rib shear failure
modes while Sun at el. (2019) observed concrete pull-out, 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 difference in 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. Concrete pull-out 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 specimens. Under cyclic loading the envelope response was similar to the monotonic
response initially but degraded quickly as deformations increased. Energy dissipation
characteristics did not vary significantly between specimens.

Hirama et al. (2017) did a comprehensive literature review focusing on slab type, failure
mode, and large-diameter headed stud from existing 1002 push-out test results. Hirama et al.
(2017) performed regression analysis and saw the apparent variation depending of slab type and
failure mode but the shear test tended to increase as the total cross-sectional area of the stud shaft
increased. Further analyzing only solid slab specimens for stud failure and concrete failure Hirama
et al. (2017) saw that the shear strength was 1.023 times the tensile strength for stud failure and
0.915 times 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 so Hirama et al. (2017) classified the results based on stud diameter
rather than the failure mode. While analyzing the results with steel deck having headed shear studs
with diameter less than 1 in., 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 volume surrounding the
headed shear studs affect its strength. The limited results of headed shear studs having diameter
greater than 1 in. showed that the 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 given by Lungershausen.
Lungershausen defined four load bearing mechanisms for headed stud connectors in solid slabs
(Figure 2.10).

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

D. Friction forces between the concrete and steel surfaces
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Fig. 2.10 load bearing mechanisms for headed stud connector given by Lungershausen
The compression force acting on weld collar (mechanism A) was determined as the product
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 concrete pressure in front of the stud shank
by the length of equivalent structural system with plastic moment resistance of the shank assumed
as the upper limit. The horizontal component of the stud’s normal force (mechanism C) results
from the anchorage of the head in 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 headed shear connections in solid slab

Shear resistance of headed stud connector for concrete failure

Poc = 39854077 f0 + 3.75d2£103 f1/ (2.43)

Shear resistance of headed stud connector for steel failure

Pps = 39.85A4,,077f2/% + 0.59f,d? (2.44)

c,cy
Where:

Ay ey = effective projected weld collar area, mm?
fe,cyt = uniaxial cylinder concrete compressive strength N /mm?

f.. = tensile strength of stud shank N/mm?
d = shank diameter of headed stud, mm

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

oy 245)

PRd,C = l326AW'eff (30 N/mmz

N 22()d2( For )2/3( Fur )l/zlyl

30 N/mm? 500 N/mm?
2/3 1/2 (2.46)
Rd,c weff\30 N /mm? 500 N/mm? Yv

Where:
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Ay, ofs = effective projected weld collar area, mm?

f.x = uniaxial characteristic concrete compressive strength, N/mm?
fu« = characteristic tensile strength of stud shank, N/mm?

yv = partial factor = 1.25

Provided 20 N/mm? < fy < 100 N/mm? , f,; < 740 N/mm? and 16 mm <d <
25 mm.

Further a new reduction factor was determined, based on the equation developed from
various individual results depending of the position of headed shear studs and other various
dependencies which were compared with push-out test. 17 push-out tests were carried out by
Konrad et al. (2009) to investigate the influence of position of stud in the rib and influence of
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 strength than strong and centrally positioned
headed shear studs. A numerical analysis found that as the embedment depth increased the stud
strength increase up the value of hs/hp, = 1.56 (ratio of stud height to steel deck), a value greater
than that does not lead to any further increase. Further the reduction factors were summarized and
the following equations was given for headed stud in steel deck in perpendicular position.

Prarr = kPrac < Pras (2.47)
For diameter d < 22mm (pre-punched) and 16 mm < d < 22mm (through-welded)
1. Pre-punched profiled steel sheeting or through-deck welded headed shear studs with

sheeting thickness t < 0.75 mm

b (2.48)
k = ko |ke0.038 (2" ) +0.597| < 1
D
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2. Welded-through headed shear studs with steel sheeting thickness t > 0.75 mm and ¢ > 55

mm
b (2.49)
k = knker |ke0.042( 2= | +0.663| <1
p
3. Welded-through headed shear studs with e <55 mm
(2.50)

bm
k=l 0317 (=) +0.06| < 0.8

p

Where:
b, = width of ribs, mm
h, = height of profiled steel sheeting, mm
k,, = factor for number of headed shear studs
=1.0ifn, =1
= 0.8ifn, =2
ke = factor for position of stud in rib
=1if55 < e <100mm
= 2ife = 100mm
e = distance between headed stud and profiled steel sheeting in load direction, mm
k. = factor to account for geometry of profiled steel sheeting
= 1.25 re — entrant steel sheeting
= 1.00 open steel sheeting
Eggert et al. (2017) compared the Eurocode 4 and the equations given by Konrad (2011)
with the push-out 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 which is safe and conservative. They saw 22% increase when
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through-deck 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.

The stud strength according to Konrad is proportional to / £ which gives a 11% increase from

40 N/mm?to 46 N/mm? which fitted well with the measured 11% seen in the test results.

2.4 Push-out Test for Headed Shear Connectors in Deeper Decks

The above section has given us a brief about the research on push-out conducted 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 the use of deck with
height more than 3 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 headed shear studs in 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 deep decks. The 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 new equation 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 load to spread under the shear stud in each direction making
an angle of 40° giving the concrete width w=2.4hs.. The moment resistance of the cone was given

as follows.
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bihax (2.51)

Where:
hs. = height of steel stud
bmax = maximum width of the deck rib max
bmax = width of the top deck rib max
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

n, = number of plastic hinge
= 1forhy < Zd\/n_r
= 2 for hy > 2d\/n,
With the first hinge always forming at the bottom of the stud just above the weld and the
second hinge forming at the distance hy = Bhg. from the bottom where B is 0.45 for trapezoidal

deck and 0.41 for re-entrant deck and the plastic bending resistance of the stud to be

1
My, = 3 (furd?®) (2.52)

Where:
fux = tensile strength of shear headed shear studs
d = stud diameter
based on these two mechanical model the Ottenbreit and Nellinger (2017) gave the

loadbearing capacity of the shear headed shear studs

0.85f.,mW  n,M, |1 (2.53)
Praq1 =109 Jetm + 2 ;l -
hpn, hg — /2 ¥

Where:
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feem = concrete tensile strength as defined in EN 1992
W = moment of resistance of concrete cone
n, = number of headed shear studs per rib

n, = number of yield hinges

y
h, = height of steel sheeting
M, = plastic bending resistance of shear stud

To account for the possibility of pure shear failure the Ottenbreit and Nellinger (2017) gave the

following equation

ndzl 1 (2.54)
Y

PRd,Z = 0.6 fukT

Where:
y = factor of safety according to EN 1994 — 1 — 1 = 1.25
The stud resistance was therefore given as
Prg = min(Pra,1, Pra,2) (2.55)
The Ottenbreit and Nellinger (2017) compared 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 equation developed 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 (bo/hp<1.5) and deep concrete filled steel decks. He modelled 54 push-out test 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 reinforcement and slab 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 concrete volume above the deck i.e increasing the slab dept or
reinforcing the slab above the deck didn’t increase the stud capacity. Further, he proposed to place
headed shear studs in alternative ribs in the push-out specimens 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 ductility than the traditional specimens. Albarram 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 average Pre/Paisc = 0.79. He also noticed
that for concrete strength higher than 3 ksi the steel failure side of the equation governed. These

equations also didn’t consider the geometries of steel deck as considered in Eurocode.

2.5 Challenges with Push-out Tests

With many push-out 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 above Hicks and Couchman (2004)) proposed a modified Push-test for Eurocode.
When Hicks (2017) conducted push-out test on specimens having trapezoidal steel deck sheeting
he saw the wedge-shaped portion of concrete separating when loads were applied which was called
as the concrete pull-out failure. During this failure 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 separate from the steel decking. He then compared these results with similar full-scale beam test

and saw that the slips measured in the push-out test were lower than the full-beam test which
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concluded that the behavior of the headed shear studs in the push-out test weren’t similar to the
full-beam test. He modified the push-test 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 test as seen by Rodenberry (2002). Hicks also observed an artificial back
breaking of the specimen (Figure 2.11), which was due to the stud in the last rib at the top causing
rotation and giving rise to a horizontal crack. To eliminate his pre-mature failure, he proposed to

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

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

The most recent push-out being conducted at Virginia 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 specimens can pollute the slip measurements which can hamper the results.
Normal force is often required which according to the AISI S923-20 should be a maximum of 10%
of the applied longitudinal load. The result is often biased towards the weakest stud. As while
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. The specimens being vertical the compression

stresses in the specimens causes slab bucking (Figure 2.12) similar to the back breaking seen by
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Hicks (2017). Often the post-peak behaviors are polluted (Figure 2.14 and 2.15), as any one headed

shear studs fails in one slab the test setup rotates (Figure 2.13) and further given unreliable slip

measurements.

Fig. 2.12 Slab Buckling Fig. 2.13 Slab Rotation (Avellaneda, personal
(Avellaneda, personal communication)

communication)
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Fig. 2.14 Negative slip measurements (red) Fig. 2.15 Unreliable slip measurements (light
due to uneven bearing (Avellaneda, personal blue and green) after 1% stud failure
communication) (Avellaneda, personal communication)
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2.6 Different Test Setup

Apart from the conventional push-out 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 push-out test.

Van der Sanden (1996) developed a new push test setup where a single headed stud was
tested in a composite slab. He tested 23 push tests on this setup. The setup had intricate details
with. The specimen was a steel deck paced on a steel plate to which the stud was welded through
the deck and latter reinforcement was placed before concrete casting. A typical specimen used by

the Van der Sanden (1996) is shown in Figure 2.16.
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Fig. 2.16 Typical Test Specimen by Van der Sanden (1996)
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Fig. 2.17 ‘New’ Push Test setup (Van der Sanden (1996))
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These specimens were then placed in the loading frame which was made of several parts
which the Van der Sanden (1996) described as supports from 1 to 6 as shown in Figure 2.17. There
was no support at Support 1. Support 2 was just below the steel plate on which the stud was welded.
It transferred the shear force and the normal force. Support 3 consisted 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 the 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 McConnel (1996) undertook a series of push-out 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 in
various loading scenarios. A Single-sided push-out test configuration (Figure 2.18) to evaluate
individual slabs was developed. Four distinct boundary conditions were examined during the
experimentation process:

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

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

c) A standard German-style push-out 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 Single-sided Push-out Test setup by Hicks and McConnel (1996)

adjust specimen for
verticality prior to testing

To compare the Single-sided Push-out test and conventional test setups, two specimens
were subjected to testing in accordance with the British code. The failure modes observed in both
the Single-sided Push-out 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. Further, to understand influence of boundary conditions, specimens with a two-
directional roller base (boundary condition (a)) exhibited ultimate strengths that led both the
Eurocode and British code to overestimate the true strengths. However, conclude that such two-
directional roller base conditions did not 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 according to
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 specimen and consequently reducing the separation between the slab and the deck. Next,

comparing specimens with boundary conditions (c) and (d), both of which exhibited favorable
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agreement with the British code, with specimen with boundary condition (d) displayed a strength
10% higher than that of (c). Lastly while investigating the effect of added reinforcement Hicks
and McConnel (1996) observed the specimen with boundary condition (b) gave similar results
identical specimen with boundary condition (c). This concluded that the friction force present
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 conditions across different laboratories thus
explaining the wide range of data scatter observed in previous tests. Therefore, it was suggested
the implementation of a one-directional roller (boundary condition b) during testing. This approach
aimed to eliminate the influence 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 studs in a stub girder system to observer the effect of prying action of concrete due
to shorter length of available concrete slab. Chan et al. (1985) also studied the behavior of headed
shear studs in relation to parameters such as the concrete flute length, transverse reinforcement,
stud size and configuration and method of stud installation. The setup used in shown in Figure

2.18.
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Fig. 2.19 Test Setup by Chan at al. (1985)
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The stud assemblage (specimen) was attached to a rolled | section which acted as the test
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 symmetrical two-point loading.
To measure the applied shear load, a pre calibrated load cell was placed between each ram and the
specimen. Vertical uplift and slip of the concrete were measured by three mechanical dial gauges
and slab rotation was measured by water-bubble type clinometer placed on the concrete slab at the
location of first stud. As seen in the Figure 2.18 the specimen consisted a concrete block with no
deck in the front few lengths for equal distribution of force similar to the specimens in push-out
test to have full bearing on the ground. Chan et al. (1985) saw the increasing the 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 directly to the flange.

Lam (2000) developed a new similar horizontal (Figure 2.19) 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 of a 254 x 254 x 73 UC (I shaped steel section) on
which the loading apparatus as well as the specimens was set. The test specimens each consisted
of four 23.5 in. wide x 31.5 in. long prestressed hollow core units (hcu) with single row of pre-
welded headed shear studs to the same 254 x 254 x 73 UC section. 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 load. Linear voltage displacement
transducers (LVDTs) measured strains 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. 2.20 Test setup by Lam (2000)

Lam (2000) said the advantages of this setup over the convention push-out 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 friction 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 shear stud-concrete connection. He modeled half of the composite beam specimen which
would accurately represent the full test specimen. The setup (Figure 2.20) 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 negligible effect 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

57



opposed to two in a standard push-off test. When the behavior moves from linear to nonlinear in a

conventional push off-test, the force distribution in each contact is unknown, and acceptable data

cannot be derived after nonlinear behavior is recognized.
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Fig. 2.21 Test setup used by Lowe at al. (2014)

Briggs et al. (2021) used a horizontal push-out test setup (Figure 2.22) to explore the cyclic

behavior and strength of the composite concrete-filled steel deck diaphragm system. This test

design differs from conventional pushout test arrangements in that it contains four sets of studs

along the length as opposed to the typical one or two studs. This made it possible to conduct a

more in-depth 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 diaphragm. The gravity loading was also

applied with a actuator 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 two horizontal actuator one at each edge of the specimen acted

anti-symmetrically 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 Push-out test setup by Briggs et al. (2021)

Ernst et al. (2010) and Ernst (2006) introduced a horizontal one-sided push-out test, as
depicted in Figure 2.23 of their work. The test setup comprised a vertical test frame with two
horizontal actuators, responsible for applying the load 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 bearings. For the experimental configuration, the specimen was affixed to the sliding
section using a pre-hold connection plate. The end restrains were designed to load a specific area
of the slab, simulating the concrete compression zone or the recess typically found 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 plates—two 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
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Fig. 2.23 Horizontal Push-out test rig by Ernst (2006), Ernst et al. (2010)

2.7 Full Beam Composite Test

Even though tests are conducted to understand the behavior of headed shear studs in shear
using the conventional push-out test or any other setup. These need to be validated by full-scale
beam test to accurately corelate the behaviors observed in these tests to depict the real-life
composite beams. This section summaries some of the full-scale composite beam test conducted
by research in the past.

Robinson (1967) carried out 15 Full scale beam tests having cellular deck configuration 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 two-point 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 was proportional to the square of the width and inversely
proportional to the square root of the height of the 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 failed due of inadequate shear
connection. 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., there is no 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 had no significant effect on the ultimate flexure
capacity too. But the beams with 3 in. rib height didn’t develop the predicted ultimate capacity.
The flexure capacity of the beam reduces as rib height increases due to a reduction in shear
connection strength. Robinson (1967) relation of rib geometry to the strength of the beams matched
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 concrete. The 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 the Fisher (1970) gave the following equation for the shear stud strength

for rib height up to 3 in as.

o~ 05", £, o (2.56)
rib ' h sol Ecn sol

where, Q,;;, = strength of a stud in formed metal rib deck

Q01 = AISC allowable horizonatal shear load in ASTM C33 agregates
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= Ratio of rib width to rb height

SR

33

cl

= Ratio of moduli of elasticity of lightweight to normal weight concrete.

oy

cn

Further, depending on the rib height and the depth of the concrete compression block he
gave provisions for flexure capacity calculations of the 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% partial shear connections and a few below 50%. The beams were 24ft. or 32 ft
simply supported. Four-point loading was used. All of the test beams had maximum deflections
ranging from 8 to 22 in. The creation of a plastic hinge near the midspan in all of the beams allowed
for such enormous deflections. The 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 across the slab and hence a ductile composite beam. This force
redistribution allows the beam's average connection capacity to be predicted. The equation given
by Fisher (1970) was inadequate for rib height of 3 in. and conservative for rib height of 1.5 in.
and so a new equation was given (eq. 2.55). Fisher (1970) also stated that by assuming that the
slab force acts at the mid-depth of the solid component of the slab above the ribs rather than the
centroid of the concrete stress block, the flexural capacity of a composite 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 the effects of 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 hydraulic rams. For beams with 50% shear connectors
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equal quarter-point deflections were 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 with the theorical analysis McGarraugh and Baldwin (1971) concluded that
composite beams with lightweight concrete is as effective as normal weight concrete and their
behavior can be predicted with satisfactory accuracies with theoretical analysis. Also, the design
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 (1989) conducted four full scale composite beam tests to study the failure
modes for simply supported composite beans and verify the push-out test conducted by Jayas and
Hosain (1988). All specimen used 3 in. deck with total slab thickness of 6 in. have % in dia shear
headed shear studs 5 in. long. Three beams were around 13.5 ft long and one beam was 6.25 ft
long. 13.5 ft long beam first tested had a width of 4 ft which observed rib shear failure and so the
width was increased to 6.9 ft for the next two beams having a length on 13.5 ft. Each beam was
mounted on roller supports and two rams operated by a single hydraulic pump applied the load to
the beam with help of spreader beams. Concrete pull-out failure was observed in all the beams
except for the rib shearing observed in the first beam. A linear relationship was observed 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 agreement with the test results. Further comparing two beams
identical except for the headed shear studs spacing due to variation in deck geometry Jayas and
Hosain (1989) saw that the stud capacity in concrete pull-out failure is a function of deck geometry
and stud layout. Also, the effective stiffness calculated using CSA CAN3-516.1-M84 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 the weak position and also compared then with the then AISC LRFD
specifications equations. All four beams had a length on 30 ft. with 3 in. steel deck and 6 in. total
slab thickness having % in. dia. 5 in. long shear headed shear studs. The specimens only different
in the position of the headed shear studs. Four-point 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 strength. Strong position headed shear studs failed by
forming concrete shear cones or shearing off in the shank. Weak position headed shear studs failed
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 push-out test conducted by Easterling at al.
(1993) previously, but weren’t comparable with the then AISC equations.

Nie at al. (2008) conducted composite beam tests to understand the variation in strength
with respect or the degree of composite action, behaviors of continuous composite beams and
simply supported beams under negative bending. 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 connection 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 supported beams with negative
bending Nie at al. (2008) saw 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 of the steel decks. For continuous beams Nie at al. (2008) saw
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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
continued 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 shear headed shear studs were 3/4 in.
diameter and 4.5in. in height. The beams were tested by applying 16-point loads. 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 while the 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 the 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 Headed Shear Studs in Composite Beam
The AISC 360(2022) gives provision to calculate the strength of the headed shear studs as,
Qn = 0.5454y/f'cE. < RyRyAs4F, (2.57)
Agq = cross — sectional area of steel headed shear studs, in.2 ',
= conrete compressive strength, ksi
E. = modulus of elasticity of concrete, ksi

F, = specified minimum tensile strength of steel headed shear studs, ksi
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R4 = 1.0 one headed shear stud welded in deck rib with deck perpendicular to the beam
or any number of headed shear stud welded in directly to the beam
or any number of headed shear stud welded in deck rib with deck parallel to the beam
with rib width to rib depth > 1.5
= 0.85 two headed shear stud welded in deck rib with deck perpendicular to the beam
or one headed shear stud in deck rib with deck parallel to the beam with rib width to
rib depth > 1.5
= (.70 three or more headed shear stud welded in deck rib with deck perpendicular
to the beam
R, = 0.75 headed shear stud welded directly to the beam
or headed shear stud welded in deck rib with deck perpendicular to the beam
with epig_pe = 2 in.
R, = 0.60 headed shear stud welded in deck rib with deck perpendicular to the beam

with €mid—ht < 2in.

2.9 Summary

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
push-out tests, which have been employed since several decades. The initial utilization 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, alongside full-scale
beam tests. Over time, modifications and standardization efforts have been made to enhance the
representation of actual composite beam behavior in push-out tests. Nevertheless, the complexity

associated with the test setup poses challenges that can occasionally affect the test results.
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Consequently, some 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 conventional push-out tests and proposes
the development of a new test setup. The primary objective of this new setup is to overcome some
of the limitations of push-out tests, while simultaneously representing the stress states in the
concrete surrounding headed shear studs in composite 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 headed shear studs 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, there are limited research
conducted on composite beams with decks deeper than 3 in. However, 3.5 in. and 4 in decks are
already been manufactured and utilizing these deeper decks in composite beams could potentially
reduce erection time and costs. However, due to the lack of comprehensive investigation in this
area, there exists a research gap that needs to be addressed. Consequently, a preliminary

investigation has been undertaken to study composite beams with 3.5 in. decks.
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3. Test Setup and Instrumentation

Chapter 2 highlights that most testing programs on shear stud strength in composite beams
have focused on a steel deck with a maximum rib height of 3 in. using the conventional push-out
testing frame. This study aimed to assess the current test setup and develop a new setup to address
the challenges identified in the literature during push-out testing. Additionally, the AISC
Specification (AISC 2022) permits a maximum rib height of 3 in. for steel decks in composite
beams and so a preliminary investigation was conducted to examine the feasibility of using 3.5 in.

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 in the test matrix shows two test groups using a conventional push-
out test setup (AISI S923-20), while the remaining rows except the T3.0A-4N-W-SS are run using
the shear test setup described further in this chapter. The shear test setup was further evaluated and

single-sided push-out test setup was developed as tested in group T3.0A-4N-W-SS.

Table 3.1 Test Matrix

No. of Deck? ot Stud
Group Specimen Testsetup Profile jLsi Configuration
D3.5A-3N-C-PO 3 Push-Out DT1 3NW Centered
D3.5A-3N-2S-PO 3 Push-Out 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 Single-sided Push-out TZ2 ANW Weak
Note:
1. 3NW: 3ksi Normal weight concrete; 4NW: 4ksi Normal weight concrete
2. For deck notation refer to Table 3.2
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The two groups D3.5A-3N-C-PO and D3.5A-3N-2S-PO using the push-out test will help
to give a correlation with groups D3.5A-3N-C-ST and D3.5A-3N-2S-ST which consist of a similar
deck and stud configuration, but use the shear test setup. Further running tests on the shear test
setup and identifying the challenges with the new setup it was modified and T3.0A-4N-W-SS
group was run on the single-sided push-out test setup. Test groups T3.0A-3N-W-ST and T3.0A-
4N-W-SS used 3 in. trapezoidal deck and will be used to understand the new test 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 height in inches; deck
manufacturer (A or B); nominal concrete compressive strength in ksi; type of concrete (N for
normalweight or L for lightweight); stud configuration (see Figure 3.1 for options); and test setup

(PO for push-out test setup, ST for shear test setup and SS for single sided push-out test setup).

D3.5A-3N-C-PO

QTesr 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. 3.1 Specimen Notation
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3.2 Push-out Test Setup

The experimental setup was in accordance to AISI S923-20 (Figure 3.2). The two groups
D3.5A-3N-C-PO and D3.5A-3N-2S- PO used the push-out test. This set of total six specimens are
used to compare to the shear test setup. A downward force using a hydraulic ram bearing on a
swivel plate was applied to the steel section and the base of the specimen was supported by two
elastomeric pads to encourage that the load was level and evenly distributed creating a shear force
in the headed shear connectors. The steel section consists of two WT’s bolted together. Using two
WT’s one for each slab of the specimen allowed horizontal casting of the specimens. Using a
hydraulic ram and yoke, a normal load (10% of the applied axial force) was applied to the test

specimens.

Steel section for uniform Vertical load

distribution of normal

Specimen

Hydraulic ram applying
Normal load

Fig. 3.2 Push-Out Test Experimental Setup
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3.3 Shear Test Setup

The setup consists of two side beams as part of the self-reacting 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
connection. The two W 18 x 86 were coped (Figure 3.4 (b)) to attach WTs of the specimen. The
reaction block hosts the servo-controlled hydraulic actuator with capacity of 110 kips and was
shored up with wooden supports. Loading was introduced by the actuator pulling the W 12 x 50
of the specimen thus testing the headed shear studs welded to it. The use of one slab specimen than
the two slabs in the push-out test will reduce the bias in the data. Attaching the specimen to the
side eliminates the need to provide the even bearing required in the push-out test. This will also
eliminate undesirable failure modes like the back-breaking (buckling) of the slab and rotation of

the setup.

Reaction Block

Side Beam as a part of
the self-reacting frame

Servo-controlled
hydraulic

Specimen

Wide flange on rollers — WT at side of specimen

connected to slab with | connected to side beam
headed shear studs that . .
are being tested Fig. 3.3 Shear Test Experimental Setup
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Headed shear studs

to be tested Actuator

Swivel head

Plate arrangement fo
swivel to W section
connection on next sheet

A e

——
W 12 x50 L UI
T
lolaldh LHillrnan rollers \Two 1" Plates
Cells
|
T
a) Section at the center of the specimen
____________________________ ,
o o) o o o o W 86
Side bea, T
N N N
6 AL90-N 1" Bolt \—(oped to attache the
with 12 “® holes WT of the specimen

b) Section at the end of the specimen

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¢) End view of the setup
Fig 3.4 Setup to specimen connection details
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3.4 Single-sided Push-out Test Setup

The setup was altered based on the shear test setup described in Section 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 servo-controlled actuator used to apply the shear 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 frame 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 in the setup resemble

those typically encountered in conventional push-out tests described in Section 3.2.

Normal load Frame
attached to strong floor

K Hydraulic jack for
\ , application of normal load

Bearing Block

Servo-controlled
Hydraulic Actuator

Reaction Block .
Specimen

Side Beam as a part
of self reacting frame

Fig. 3.5 Single-sided Push-out Test Experimental 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 respectively. For 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 DT2 and TZ2, featured a stiffener at the

center of the rib, and hence, the strong, weak, and two studs staggered positions were tested with

these profiles. As for the TZ1 profile, it was specifically manufactured for the study, as a 3.5 in.

trapezoidal deck are not produced. It was assumed that the TZ1 profile would possess a stiffener

at the center of the rib if it were to be further manufactured for construction use and so strong,

weak and two stud staggered configurations were employed.

Table 3.2 Deck Profiles

Deck Notation Deck Name Profile
— t
DT1 EPICORE P
EC3.5 yARvIRVARE
7" ki 3.
f 3 L
DT2 Versa-Dek PERPYIR S
3.5LS 7N/ ? \Ig%
7 3.
N
t 5, 1
TZ1 - i R .
VA SR E;
| 3 |
Ll gl ‘
TZ2 W3-36 Formlok PR S

Note: The TZ1 were manufactured specifically as 3.5 in. Trapezoidal deck isn’t being produced
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Loading Direction Loading Direction

on concrefe-filled on concrete-filled

steel deck ¢—— | I — ; htl . _L L ) Iﬁl HI |6ﬁ ‘{—'teet deck
\ / 4 \ :-"5 \-‘, ;"}: \ / \ [ -.‘w‘ :‘: i B ‘..‘ ) 7

\ { \ [/
on steel | T on steel
section B \ \ — section

|
stud Location on top L] L ® L stud Location on top
flange of the steel / ® o e ® ® e  flange of the steel
section } section
a) b) c) d) e)

Fig. 3.6 Stud configurations
a) centered b) two studs centered ¢) weak position d) strong position e) staggered

3.5.1 Push-out Test Specimen

Specimens consist of two 38 in. x 48 in. concrete-filled steel deck slabs each attached to a
WT 6 x 17.5, 4 ft 8 in. long. The steel deck was oriented perpendicular to the beam. Headed shear
studs with nominal ultimate strength, f, = 65 ksi and % in. diameter were used. To avoid slab
buckling, No.5 rebars were used one on each side of the slab. In accordance with the AISC
Specification (AISC 360) minimum height of studs above the deck, 5 in. long headed shear studs
were used with a total concrete thickness of 5.5 in. Two or four headed shear studs 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 concrete-filled steel decks attached to WT 6 x 17.5 were

attached with a bolted connection.
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Applied Load Applied Load
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—#5 bar ‘
Headed shear stud L 1]
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Fig. 3.7 Typical Push-out Test Specimen
3.5.2 Shear Test Specimen

All specimens consist of a 48 in. x 72 in. concrete-filled steel deck except for 3in.
trapezoidal deck consisting of 36 in. x 72 in. concrete-filled steel deck this is because 3 in.
trapezoidal deck had a coverage of 36 in. and each specimen consisted of one deck sheet while
other decks used had a coverage of 24 in. so two sheets were used. Each specimen had two
WT7x21.5 attached at the sides and a W12x50 at the center. The decks were oriented perpendicular
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 swivel. Headed shear studs with nominal ultimate
strength, fu = 65 ksi and % in. diameter were used. One or two No.5 rebars were used as tension
chord (Figure 3.8(a) and Figure 3.9(a)) to avoid flexure failure and one No.5 rebars were used on
both side of specimen to avoid transverse cracking in the specimen. In accordance with the AISC
Specification (AISC 360) minimum height of studs above the deck, 4.5 in. and 5 in. long headed

shear studs were used with a total concrete thickness of 5 in. and 5.5 in for 3 in. and 3.5 in steel
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decks respectively. For 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
WT7x21.5 according to the specimen dimensions. Two or four headed shear studs were welded to
W12x50 to be tested based on stud configuration. The W12x50 were placed on two rollers to allow

lateral translation.

1 Headed shear stu
™ e ® ® ® L Tension chord PR NI L
7w Ry EvAlkvA Evativirny
W12x50
0o
6 e e —
(o]
. | - TR A T EEREPEAIEN - TRV |
x6 Wik x Wb | i i i |
welded wire
reinforcement 16 x 86 e TS
o o o o . ) Load cells
- /—#5 bars i p—
Hillman roller: W 18 x 86
-~ 1L '1L '||' ‘4’ '!'
T 2 7 T

L

Fig. 3.8 Typical Shear Test Specimen with 3.5 in. steel deck

Headed shear s‘ruﬂ—\
° ° Tension chord

7 wsbar ARt laat! fand
o]
W12x50
o o0
6 ° . —
(el e]
= o L PR
6x6WLAx WL | ‘ I 1 \
welded wire
reinforcement Pl Zxs TIX 215
[} L] Load cells
- * /#5 bars . |
Hillman rnll!rs—/ \—w 18 x B6
d | |
T 7 7 LTI

t |

1 3 1

Fig. 3.9 Typical Shear Test Specimen with 3.0 in. steel deck

77



3.5.3 Single-sided Push-out Test Specimen

The specimen group T3.0A-4N-W-SS which was ran using the Single-sided Push-out test

setup consisted of 36 in. x 48 in. concrete-filled steel deck with a W12x50 at the center on which

the headed 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

testing Headed shear studs with nominal ultimate strength, f, = 65 ksi and % in. diameter were

used. The total slab thickness of 7.5 in. was chosen as 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—\

R

6 x 6 Wk x Wik
welded wire
reinforcement

W12x50

Q
o]

o 0

12 x 50

—_—

WT 7X215
{for support
while testing)

Fig. 3.10 Typical Single-side Push-out Test Specimen
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3.6 Instrumentation Setup
3.6.1 Push-out Test

The specimens had four Linear variable differential transducers (LVDT) used to measure
the slip between the concrete and the WT’s. Prior to concrete pouring, 1 in. diameter holes were
made in the steel deck 5 in. 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). It was made sure that the wooden piece isn’t held against the WT’s web. The
LVDT’s spring-loaded tip was then made in contact with the wooden piece and were attached to
the WTs with the help of a magnetic fixture (Figure 3.12) to get the relative slip. A 250-kip capacity
load cell was used to measure the load applied at the top of the WT and a 25-Kip capacity load cell
was used to measure the applied normal load. Four string potentiometers were attached to one of
slab as shown in Figure 3.11 to four of the specimens to measure slab buckling which was seen

during testing of the initial specimens.

S-PO
N 2 y
\ ’
e | | e M W
3 | N | ~Bolt with an angle = g A
y r /j/ Isil(D\Tu:rum\u bear the
b I —
[ ]
’ = el &
8 5 Plp— -
a) Side view b) Plan view

Fig. 3.11 Push-out Test Instrumentation Setup
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Screw and wood
piece arrangement

Fig. 3.12 LVDT arrangement inPush-out Test

3.6.2 Shear Test

Figure 3.13 shows the two LVDT’s used to measure slip between the concrete and the W
section. Prior to concrete pouring, 1 in. diameter holes were made in the steel deck 5in. away on
both sides of the shear headed shear studs. A hole was then first drilled in the concrete and a screw
was then anchored into the concrete (Figure 3.14). It was made sure that the bolt wasn’t touching
the steel deck. The LVDT’s spring-loaded tip was then made in contact with the angle section
attached to the screw and the LVDT was attached to the WTs with the help of a magnetic fixture
(Figure 3.14) to get the relative slip. The actuator had an inbuilt load cell which was 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 seen in Figure 3.13
to measure the normal load generated. Four string potentiometers were used to measure rotation
of the specimen or concrete uplift. These string potentiometers were attached to a reference beam

that was supported on the ground. Two string potentiometers were connected to the W section with

80



a magnet and two string potentiometers were connected to the concrete slab with screws 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 in Figure 3.13.

String pots attached to
a column arrangement

o

—LVDT1
LVDT 2 on the

other side

)

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

oad
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cells
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1 H
L""’i"l’:’,ﬁ o o ©

Angle section

Fig. 3.14 LVDT arrangement in Shear Test
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with actuator shaft
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3.6.3 Single-sided Push-out Test

Figure 3.15 shows the specimen have two LVDT’s used to measure the slip between the
concrete and the W section same as the shear test instrumentation in Figure 3.14. The actuator had
an inbuilt load cell which was used to measure the load generated due to the applied displacement.
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 seen in Figure 3.15 to measure the applied
normal load. Four string potentiometers were used to measure any buckling in occurring in the
specimen. These string potentiometers were attached to a reference beam that was supported on
the ground. The string pots were connected to concrete slab with a help of screws drilled into the
slab at 14in. interval leaving 3 in. from the back edge of the slab. They were attached off-center 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.

et

Fig. 3.15 Single-sided push-out test Instrumentation Setup
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3.7 Specimen Fabrication
3.7.1 Push-out Test

Wooden framework was created as shown in Figure 3.16 to keep the WT in place. Further,
four steel pour stops were attached to the deck with self-tapping screws. The steel deck attached
with pour stops 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 testing. The headed
shear studs were then welded through the deck to the flange of the WT using a stud welding gun.
Holes for the LVTD arrangement were drilled. Two No.5 bars were placed one on each side as
shown in figure 3.10 to avoid the slab cracking during testing. These bars had 1 in. concrete cover
from the top. Further 6x6 W1.4 x W1.4 welded wire reinforcement 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 shear studs. After
that, the concrete was cast, covered, and moist-cured for 28 days. The pour stop was removed from

the slabs, and each pair of corresponding slabs was bolted together via the web of the WTs.

Fig. 3.16 Push-out Specime Fabrication Framework
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3.7.2 Shear Test

A wooden framework was created as shown in Figure 3.11 to keep the two WTs in place
and the W section was placed centered in the framework Further, the steel deck was placed on the
flange of the WTs and the W section and the pours stops were attached. Holes for the LVTD
arrangement were drilled. Two No.5 bars were placed one on each side as shown in Figure 3.11 to
avoid transverse cracking. To avoid flexure failure, tension chords were placed on the front side
of the specimens. One or two No.5 bars were used as the tension chords based on the specimen
configurations. These bars had 1 in. concrete cover from the top similar to push-out specimens.
Further 6x6 W1.4 x W1.4 welded wire reinforcement was placed having 0.5 in concrete cover
from the top for the same reasons as for push-out specimens. After that, the concrete was cast,

covered, and moist-cured for 28 days. The pour stop was removed from the slabs before testing.

Fig. 3.17 Shear Test Scimen Fabrication Framework

3.7.3 Single-sided Push-out 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 placed on the flange of the W section and the pours stops

were attached. Two No.5 bars have a concrete cover of 1.5in. were placed on each side of the

84



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 the top. After that, the concrete was
laid, covered, and moist-cured for 28 days. The pour stop was removed from the slabs before

testing.

WT’s just for support not
a part of the Specimen

Fig. 3.18 Single-sided push-out test Specimen Fabrication Framework

3.8 Testing Procedure
3.8.1 Push-out Testing Procedure
The procedure followed while testing each push-out specimen is given below. The

procedure is in accordance with AISI S923-20.

e Pre-load of 5% of predicted axial load or 2 kips which ever was smaller was applied for the
specimen and held for 5 min.

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

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

e 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 does not exceed 0.050 in. within the 30
seconds interval 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 followed while testing each shear test specimen is summarized

below. Monotonic displacement-controlled loading was implemented

Pre-load of 5% of predicted peak load was applied for the specimen and held for 5 min.
Displacement control loading was implemented. A rate of 0.05 in/min loading was applied
until the expected peak load was reached.

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

Failure mode was recorded.

3.8.3 Single-sided Push-out Testing Procedure

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

Monotonic displacement-controlled loading was implemented

Pre-load of 5% of predicted peak load was applied for the specimen and held for 5 min.
Displacement control loading 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 simultaneously for
specimen T3.0A-4N-W-SS (b) only.
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e Once the failure mode was observed, loading was carried out until the shear load was below
10 Kkips and constant for a while.

e Failure mode was recorded.

3.9 Materials

The properties of steel deck, headed shear studs, steel sections and reinforcement used are
summarized below. All decks used were gauge 20 (0.0358 in. nominal thickness) satisfying ASTM
A653. The shear headed shear studs were % in. diameter, satisfying ASTM A29 with a nominal

tensile strength of 65 ksi. Specimens were cast in batches as mentioned in Table 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-2S-ST
Ho T3.5A-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 an overview 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 Properties (per cubic yard)

Batch 1 2 3
Cast Date 12/19/2022 03/08/2023 05/08/2023
Cement (lbs) 412 412 445
Fly Ash (Ibs) 137 137 148
Coarse Aggregate 1709 1709 -
#78 (lbs)
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Coarse Aggregate - - 1768
#68 (Ibs)
Fine Aggregate 560 560 638
Natural Sand (Ibs)
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 Compressive Unit Compressive 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 3.6 Concrete Properties
Specimen ;?gr]]g:ﬁsal)\sf?) Unit weight (Ib/ft3)
D3.5A-3N-C a 3270 145.7
b 3450 145.7
a 3560 144.8
D35A-3N-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 4070 1448
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

T3.5A-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 decks, WT6x17.5 and W12x40 on which test headed

shear studs were welded, rebars and wire mesh used for reinforcement according to ASTM ES8.

Table 3.7, 3.8, 3.9 and 3.10 summarizes the results. Three specimens were tested for each material

and detailed results of the same are in Appendix C

Table 3.7 Steel Deck Properties

Deck Yield Stress, Ultimate Elongation,
fy (Ksi) Stress, fu (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

Table 3.8 Structural Steel Properties

Steel Section Yield Stress, Ultimate Elongation,
(Heat number) fy (Ksi) Stress, fu (ksi) (%)
WT 6 x 17.5 (556446) 53.8 69.8 26.5
W 12 x 40 (558710) 55.5 72.6 26.8
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W 12 x 40 (558712) | 56.9 |

73.2 | 25.3
Note: W 12 x 40 steel had two heat specification and so both were tested
Table 3.9 Rebar Properties
Rebar Yield Stress, Ultimate Elongation,

fy (Ksi) Stress, fu (ksi) (%)
No.5 1 64.0 105.1 14.7
No.5 2 78.3 97.8 14.0
No.5 3 60.6 98.2 16.4

Table 3.10 Welded Wire Reinforcement Properties

Rebar Yield Ultimate Elongation,
Stress, fy | Stress, fu (ksi) (%)
(ksi)
6x6W1l4xW1l4 1145 128.6 2.5

Shear tests were performed on the bare headed shear studs to understand their fracture

properties and are summarized below in Table 3.11. The tests were conducted with the following

fixture arrangement shown in Figure 3.19.
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Fig 3.19 Shear Fixture for Headed Shear Studs
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Table 3.11 Headed Shear Studs Properties

Headed Shear Studs Ultimate Stress, fu | Shear Strength, Ve VelAsFy
(3/4 in. Dia) (ksi) (kip)
S3L 3/4 X 4-7/8 MS 75.2 21.67 0.65
S3L 3/4 X 5-3/16 MS 74.0 22.34 0.69
S3L 3/4 X 5-7/8 MS 78.3 22.05 0.64

Note: The fu 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 studs bend test was 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 weld was allowed to cool and then with the help of a hollow

pipe, the studs were bend to approximately 30°. The weld didn’t fracture concluding the weld was

strong. Figure 3.21 shows the bend headed shear studs.
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Fig. 3.21 Bent test on headed shear studs.
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4. Stress States of Concrete around Headed Shear 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 State in a Composite Beam

In a composite beam, the shear force between the W section and the concrete-filled steel
deck is primarily generated by the effect of gravity loading. This gravitational force induces
bending in the composite beam, generates shear forces at the interface between the two
components resulting in a slip between the W section and the slab. To illustrate this concept, let's

focus on a specific section of the beam, as depicted in Figure 4.1.
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Fig. 4.1 Composite beam
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Assuming the following:

Stresses in the slab are uniform across the entire effective width, besr.

e There is no stress transferred at the edge of the effective width.
e The stress is idealized as a uniform stress distribution over the depth of the concrete over the
deck, dc.

e The effective width is symmetric about the composite beam

Detail A
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— '8 Elastic stress /'/‘. Rl ;ea‘. Zed‘ETFe‘;’i
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 of a moment causes compression in the slab near the
stud. This compression is characterized by opposing stresses, oieft and cright, a5 Shown in the Figure
4.2. The magnitude of this compression can be determined by calculating the sum of the stud forces
between the 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 Qn, is distributed to the concrete slab in two ways. Firstly, through the difference
in axial compression stress (Gright - Gleft) and secondly, through shear flow 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 design parameters and optimizing the performance
of the composite beam. So, summing the horizontal forces in the longitudinal direction of the
composite beam over the full effective width we get,

Urightdcbeff - Uzeftdcbeff =0Qn (4.1)

Qn (4.2)

Oright — Oleft = db—
cteff

Where,
d. = total concrete depth
befr = effective width of the slab
Further considering a small width b the slab around the headed shear studs. The Axial forces Niett
and Nrignt are the resultant longitudinal forces in Figure 4.2(b) and given as,
Nigse = Opepe b d, 4.3)
Nyight = Origne b d. (4.4)
Summing the horizontal forces in the longitudinal direction of the composite beam for the portion
of slab around the studs considered in Figure 4.2 (b).
2V + (Nrignt = Niegt) = Qn = 0 (4.5)
Substituting Equations 4.3 and 4.4 in Equation 4.5
2V + (Grigne — Otefe)b de = Qy (4.6)
Substituting Equations 4.2 in Equation 4.6

2V b 4.7)

Qn by

Substituting Equations 4.7 in Equation 4.5

Nright - Nleft _ b (48)
Qn beff
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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 studs. Understanding the distribution of forces
in a composite beam is crucial for specimen design. In the given context, where a specimen with
a width of 3 ft is intended to represent a composite beam with 10 ft beam spacing and effective
width, the analysis reveals that 70% of the load should be applied as shear on the sides of the
specimen, while 30% should be applied as compression. This information describes how the forces
should be applied to the specimen to more accurately represent real composite beams. By
appropriately considering these factors in the specimen design, it becomes possible to replicate the
real-world 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 State in Push-out Specimen

Chapter three shows that a push-out specimen consists of two slabs bolted together with
the WTs. The specimen is then set on the strong floor and the load is applied to the WTs’.
Assuming the slabs have a uniform bearing on the strong floor when subjected to loading and each
headed shear stud reaches its shear strength Qn, both the slabs being identically cast will bear an
equal load. Considering a push-out specimen subjected to an axial load of 2NQn, where N is the

number of studs per slab as seen in Figure 4.3.
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Fig. 4.3 Forces in a push-out specimen

For the compression stress to be uniform along the bottom edge of each slab of width Dsiab,
the stresses should spread 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 force generating compressive stresses around the headed shear studs. This
differs from how load is introduced to the concrete around a headed shear stud in a composite
beam, as demonstrated in the earlier subsection. In the composite beam, both shear forces and
longitudinal forces contribute to the stress state around the stud (Figure 4.2). Furthermore, it is
important to note that the push-out specimen slab, as depicted in Figure 4.3, is 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 composite beam where the net compressive force is
given by Gright - Gleft.

Further, seeing at the free body diagram of each slab (Figure 4.4) in a push-out test the
loading in each slab is eccentric which causes the slabs to rotate which is counteracted with the

help of the applied normal load. depending upon the geometry of the specimen this applied normal

97



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 in Chapter 5
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Fig. 4.4 Free body diagram of each slab in a push-out test

4.3 Concrete Stress State in Shear Test Specimen
Now, consider a shear test specimen (Figure 4.5) that is applied with a shear load of NQn

where N is the number of headed shear stud each reaching their shear strength Q.
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Fig. 4.5 Forces in a shear test specimen
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Each WT of the specimen is bolted to the side beam of the self-reacting frame in under
axial load NQn /2 which is being transferred to the concrete with the help of the headed shear studs

welded on them. Assuming each stud transfers equal shear force to the concrete.
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Fig. 4.6 Stresses in concrete around the stud (Shear Test)

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

Further, one of the challenges encountered in the test setup, as illustrated in Figure 4.6(a),
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 at the 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 Appendix E. This 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 slab and the steel beam. Initially, it was assumed that the stiffness of the
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4 ft span of the concrete-filled steel deck slab would be sufficient to resist the upward force exerted
at the edge of the slab nearest to the actuator. However, the subsequent test results discussed 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 in Single-sided Push-out Test Specimen

The single-sided push-out test was created in such a way to have similar boundary
conditions as in a push-out test specimen. So, the stresses in concrete around headed shear suds
are going to be similar as that in each slab of the push-out test. The concrete edge nearest to the
actuator is borne similar to the push-out specimens sat on the strong. For the compression stress to
be uniform along that edge of each slab of width bsian, the stresses should spread in a triangular
portion as seen in Figure 4.7.
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Fig 4.7 Stresses around the headed shear studs (Single-sided push-out test)
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Similar to the push-out specimen the loading in these specimens is also eccentric causing
the specimens to rotate giving rise to normal reaction which would be measured by the load cells

below the specimens. The influence of this eccentricity has been evaluated in Chapter 5
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Fig. 4.8 Free body diagram of modified shear specimen
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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 Rambo-Roddenberry (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 33 tests were performed to assess, compare and evaluate the different test
configurations including the push-out test setup, shear test setup, and single-sided push-out test
setup. Among these tests, six were conducted using the conventional push-out test, 24 were carried
out using the shear test setup, and three were performed using the single-sided push-out test setup.
American Institute of Steel Construction (AISC) and the equation developed by Rambo-
Roddenberry (2002) are applicable for deck heights up to 3 in. However, to facilitate the use of
deeper decks, it is necessary to determine their applicability with these provisions. Table 5.1
presents a summary of all the test results. The first two groups of specimens were tested using the
conventional push-out test, while the last group of tests employed the single-sided push-out test

setup. All other specimens were evaluated using the shear test setup.
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Table 5.1 Results

Specimen Test setup (;;fi) w (pcf) | fu (ksi) | Qe (Kip) peSa:ILp(?rg.) ';jggég
b Push-out 4000 | 144.8 74.0 20.02 0.105 SS/RS
D3.5A-3N-C-PO
c Push-out 4000 | 144.8 74.0 19.05 0.130 SS/RS
a Push-out 4070 | 144.8 74.0 11.57 - SS/RS
D3.5A-3N-2S-PO? b Push-out 4070 | 144.8 74.0 11.52 - SS/RS
c Push-out 4070 | 144.8 74.0 15.75 - SS/RS
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 | 144.8 74.0 14.80 0.036 SS
D3.5A-3N-2S-ST b Shear 3560 | 144.8 74.0 14.25 0.061 SS
c Shear 3560 | 144.8 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 | 145.8 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 | 145.8 74.0 17.86 0.056 CC/SS
c Shear 4190 | 145.8 74.0 18.20 0.027 SS
a Shear 4210 | 145.8 74.0 12.14 0.013 SS/CC
T3.5A-3N-2ST-ST b Shear 4210 | 145.8 74.0 11.05 0.004 SS
c Modified Shear | 4210 | 145.8 74.0 12.14 0.032 SS
a SS push-out 4190 142 78.3 14.46 0.769 DP
T3.0A-3N-W-SS* b SS push-out 4190 142 78.3 12.18 0.027 SS/DP
c SS push-out 4190 142 78.3 12.09 0.279 SS/DP
Note: 1. Qg: Experimental Load per stud
2. Failure modes: SS: Stud Shearing, CC: Concrete cone, RS: Rib Shear, DP: Deck Punching
SS*: Shows deck bulging in the start but at peak Stud shearing
3. D3.5A-3N-2S-PO to be redone due to buckling of slab not giving correct slip measurements
4. T3.0A-4N-W-SS (b) was carried out with an application of a normal force while (a) and (c) weren’t.
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The failure modes observed are described below:

Stud shearing (SS): The shear stress at the critical section of the stud 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 more happens when the compressive forces applied to the
concrete surrounding the headed shear stud reach a critical level. The stress concentration at the
base of the stud creates a cone-shaped failure pattern in the concrete, causing it to break and spall.
Rib shear (RS): This concrete failure 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 small so that concrete cone isn’t able to form.

Deck punching (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 bulge first and then tear.

Stud shearing with deck bulging (SS*): This failure mode was observed in headed shear studs
in weak position with 3.5 in trapezoidal deck. Where initially deck bulging was seen indicating of

deck punching however at peak stud shearing was seen.
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5.2 Evaluating the Conventional Push-out Test

5.2.1 Test Result of the Conventional Push-out Test

The results of push-out test are shown in Table 5.2 and the load vs slip plots in Figure 5.1.

Predicted strength are calculated using AISC provisions (Equation 2.57) and that given by Rambo-

Roddenberry (2002) (Equation 2.38). Results of D3.5A-3N-C-PO (a) were polluted and therefore

aren’t considered.

Table 5.2 Push-out Test Results

Specimen (gs?) (F:I(\:If) (II;i) Q(Q::Sl 8::;; (Eii) Qe/Qaisc Qe/Qre pesa:Ii(p(iartl.) iﬁé'ﬁéf
D3.5A-3N- 4000 [ 1448 | 740 [ 2442 | 2214 [2002] 082 [ Tooo [ | 0105 [sss
C-PO 4000 | 144.8 | 740 | 24.42 | 22.14 | 19.05 | 0.78 0.86 0.130 SS/IRS
4070 | 1448 | 740 | 2076 | 18.82 | 1157 | 0.56 0.61 SSIRS

Digﬁ;g“' 4070 | 1448 | 740 | 2076 | 1882 | 1152 | 055 | 0.62 | 061 | 0.69 SSIRS
4070 | 1448 | 740 | 2076 | 1882 | 1575 | 0.76 0.84 SSIRS

Note: 1. QAISC: AISC Predicted Load per stud
3. QE: Experimental Load per stud
4. SS: Stud Shearing RS: Rib Shear

2. QRR: Predicted Load per stud by Rambo Rodenberry
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Fig. 5.1 Load vs Slip plots for Push-out test

02

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, rib shear cracks 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 noise. The normal load was
maintained at around 10% of the applied axial force. When the slabs exhibited signs of buckling,
the normal load tended to increase without manually increasing pump pressure and had to be
adjusted by reducing the pump pressure to maintain it at 10% of the applied axial load. All of these
specimens displayed transverse cracks.

For specimens with single stud positions centrally per rib (D3.5A-3N-C-PO) exhibited
transverse cracks during the early stages of loading, typically occurring at around 30% to 45% of
the peak load (Figure. 5.2). As the loading continued, both slabs of the specimen showed rib shear
cracks at approximately 68% to 84% of the peak load (Figure. 5.3). Additionally, both specimens
experienced some buckling, which was monitored using a string potentiometer arrangement in
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 provisions were originally developed based
on past tests involving trapezoidal profiles and were limited to deck heights of up to 3 in. However,
the tests conducted in this study utilized a 3.5 in. dovetail profile, which could lead to a lower
strength due to the deck's geometry and increased height. The failure mode observed was stud
shearing with the failure plane in the base metal (Figure. 5.4). East slab showed stud shearing with

the headed shear studs being severed, while the west slab had the headed shear studs intact.

S

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

a) D3.5A-3N-C-PO (b) | b) .-3N-C-PO ()

Fig. 5.4 Stud Shear Failure in D3.5A-3N-C-PO
For Specimens with two headed shear studs positioned centrally per rib (D3.5A-3N-2S-
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 buckling and therefore the measured strength is not
indicative of the strength of the headed shear studs. This buckling also polluted the slip
measurements (Figure 5.1(b)) which is explained in the next subsection 5.2.2. These tests would

need to be redone with a thicker slab and/or reinforcing steel to prevent this undesirable failure

mode.
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5.2.2 Challenges with the Conventional Push-out Test

While conducting these push-out tests, challenges were encountered, some of which are
explained in section 2.4 of this dissertation. This section will briefly summarize all the challenges
encountered while conducting the push-out test as part of this research.

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

(5.1)

S|

Where,

Qn = Strength of a headed shear studs

P = Peak applied axial force recorded in the push-out test for the specimen

n = total number of headed shear studs tested in the push-out test for the specimen

Mostly the headed shear studs in one of the slabs 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
either slab. All five push-out specimens tested saw stud shearing in one of either slabs of the
specimen.

Secondly, all load is transferred through compression along one edge of the slab that causes
buckling. To record the buckling of the specimen four string potentiometers were attached along
the height of the specimen as seen in Figure 5.5. The out of plane displacements for the east slab

of the specimens can be seen in Figure. 5.6.
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Fig 5.6 East Slab Buckling of the push-out specimens

Each curve represents the buckling shape of the specimen at the instance of the applied
axial load, P shown by the call out of each curve. As we can see the specimen buckles as the axial
load is applied. This cause transverse cracking similar to the so-called “back-breaking failure”
observed by Hicks (2017). Further, due to the buckling of the slabs (Figure 5.7) the slip 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 (Figure 5.8) which pollute the slip measurements.

Figure 5.9 shows the LVDT’s measuring negative slip thus polluting the slip measurements.
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Fig. 5.8 Slab buckling causing negative slip
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Fig. 5.9 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 failing slab, while it decreases for others as the load is gradually reduced. Selecting the
appropriate LVDT measurements to capture post-peak 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 slabs by shimming 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 uniform 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 Evaluating the Shear Test Setup
5.3.1 Overview of Shear Test Results

The results of push-out test are shown in Table 5.3. Predicted strength are calculated using
AISC provisions (Eq. 2.58) and that given my Rambo-Roddenberry (Eq. 2.39). The first two
specimen groups D3.5A-3N-C-ST and D3.5A-3N-2S-ST are the companion specimen to the Push-
out test specimens D3.5A-3N-C-PO and D3.5A-3N-2S-PO respectively. These specimen groups
were used to see how well the shear test compares to the conventional push-out test which is briefly
explained in section 5.3.2. More specimens having 3.5 in. dovetail and 3.5 in. trapezoidal deck
profiles with different stud configurations were investigated having a nominal 3 ksi normal weight

concrete. Results of D3.5A-3N-C-ST (c) were polluted and therefore aren’t considered.

Table 5.3 Shear Test Results

seecmen | (o5 | ey | s | Gy | i | ) | @9 | @0 | ooy | woge
D3SA. | a | 3270 | 1457 | 740 | 2244 | 2214 | 19.40 | 0.86 0.88 0.135 ss
SN-C-ST | b | 3450 | 145.7 | 74.0 | 23.36 | 22.14 | 20.80 | 0.89 088 0.94 091 0.098 SS
a | 3560 | 144.8 | 740 | 2076 | 18.82 | 14.80 | 0.71 0.79 0.036 ss
oy | b | 3560 | 1448 | 740 | 2076 | 1882 | 1425 | 069 | 0.70 | 076 | 0.77 | 0061 ss
c | 3560 | 1448 | 740 | 2076 | 1882 | 14.60 | 0.70 0.78 0039 | ssicc
a | 3550 | 145.7 | 740 | 1954 | 15.63 | 11.27 | 0.58 0.72 0.105 ss
ﬁiﬁi& b | 3550 | 1457 | 740 | 1954 | 1563 | 1334 | 068 | 0.64 | 0.85 | 0.80 | 0.084 ss
¢ | 3600 | 1457 | 740 | 1954 | 1563 | 13.10 | 0.67 0.84 0.010 ss
a | 3600 | 145.7 | 740 | 2411 | 22.14 | 16.36 | 0.68 0.74 0.033 sS
oo | b | 3715 [ 1457 | 740 | 2442 | 2214 | 1696 | 069 | 070 | 077 |07 | 0075 ss
¢ | 3715 | 1457 | 740 | 2442 | 2214 1768 | 0.72 0.80 0.067 ss
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a | 3730 | 1457 | 752 | 1985 | 15.88 | 12.00 | 0.60 0.76 0115 | SS/DP
oo | b | 3750 | 1457 | 752 | 1985 | 1588 | 1102 | 056 | 059 | 0.69 | 0.73 | 0070 | SS/DP
c | 3750 | 1457 | 752 | 1985 | 15.88 | 11.93 | 0.60 075 0176 | SS/DP
a | 3760 | 1457 | 740 | 1954 | 1563 | 1208 | 0.62 0.77 0051 DP
ks | b | 3760 | 1457 | 740 | 1954 | 1563 | 1283 | 066 |063 | 082 [ 079 | 0049 | ss*
c | 4190 | 1458 | 740 | 1954 | 1563 | 1212 | 062 078 0042 | ss*
a | 4190 | 1458 | 740 | 2442 | 2214 [ 1823 | 075 0.82 0.024 ss
e | b [ 4190 [ 1458 | 740 | 2442 | 2214 | 1786 [ 073 | 074 | 081 | 082 | 0056 | cCiss
c | 4190 | 1458 | 740 | 2442 | 2214 [ 1820 | 075 0.82 0.027 ss
aca. | 2 | 4210 | 1458 | 740 [ 1868 [ 1693 [ 1214 | 065 0.72 0013* | ssicC
aN-2ST- | b | 4210 | 1458 | 740 | 1868 | 1693 | 11.05 | 059 | 063 | 065 | 0.70 | 0004* | sS
ST | o | 4210 | 1458 | 740 | 1868 | 1693 | 12.14 | 0.65 0.72 0.032 ss
Note: 1. Qaisc: AISC Predicted Load per stud 2. Qrr: Predicted Load per stud by Rambo Rodenberry

3. Qe: 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. T3.5A-3N-2ST c used modified shear test setup

5.3.2 Comparison between the Conventional Push-out Test and Shear Test Setup

The D3.5A-3N-C-ST and D3.5A-3N-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, while the conventional push-out 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. Furthermore, 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 push-out test setup.

In the case of groups D3.5A-3N-2S-ST and D3.5A-3N-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 slip of 0.05 in.
However, in the conventional push-out test, a strength of 12.30 kips per stud was obtained.
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Unfortunately, the peak load and slip measurements for the D3.5A-3N-2S-PO groups were
compromised due to slab buckling during testing, as described in section 5.2.2. As a result, a

comparison 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 Slip comparing the test setups
In the shear test setup, both specimens (D3.5A-3N-C-ST (a) and (b)) did not exhibit any
cracks on the surface of the slab, except for negligible flexure and transverse cracks at the peak
loads (Figure 5.11 (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
(Figure 5.11 (b)). The failure mode observed in the shear test setup was stud shearing, with the

failure plane occurring in the base metal for both specimens.

b) Deck budging in front of the headed

a) Cracking patten for D3.5A-3N-C (b) shear stud

Fig 5.11 Behavior of Shear Test Specimens
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5.3.3 Challenges with the Shear Test Setup

The correlation between the shear test and the previously explained push-out test initially
gave the impression that the shear test was successfully capturing the behavior in push-out 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 behavior of the 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 investigation 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 11.65 Kips per headed shear stud, which
corresponds to approximately 60% of the strength predicted by the AISC equation. also, the
behavior for headed shear stud in weak positions did not resemble past literature. Figure 5.12
illustrates the push-out test results for a headed shear stud in weak position (specimen D36 W64-
7N6-2) conducted by Rambo-Roddenberry (2002) and T3.0A-3N-W (a) conducted on shear test.
In D36 W64-7N6-2, the peak load was sustained for a significant amount of slip before reaching
failure. On the other hand, when examining T3.0A-3N-W (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 shearing, while the other experienced deck punching as the primary
failure mode. In the T3.0A-3N-W specimen group, all three specimens consistently exhibited a
failure mode where the headed shear stud nearest the actuator sheared and the one farthest to the
actuator 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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Fig 5.12 Force vs Slip plot of headed shear studs in weak position

Upon further investigation into the discrepancies, it was discovered that the specimens
experienced moments during loading, leading to the development of axial forces in the two-headed
shear stud/stud groups. Particularly, the front headed shear stud/stud group primarily experienced
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 Figure 4.6 (b) created the moment, which is
evident from the unequal normal forces and the concrete uplift at the front and back as seen in
Figure 5.13. The consistent failure of the front-headed shear stud first, attributed to its exposure to

both tension and shear forces, further supports this observation.
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Fig. 5.13 Evidence of specimen rotation
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5.3.4 Preliminary Observations Regarding 3.5 in. Deck

The specimens that had single headed shear studs in strong position showed a consistent
occurrence of stud shearing, except for one case where a concrete pull-out failure was observed in
one of the two headed shear 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 based on the guidelines
provided by AISC. The shear surface typically occurred at the base metal, as depicted in Figure

5.14.

3
i

Y45

a) View from below the deck a) on the W section
Fig. 5.14 Typical shearing failure

In the case of single headed shear studs in weak position the average strength was measured
to be 12.19 Kkips, which accounted for 62% of the predicted strength based on AISC guidelines.
When headed shear studs were in dovetail profiles, they exhibited stud shearing 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 shearing along with deck bulging. The headed shear studs in trapezoidal
decks which saw stud shearing initially saw deck 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. 5.15 Typical deck punching failure

Fig. 5.16 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 strength given by the

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

Fig. 5.17 Concrete cone failure

Load vs slip curves for all the specimen groups tested are shown in Figure 5.18 and 5.19.

Figure 5.18 shows the curves with headed shear studs in strong, weak and two staggered positions
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in 3.5 in trapezoidal deck while Figure 5.19 shows curves with headed shear studs in strong, weak,

centered and two studs centered positions in 3.5 dovetail deck profile.
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Fig. 5.18 Load vs Slip curves for 3.5 in. Trapezoidal deck Specimen
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c) D3.5B-3N-S-ST b) D3.5B-3N-W-ST
Fig. 5.19 Load vs Slip curves for 3.5 in. Dovetail deck Specimen

The average measured shear strength per stud, ranging between 63% and 74% of the
predicted strength using the AISC 360 provision, indicates a deviation from the expected values.
Considering the challenges highlighted in the Section 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 studs in the 3.5 in. deck.
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.

5.3.5 Modified Shear Test

To address these challenges, a solution was 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 Figure 5.20, to create the necessary

restraints and counteract rotational movement during the test.
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Fig. 5.20 Shear test setup with retrained from 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 demonstrated in the plot shown in Figure 5.18. The test involved using a 3.5-inch
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 lower at 11.1 Kips.
Both scenarios reached the peak load at a similar amount of slip and exhibited comparable post-
peak behavior, as depicted in Figure 5.21. The uplift of concrete was also seen showing the

specimen was still rotating some amount.
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Fig 5.21 Plot of Force vs Slip for T3.5A-3N-2ST
5.4 Evaluation of Single-sided push-out test
5.4.1 Single-sided push-out test Results

One specimen group having 3 in. Trapezoidal deck with headed shear studs in weak
position was tested on the single-sided push-out test setup. This group was so chosen as the typical
behavior was known and could be compared with past literature and specimen group T3.0A-3N-
W. The results of single-sided push-out test are shown in Table 5.4. Predicted strength are

calculated using AISC provisions (Eq. 2.58) and that given my Rambo-Roddenberry (2002) (Eg.

2.39).
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Table 5.4 Single-sided push-out test Results

specimen | o6y | e | o) | ey | Gap) | oy | Q0 | 990w | o5 | Mo

a | 4190 142 78.3 20.67 17.92 | 1446 | 0.70 0.81 0.769 DP
3L?V?/'-A|\-/|5 b 4190 142 78.3 20.67 1792 | 12.18 | 0.56 | 0.62 | 0.68 | 0.72 0.027 SS/DP
c 4190 142 78.3 20.67 1792 | 12.09 | 0.58 0.67 0.279 SS/DP

Note: 1. Qaisc: AISC Predicted Load per stud
3. Qe: Experimental Load per stud
4. SS: Stud Shearing, DP: Deck Punching
5. T3.0A-4N-W-M (b) was carried out with an application of a normal force while (a) and (¢) weren’t.

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 recorded. These are shown

in Table 5.5.
Table 5.5 T3.0A-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 3.21 - 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 single-sided push-out testes were compared with similar tests conducted by
Avellaneda et. al (2023) (3/7.5-4-N-NF-W1) and Rambo-Roddenberry (2002) (D36 W64-7N6-2)
on a push-out test frame. From the plot in Figure 5.20, it is observed that specimen T3.0A-4N-W-
SS (a) reached a peak load of 14.5 kips per stud, holding the load for a significant amount of slip
until failure occurred with deck punching at 0.769 in. of slip. This behavior is similar to the
specimens 3/7.5-4-N-NF-W1 and D36 W64-7N6-2, which peaked at 15.7 kips and 15.0 kips with
slip measurements of 0.789 in. and 0.850 in., respectively. However, specimens T3.0A-4N-W-M

(b) and (c) did not correlate as closely with 3/7.5-4-N-NF-W1 and D36 W64-7N6-2. These

123



specimens experienced stud shearing failure in the headed shear stud nearest to the actuator,
followed by deck punching in the headed shear stud farthest to the actuator. This failure mode is

similar to what was observed in specimen T3.0A-3N-W-ST tested on the shear test setup.

16

EATE s
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12 (SS Push-out, Current Study)
A
i

T3.0A-4N-W-SS (b)
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(SS Push-out, Current Study)

Force per stud, kip
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4 (2023))

—~ D36 W64-7N6-2
2 (Push-out; Rambo-Roddenbery
(2002))
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Fig. 5.22 Force vs slip plot

The behavior of T3.0A-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 to fail at lower strength due to 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 relation of shear and tension loading on an embedded headed shear

stud is given as; For full embedment i.e., the when the anchor embedment length is in the range of

8 to 10 times the shank diameter.

(5.2)
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And for partial embedment,

s (5.3)

Where:

P, = Applied tension load

Su = Applied Shear load

P’, = Tensile capacity of the anchor = 0.94,F;

S’ = shear capacity of the anchor = 0.9 x 6.6x1073A4,f'.E2** < 0.9A,F,

P,. = ultimate concrete tesnile capacity = 0.475CL.(L, + Dp)+/f'. < 0.85AF;

Suc = Concrete shear capacity of the anchor = 5.66x10734,f'.>**E%4* < 0.854,F,

All the headed shear studs used had the embedment length less than 8 times the shank
diameter the interaction equation, Equation. 5.3 was used. Since this equation were derived for
solid slab, the ratios of Su/Syc were substituted with Qe/Qaisc and further the ratio of tensile force
generated to the tensile capacity of the headed shear studs in concrete filled steel deck was calculate
in Table 5.6. The tensile force ranges from 62% to 73% of its capacity which is a significant

amount to lower the shear strength of these headed shear studs.

Table 5.6 Tensile Force Results

1
Specimen %/:I';C) Qe? (kip) Qe/Qaisc | Pu/Puc?
a 20.67 14.46 0.70 0.62
T3.0A-4N-W-SS b 20.67 12.18 0.59 0.73
c 20.67 12.09 0.58 0.73

Note: 1. Qaisc: AISC Predicted Load per stud
2. Qe: Experimental Load per stud
3. Pyc: Ultimate concrete tensile capacity

Pu: Tensile load generated

Pu/Puc: ratio of tensile force generated to the tensile capacity of
the headed shear studs
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5.4.2 Recommendations

The issue of rotation does not exist is push-out specimen as seeing at the free body diagram
of each slab (Figure 4.4) because a couple is formed between the friction force and the compression
force between the WT and the slab that counter acts the moment and the headed shear studs are
mostly in shear force with little to no tensile force acting on them. This couple between the friction
and compression force does not exist in single-sided push-out specimen because the rollers act like

a spring support and thus there is a deformation incompatibility as seen in Figure 5.24.
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Fig. 5.24 Free body diagram the slab

To overcome this challenge, the rotation causing uplift of the slab on side closest to the
actuator it needs to be restricted. The conventional push-out test, the push-out test by Briggs et. al
(2021), the setup by Ernst (2006) restrains the out of plane translation at the bearing edge. This
restrained should be introduced in this single-sided push-out test to get consistent results. This
could be achieved by having an angle section on the bearing block which would bear as well as
restrain any uplift of the slab. Also, a normal force should be applied, approximately 10% of the

shear load.
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6. Conclusions and Future Work

The purpose of this research was to assess and comprehend the difficulties involved in the
conventional push-out test and subsequently develop and evaluate new test setups. Additionally, a
preliminary investigation was conducted on the behavior of 3.5 in. deep decks in composite beams.
A total of thirty-three tests were performed using three different test setups to evaluate the strength
of headed shear studs. Two tests one each from the push-out and shear test setup were polluted
and weren’t considered. Six tests were carried out using the conventional push-out test setup to
gain an understanding of the challenges associated with it and to observe the impact of using a 3.5
in. deck in composite beams. Furthermore, twenty-four tests were conducted using the shear test
setup, which aimed to mitigate some of the challenges observed in the push-out test. However,
certain challenges were still encountered, necessitating further modifications to the test setup.
These tests also provided insights into the behavior of composite beams with 3.5 in. deep decks.
Additionally, a single-side push-out test was developed, and three tests were performed using 3.0

in. trapezoidal decks to investigate the test setup and make comparisons with previous literature.

6.1 Push-out Test Setup

In the course of conducting the conventional push-out tests, a series of five experiments
were considered out using a 3.5 in. dovetail deck configuration, with either one or two headed
shear studs positioned at the center. These tests were conducted in accordance with the guidelines
specified in AISI S923-20. However, several challenges were encountered during the test
procedure, including:
e Bias in test results towards the weaker stud in either slab: All five conducted tests exhibited

failure of the headed shear studs in one of the two slabs. It is important to note that the strength
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of the headed shear stud (Qn) is determined by the formula Qn = P/n, where P represents the
peak applied axial load and n denotes the total number of headed shear studs tested.

Slab buckling impacting test accuracy: The recorded out-of-plane displacement of the slab
indicated buckling behavior caused by the concentration of load transfer along one edge of the
slab. This buckling phenomenon resulted in rotational movement of the LVDTs (Linear
Variable Differential Transformers), leading to the recording of negative slip measurements
and consequently affecting the accuracy of the test results. Additionally, transverse cracks were
observed, which further influenced the strengths of the headed shear studs.

Limitations in post-peak behavior data: Following the failure of one of the headed shear studs,
erratic slip measurements were observed. Some measurements exhibited spikes, while others
showed negative values, making it challenging to obtain reliable data on the behavior of the
studs after reaching their peak strength.

Difficulty in achieving uniform bearing on the ground: Ensuring a perfectly uniform bearing
of the specimens on the ground proved to be a challenging and time-consuming task. Uneven
bearing can result in additional specimen rotation, introducing variability in the test outcomes.
These challenges highlight the limitations and complexities associated with the conventional
push-out tests for headed shear studs and emphasize the need for alternative test setups or
modifications to mitigate these issues and improve the accuracy and reliability of test results.

Further, the preliminary study on 3.5 in. deck showed that the strength of one headed shear

stud per rib was 19.5 kips, while the strength for two headed shear studs per rib was 12.95 kips.

These strengths were found to be unconservative compared to the current AISC provisions, with

deviations of 20% and 38% respectively. The lower strength observed for one headed shear stud

per rib can be attributed to the fact that the AISC provisions were originally developed based on
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tests involving trapezoidal profiles and were limited to deck heights of up to 3 in. In contrast, the
tests conducted here used a 3.5 in. dovetail deck configuration. However, the strength of the headed
shear studs at 12.95 kips for two studs per rib was significantly low. This can be attributed to the
observed buckling of the slab during testing, which adversely affected the measured slip values as

well.

6.2 Shear Test Setup
To address the challenges encountered in the conventional push-out test, a shear test setup
was developed as an alternative approach. The main objectives of this setup were as follows:

e Reduction of data bias: Unlike the push-out test that involves two slabs, the shear test setup
utilized a single slab configuration. This modification aimed to minimize bias in the test results,
as the failure of headed shear studs in one slab would no longer skew the data towards the
weaker slab.

e Reliable slip measurement: The shear test setup employed a displacement-controlled loading
method, which facilitated more accurate slip measurements both before and after reaching the
peak load. This approach aimed to overcome the difficulties associated with slip measurement
encountered in the push-out test.

e Elimination of uneven bearing and undesirable failure modes: The shear test setup addressed
the challenge of achieving uniform bearing on the ground by eliminating the need for such
bearing altogether. This modification helped mitigate rotational movements and variability in
test data caused by uneven stress distribution. Additionally, it eliminated the occurrence of

undesirable failure modes observed in the push-out test.

129



e Removal of the normal force requirement: Unlike the push-out test, the shear test setup did not
require the application of a normal load, reducing the potential for unrealistic failure modes
where the slab separates from the beam.

Five tests were conducted using the shear test setup in conjunction with the push-out test
as companion tests. The results demonstrated a similar trend in the strengths obtained, with values
of 20.10 kips in the shear test compared to 19.5 kips in the push-out test for a single headed shear
stud per rib in the center position. The load versus slip curves exhibited close similarity between
the two test setups, and the failure modes observed were also consistent. However, due to the
compromised slip measurements observed in the push-out test with two headed shear studs per rib,
a direct comparison with the shear test results could not be made.

In order to establish a correlation with existing literature, three specimens with a 3 in.
trapezoidal deck configuration were tested using the modified test setup. These specimens were
designed with headed shear studs positioned in the weak location. The test results revealed a
consistent failure mode in which the headed shear stud closest to the actuator experienced stud
shearing, while the stud farther away underwent deck punching. Surprisingly, the peak load was
reached at a very low slip value. This observed failure mode differed from the typical behavior of
headed shear studs in the weak position, which typically exhibit deck punching as the primary
failure mode with the peak load sustained over a significant amount of slip. Additionally, the
strengths of the specimens were lower than expected. Further investigation uncovered that the
eccentricity in loading created moments within the specimens, leading to the development of
tensile forces in the headed shear studs. Consequently, the lower strength values observed in these
tests were attributed to the fact that the headed shear studs were subjected to both shear and tensile

forces.
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6.3 Single-sided Push-out Test Setup

To eliminate the axial forces in the headed shear studs, the test setup was modified to align
with the boundary conditions of the conventional push-out test. This modification involved bearing
the concrete filled steel deck on a bearing block instead of attaching the specimen to the side beams
with the WTs. Additionally, a frame was introduced to accommodate a hydraulic jack, which
would apply a normal load on the specimen during testing. This new setup aimed to replicate the
conditions of the push-out test hoping to eliminate the axial forces in the headed shear studs.

Three tests were performed using 3 in. trapezoidal decks and headed shear studs in weak
positions. The average strength obtained from these tests was 12.91 kips, which was found to be
unconservative when compared to the AISC provisions. The behavior of one of the tests aligned
well with the findings of previous literature, while the behavior of the other two tests did not match
as closely. It was observed that the specimens still exhibited rotation during testing, resulting in
the development of tensile forces within the specimen due to the eccentric loading in shear. To
address this issue, a proposal was put forth to apply the normal force as close to the actuator side
as possible, and to apply the normal force less than 10% of the predicted shear force before the
start of the test to compress the rollers thus voiding lateral deformation eliminating the generation

of axial forces in the headed shear studs.

6.4 Preliminary Observations Regarding 3.5 in. Deck

Tests conducted using a 3.5 in deck revealed headed shear stud strengths of 17.55 kips,
12.19 kips, and 11.78 kips for the strong, weak, and two staggered configurations, respectively.
These strengths were found to be unconservative compared to the current AISC provisions,

ranging from approximately 63% to 75% of the predicted strength. Given the challenges faced
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during testing, it is important to conduct further investigations to identify the factors contributing

to these deviations and to determine the necessity of a reduction factor.

6.5 Recommendation for Future Work

The suggested modification for the single-sided push-out test involves applying the normal
load and keeping it approximately 10% of the predicted shear force prior to the test and also adding
an angle section to the bearing block which would help to restrain vertical uplift of the specimen.
This adjustment aims to enhance the rigidity of the boundary conditions by compressing the roller
supports and restricting concrete uplift. By doing so, the specimen's rotation will be prevented,
effectively avoiding the development of tensile forces in the headed shear studs. Tests should be
carried out to evaluate this configuration.

To further investigate the behavior of headed shear studs in composite beams with 3.5 in.
decks, additional tests should be carried out. Once these tests are completed, the findings can be
validated through a full-beam test. This approach will provide a thorough understanding of the

performance of headed shear studs in composite beams using 3.5 in decks.
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Appendix A: Test Setup Detailed Drawings
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Appendix B: Specimen Details
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Appendix C: Material Testing

C.1 Steel Reinforcement

No.5 Rebar

Table C.1 No.5_1 Rebar Properties

Modulus of Elasticity, | Yield Stress, fy | Ultimate Strength, Elongation,
E (ksi) (ksi) fu (ksi) in./in. (%)
S1 29465 65.6 106.3 13.8
S2 26245 64.7 106.7 15.2
S3 32257 61.8 102.4 15.2
Average 29322 64.0 105.1 14.7
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Fig. C.1 Stress-Strain Plots for Steel Reinforcement (No.5_1 Bars)
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Table C.2 No.5_2 Rebar Properties

Modulus of Elasticity, | Yield Stress, fy | Ultimate Strength, Elongation,
E (ksi) (ksi) fu (ksi) in./in. (%)
S1 27920 78.2 98.1 14.1
S2 25473 78.3 97.9 13.7
S3 28705 78.3 97.6 14.3
Average 27366 78.3 97.8 14.0
100
/ﬁ T
80 '(/ \
_i»/ 60
g
wn
40
20
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0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18
Strain (in/in)
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Fig. C.2 Stress-Strain Plots for Steel Reinforcement (No.5_2 Bars)
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Table C.3 No.5_3 Rebar Properties

Modulus of Elasticity, | Yield Stress, fy | Ultimate Strength, Elongation,
E (ksi) (ksi) fu (ksi) in./in. (%)
S1 61292 60.7 98.7 16.0
S2 27902 60.6 98.6 16.7
S3 32726 60.6 97.4 16.4
Average 40640 60.6 98.2 16.4
100 .
80
_3// 60 fr=
g
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Strain (in/in)
—51 S2 S3

Fig. C.3 Stress-Strain Plots for Steel Reinforcement (No.5_3 Bars)
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6 X 6 W1.4 x W1.4 Welded Wire Reinforcement

Table C.4 Welded Wire Fabric Properties

Modulus of Elasticity, | Yield Stress, fy | Ultimate Strength, Elongation,
E (ksi) (ksi) fu (ksi) in./in. (%)
S1 38743 105.0 120.0 2.7
S2 45108 128.5 144.6 2.3
S3 43783 110.1 121.2 2.6
Average 42545 114.5 128.6 2.5
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Fig. C.4 Stress-Strain Plots for Welded Wire Fabric (6x6 W1.4 x W1.4)
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C.2 Specimen Steel

W 12 x 50
Table C.5 W 12 x 50 (558710) Properties
Modulus of Elasticity, | Yield Stress, fy | Ultimate Strength, Elongation,
E (ksi) (ksi) fu (ksi) in./in. (%)
S1 36275 54.1 71.8 25.6
S2 29893 54..8 73.1 27.7
S3 33384 57.7 72.8 26.1
Average 33184 55.5 72.6 26.5
80
70 e ---"""..—.-_-__
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Fig. C.5 Stress-Strain Plots for W 12 x 50 (558710)
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Table C.6 W 12 x 50 (558712) Properties

Modulus of Elasticity, | Yield Stress, fy | Ultimate Strength, Elongation,

E (ksi) (ksi) fu (ksi) in./in. (%)
S1 35634 55.9 72.4 28.1
S2 37260 55.3 72.6 26.8
S3 31978 59.5 74.6 25.4
Average 34957 56.9 73.2 26.8

80

60 g

Stress (ksi)
S g
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Strain (in./in.)
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Fig. C.6 Stress-Strain Plots for W 12 x 50 (558712)
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WT 6 x17.5

Table C.7 WT 6 x 17.5 Properties

Modulus of Elasticity, | Yield Stress, fy | Ultimate Strength, Elongation,
E (ksi) (ksi) fu (ksi) in./in. (%)
S1 34247 54.2 68.5 27.1
S2 25167 53.2 69.3 25.7
S3 36668 54.0 717 23.2
Average 32027 53.8 69.8 25.3
80
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Strain (in./in.)
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Fig. C.7 Stress-Strain Plots for WT 6 x 17.5
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C.3 Steel Deck

TZ1 Steel Deck

Table C.8 TZ1 Steel Deck Properties

10

Modulus of Elasticity, | Yield Stress, fy | Ultimate Strength, Elongation,
E (ksi) (ksi) fu (ksi) in./in. (%)
S1 38656 54.5 66.6 25.6
S2 37819 56.5 66.9 25.2
S3 37413 56.9 67.2 27.0
Average 37963 56.0 66.9 25.9
70
) o ™
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50
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Strain (in/in)
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Fig. C.8 Stress-Strain Plots for Steel Deck (TZ1)
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TZ2 Steel Deck

Table C.9 TZ2 Steel Deck Properties

Modulus of Elasticity, | Yield Stress, fy | Ultimate Strength, Elongation,
E (ksi) (ksi) fu (ksi) in./in. (%)
S1 23586 62.4 83.7 18.8
S2 31935 63.7 85.4 19.5
S3 33574 64.2 83.3 19.1
Average 29698 63.4 84.1 19.1
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Fig. C.9 Stress-Strain Plots for Steel Deck (TZ2)
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DT1 Steel Deck

Table C.10 DT1 Steel Deck Properties

Modulus of Elasticity, | Yield Stress, fy | Ultimate Strength, Elongation,
E (ksi) (ksi) fu (ksi) in./in. (%)
S1 24788 56.1 67.6 24.7
S2 39122 57.3 67.7 25.9
S3 44898 59.4 69.7 26.0
Average 36269 57.6 68.3 25.5
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Fig. C.10 Stress-Strain Plots for Steel Deck (DT1)
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DT?2 Steel Deck

Table C.11 DT2 Steel Deck Properties

Modulus of Elasticity, | Yield Stress, fy | Ultimate Strength, Elongation,
E (ksi) (ksi) fu (ksi) in./in. (%)
S1 36762 64.8 71.1 20.0
S2 38944 64.7 71.6 20.4
S3 33449 64.0 70.4 20.9
Average 36385 64.5 71.0 20.4
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Fig. C.11 Stress-Strain Plots for Steel Deck (DT2)
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C.4 Headed Shear Studs

¥ Dia. Headed Shear Studs

Table C.12 S3L 3/4 X 4-7/8 MS Stud Properties

Ultimate Strength, f, (psi) Shear Strength, Ve (kip) VelAsFy
S1 75200 21.3 0.64
S2 75200 22.1 0.67
S3 75200 21.7 0.66
Average 75200 21.7 0.65
25
20
o 15
N
": 10
5
e
0 &
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45

Displacement, in.

—51 52 S3

Fig. C.12 Force vs Displacement Plots for Headed Shear Studs (S3L 3/4 X 4-7/8 MS)
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Table C.13 S3L 3/4 X 5-3/16 MS Stud Properties

Ultimate Strength, fu (psi) Shear Strength, Ve (Kip) VelAsfy

S1 74000 224 0.69

S2 74000 224 0.69

S3 74000 22.2 0.68

Average 74000 22.3 0.69
25
20
=y 15

Y
“"o 10
5
0
0.05 0.1 0.15 0.2 0.25 03 0.35 04 0.45

Displacement, in.

—51 —5S2 S3

Fig. C.13 Force vs Displacement Plots for Headed Shear Studs (S3L 3/4 X 5-3/16 MS)
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Table C.14 S3L 3/4 X 5-7/8 MS Stud Properties

Ultimate Strength, fu (psi) Shear Strength, Ve (Kip) VelAsfy
S1 78300 21.8 0.63
S2 78300 22.0 0.64
S3 78300 224 0.65
Average 78300 22.1 0.64
25
20
=y 15
Y
“"O 10
5
0
0 0.05 0.1 0.15 0.2 0.25 03 0.35 04 0.45 0.5

Fig. C.14 Force vs Displacement Plots for Headed Shear Studs (S3L 3/4 X 5-7/8 MS)

Displacement, in.

—51 —5S2 S3
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Appendix D: Mill Certificates

D.1 Specimen Steel

W 12 x 50

Heat Number
558710

r No

Shi

Customer PO#

AMERICAN INSTITUTE OF STEEL ENG0718228

er Na

c

2026908

167225

% 00% Melted and Manufactured In U.S.A
P.0. BOK 1218; ELVTHEWLLE, AR 72316 | Shapes producad by Nucor-Yamato Steel are cast 3nd rolled to

NUCOR- YAMATO STEEL CO. w CERTIFIED MILLTEST REPORT
fullykilled and fine grain practice

]
F Date 0420202281240 |
£ [INFRA METALS COMPANY & INFRA-METALS VIRGINIA ASTH 2
! (580 MIDDLETON 81V STE D-100 1 l1soomessemen nosp ASTMAT03/A703M-L8 GRS (345
® lLANGHORNE P 19087 4 ASTM A709/A709M- 18 GRS 05 |3455)
z g PETERSBURG A 23005 CS4640.21.13 SOWM (345 WM
usA T |usa &
v °
Mechanical Properties Chemical Properties
Ve | ong Charpy impact
Vieldto Sreagih
en a™d Heaw m| act Energy [Loc
T Tensile .‘!.in.!.ann.:n.k:.vau.?;
hto | CHIERE felbl
M2 | mPa % | ¢ ]
W12X050 0 8 % | 2
CIT o | ¢ % | o2
LY ek y[ssamo ] DL B o 07 [138) 016| 026 .26 | 36 [ a6 | 15 | o4 [ oa | oox) 35| 01 | a7
(18 29 m) [T} S26
W12x050 0 3] IS
60RO In o S8 n” u
7 lwstox7e rissem| ool a2 | s 07 123 om0y | 27| 37| 17 13| o4 | o0 |eor| 35 | 01 | a7
(1829 m) w | su

ONGATION BASED ON §.00 INCH GAUGE LENGTH

CARBON EQUIVALENT CEs CoMn/5+{CreMoWVI/S o{NICul/15

e~

Meets

[Corosion Indexs 26 01INCuls3.881%N41.2(5Cr)o1 49(%S)e17 2BNPRT 29(NCuNNNILS, LOINNINKP )33 39[%Cu)'2 y
15090012015 cernfied (Registration #0985-07) This -

Approx 0005)

o materal

Baron has not by

The Charpy machioe striker

the Bmm [0 315 striker (KVy) per ASTMAI70 Section 22 1 2 and IS0 148-1 Section 7 3

I hereby certify that the contents of this repoet are accurate and
4 .

State of Arkansas

correct

County of Mississippt

Sworn to and subscribed before me

material manufacturer are In compliance with the

f the ! andwhen
di by the meet the
specifications

Chief Metallurgist
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Heat Number
558712

Shippe
2026908

er PO#

Cust
AMERICAN INSTITUTE OF STEEL ENG071822B

er Name

ust

ED.:: ks - 00% Melted and Ma e_ﬂ“hu_* .c SA
. and Man n U.
E il 0. 0K 1225 SLTMEALLE, AR TR S Il Shapes produced by Nucor-Yamato Steel are cast and rolled tol
13 3 fullykilled and fine grain practice
= ]

Date 0402002022812 M

RA METALS COMPANY

H + [INFRA-METALS VIRGINIA
| 580 MIDDLETON B1YD STE 0-100 ! 1500 sessemer Roso ?BEWHESERH“?&E:%F
HORNE PA 15047 IPETERSBURG VA 23305 [CSAGAD.21.13 SOWM (145WM)
T|USA T |Usa 19
° o
Mechanical Properties Chemical Properties
e O
0 an{ Heare |Meldte V| swen | ELONS Temp [impact Energy [Loc
fensile . n‘.vuﬂpz_oicn-nums?l
hate i ksl % F e 14
MPa MPa » =% )

W12X050 0 58 7% u

60#0In on 59 7% 5
1 W310X 74 3| ssar10 0 w1 523 07 | 118 016| 026 26 | 36 | .16 15| 04| o4 foor| 35 | o1 | ar

(18 29 m) 407 526

(W12X050 0 €1 ” u

60RO In on 58 ” u
2 w3t0x74 7| ssemz 07 2 sas o7 ltaafozfon| 7| 37| 17 1B 04| o4 00| 35| 01|.17

(18 29 m) 403 32
FLONGATION BASED ON 8.00 INCH GAUGE LENGTH ﬂ)x!!sgengié&!gm
peme= Cosif3 J £005) Y b In the material
Korrosion Indax= 26 D1[%Cu}s3 88(%N1)+1.206CrH1 49{NSI|117 23(%P)T 29(%Cu)NMNI-9. 100N (%P )33 INNCuP2 ¥ nd will 0008%
15090012015 cernfied (Registration § 0985-07) !II-.:_._!-:.}.B.sg.lniiiltwl_nv-i—ral..
Meets typed 1
The Charpy machine striker feometry Y the 8 mm [0 3157Jstriker (XVy) per ASTMAITO Section 22 1 2and 150 148-1 Section 7 3
I hereby certtly that the contents clthis report are accurate and T
correct All 4 4 State of Mhamsas e A

are withthe County of Mssissippl & N m\
ofthe material and when Sworn to and subscribed before me
d meetthe
specifications -~ —r-@.v =8 S
Chief Metallurglst @ S
on 20220420 Speusah N e

My commission explres on 07/17/2023 A,.ﬁi by S
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Heat Number

556446

171

Shipper No

2026840

' Custo!
AMERICAN INSTITUTE OF STEEL ENG071822A

Customer Name

WT 6 x17.5

CERTIFIED MILL TEST REPORT
Invuice \o NUCOR- <>Z>._6 STEEL CO.
L 100% Melted and Manufactured In US.A
iaviifzgsu—z_!it&isuiz
led and fine grain practice
_ Date 13%5»:8!
3 VIRGINIA T/L ASTM
¥ ASTM ATOS/A709M-18 GRSO (345)
- !, [L900 BESSEMER KD [ASTM ATOS/ATOIM-18 GASOS (3455)
[LANGHORNE PA 19047 VA 23805 CSA G40 21-13 SOWM [345WM)
NE « |ASTM AB/AGM-19
oper Chemical Properties
Torele |Charpy Impact
Tieldto s | EONG
AN Meath | st leme {impactboeny o€ | ¢ | py | p | s |9 || m[o|Me)| v ofa)sa
Rato | W | % |‘F [
wa | Mh | % | *C )
W120030.0 ) % |
SSROM on | % w | »
1 L omaaiins 2| ssemo | 0| | s oe| % |o2|ow| 2|3 | 15| 18] 05| 0005|301
{16.76 m] 6 su
W120035.0 57 | B
n
~nhn=u~ 7| ssenss un 215 = o | s2|ow2|os| 22| 3a| 3|2 00| 00fo7|0fon
(1219m) w9 | s0
W12x035 0 58 | %
s0R0 on| & n | =
uSE.V uf sseus | ST S0 L o7 | 93 |on|o| 22 | 15| 22| 04| 00|02 02
(1829m) %6 | w
[wizxoaso 59 n | =
60RO o | s n | %
L i 1| sseaso | o0 | s | sw o8| os|om9|onaf 25| 35| 13| 2| 04| 00|o7f 32| ;
(1829 m) 405 s
LENGTH CARBON EQUIVALENT CE= CoMn/6+{CreMosV)/S+(NiCul/15
Pome € ) \pprox 000S) of this motest.
r;aﬁ_ﬁa;l‘x?:_ﬁa.rigzitzggzugl Boron added and
150 9001:2015 certified (Registration ¥ 0545-07). Thes Steel Quality Manyal
Mests lab of EN10204 type 3.1
The Charpy machine striker geometry used by {0315 )sutker (KVy) per ASTM A370 Section 22.1.2 and 150 148-1 Section 7.3
{hereby certy thatth of s mpert i
brater = erformed by this materha Suate of Arlansas

i th of the
. e haser, meet Sworm 1o and subscribed before me




Heat Number
542804

er No

Shi

Custome

AMERICAN INSTITUTE OF STEEL ENGO071822A

Customer Name

2026840

_E NUCOR-YAMATO STEEL CO.

£.0. BOX 1228: BLYTHEVILLE, AR 72318

100% Melted and Manufactured In U.S.A
All Shapes produced by NucorYamato Steel are cast and rolled to|
3 fully killed and fine graln practice

CERTIFIED MILL TEST REPORT

Date  [06/28/2021048AM

3 [INFRA METALS COMPANY § [INFRA-METALS VIRGINIA s 20 AST2NS
ASTM A709/AT09M-18 GRSO (345)
)
2 MIDOLETON BLVD STE D-100 | [1900 BESSEMER ROAD ASTM A709/ATOSM-18 GRS0S (3455)
ORNE PA 19047 PETERSBURG VA 23805 CSAGA0 2113 SOWM [345WN)
uﬁ» % USA ASTM AS/A6M-19
Chemical Properbes
[ Charpy Impact
e strr ELONG
any Heaw [1€1¢% e Temp [impact Energy |Loc
sf—nﬁ.t.m » n!tomnn=:Q!e<n- Pom
fato e
wea | MPs | % | °C )
W14X043 0 54 TS
40RO on| s n | %
1 [ wasoxse 1| se04 | oo |5 | osi0 08 |129|.01¢| 028 | 23| 35| 18 [ 17 | o6 | 04 | 001 19
(12.19m) 360 | 497
W14X043.0 53 TS
s (0808, 12| sam | o7 x 10 o6 |126] 016|028 25| 26 | 12| 16| 08| 04 | 02 1
(18.29m) 376 | 498
\TION BASED ON 3.00 INCH GAUGE LENGTH "CARBON EQUIVALENT CE= Crin/6+CrsMosVl/Se{teCul/15
sl /20+C: f Approx 0005) yhas mot b dwect f aterial
_l.!:n:oﬁ.v_-u?x_v.z_..g.:oﬂn!:.?i%?: 10(%NI%P)-33 39(Cul'2 Boron has not b exceed 0.0008%
This material d withthe

1509001 2015 certfied (Regstration #0985-07).

Meets mechanical lab independence requirements of EN10204 type 3 1
el is the

£ mm {0 3157 )striker (KVy) per ASTMA370 Section 22 1.2and 150 148-1 Section 7.3

The Charpy geon

I hereby certsfy that the contents ofthis report are accurate and
correct Alltestresults and operations performed by this

withthe

ts of the L] andwhen

94..!:&!5. -in,uan..al.:f applicable
specifications

St

Chief Metallurglst

State of Aansas
County of MEsslssippl
Sworn to and subscnibed before me
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Heat Number

55073716

Shipper No

2026840

Customer PO#

AMERICAN INSTITUTE OF STEEL ENGO071822A

Customer Name

WT 7x21.5

173

CERTIFIED MATERIAL TEST REPORT

Page i)
- CUSTOMER SHIP TO CUSTOMER BILL TO GRADE SHAPE/ SIZE DOCUMENT ID:
QO mmnu>= INFRA METALS €O INFRA METALS CO A%VAST2-S0 Wide Flange Beam / 14 X 43#7360 | 0000473218
1900 BESSEMER RD 580 MIDDLETOWN BLVD e
PETERSBURG,VA 23805-1112 LANGHORNE,PA 19047-1877 LENGTH PCs WEIGHT HEAT/ BATCH
US-ML-CARTERSVILLE USA UsA 0% 4 683018 SOTITIEN
384 OLD GRASSDALE ROAD NE
CARTERSVILLE, GA 30121 SALES ORDER CUSTOMER MATERIALN® SPECIFICATION / DATE or REVISION
USA | nasesiamonono AT
2 ASTM A709-18
CUSTOMER PURCHASE ORDER NUMBER BILL OF LADING DATE ASTM A992-11 (2015), AS72-15
VA628138 1323-0000199400 01212022 CSAGI021-13 MsWM, SOW
CHEMICAL COMPOSITION
C{®%) Ma(%) P S(%) Si(%)  Cu(%)  Ni(%)  Cr(%)  Mo(%) Sn (%) V(%  Nb(%) CEquA6(%)
103 0016 0027 030 032 003 014 0036 0010 0001 0030 o030
YS 0.9 UTS (Ps1) s (Inches
. ™ ) UTS (MPa) YT nti
il 75500 i 523 o o o Foto”
54000 77600 n 535 0.200 3000 2470
g‘sa

?-gnnnﬁl-annc.a&nvﬂx._Eiggtgrfgg&ﬁg.ggéiPnl._u-lnoﬂan.!_ in compliance with
specified requirements. No weld repair was performed on this material, Eggigraag!&!g%!?ggig?rs
Eggsglnsuigggg&ﬂgl—o&s?c; CMTR complies with EN 10204 3.1.

\Su»\on\blﬁl..:!}.\fziuﬁ PSS TN
‘QUALITY DIRECTOR .

QUALITY ASSURANCE MaR.
Phooc (409) 267-107) Email Bhaskar.Yalamanchil@gerdsu.com Phoos (770) 3875718 Email yan wang@perta com

———




ber

Heat N
60137693

Shipper No

2026840

Customer PO#

CERTIFIED MATERIAL TEST REPORT Pagelil

CUSTOMER SHIP 1O CUSTOMER BILL TO GRADI SHAPF / SI71 DOCUMENT ID
oo mm~°>= INFRA METALS CO INFRA METALS CO AWYASTI-S0 by 14X 4301360 (0000326614
1900 BESSIMLR RD 580 MIDDLETOWN BLVD
PETFRSBURG,VA 2805-1112 LANGIIORNEPA 19047-1877 LENGTH PCS WEIGHT HEAT /BATCH
US-ML-PETERSBURG USA USA w000 ' 13760 LD 013769302
25801 HOFHEIMER WAY
PETERSBURG, VA 23803-8905 SALES ORDER CUSTOMER MATERIAL N* SPECIFICATION / DATE or REVISION
USA 1074222000230 ASTM AG-1T
ASTM A09%-18
ASTM AD92:11 (2015), AST2-15
CUSTOMER PURCHASE ORDER NUMBER DILL OF LADING DATE
VA-618771 130-0000164215 00192021 CRAGR 211 HIWL W

CHEMICAL COMPOSITION
CM™ Ma(%) P  SM% S  Cu)  Ni(%)  Cr(%)  Mo*%)  Sn(*%) V(%)  Nb(%)  Al(%) CEqvA6(%)

008 098 0010 00 0 033 AL 00 0040 0008 0002 0015 0003 030
MECHANICAL PROPERTIES
YS 0 2% (PSD UTS (PShH Ys fr»@-v UTS (MPa) YIT ray (%) GIL (Inches) G &53. (%)
53900 20500 k) 436 0760 8000 2000 30
53400 69700 368 481 0770 4000 2000 2630

COMMENTS / NOTLS

174

The above figares are certified chemical and phiysical test records as contained in the permancat records of the company We crtfy that these data are correct and in compliznce with
specified requirements No weld repair was performed on this matersal :salnlsusicﬂnssz!éiglao!cn&-gs- This matenal, including the billets,
was produced (Electne Arc Fumace melted, Contimaously cast. andior Hot rolled) in the USA CMTR complies with EN 10204 3 |

\S)» BHASRAR YALAMANCHE | ?K \. ALICE MTC0RD

QUALITY DIRECTOR QUALITY ASSL RANCE MGR
Phone (409) 267-107] Emal Bhaskar Y alamanchab@gerdeu com Phone (804) 524-2851  Imail Alice paichford@gerdau com

AMERICAN INSTITUTE OF STEEL ENGO71822A

ustomer Nam




D.2 Steel Deck Mil Certificates

United States Steel Corporation

Fairless Plant
Fairless Hills, PA 19030-5099

METALLURGICAL TEST REPORT

ORDER: GD76193-01 SALES NUM: 2004298083 PART:
LOAD: 640380 INVOICE: 146-297324 SHIP DATE: 11/18/21
PO NBR: 39575 VEH ID: SSL17 TX8215
--- SOLD TO: ---------cmmmmmmmo --- SHIP TO: -------mmmmmimeaem o
EPIC METALS CORP EPIC METALS CORP
11 TALBOT AVE C/0 PLUM CORP
RANKIN, PA 15104-1113 1534 WOODWARD DR EXT

GREENSBURG, PA 15601-6418

MATL ID: 9751878 HEAT: F24217 TEST OR PIECE IDENTITY: 7777150
GAUGE: .0360 IN WIDTH: 52.7500 IN  LENGTH: COIL 1. G WEIGHT: 23190 LBS
GAUGE: .9144 MM WIDTH: 1339.8500 MM LENGTH: COIL 1 PC WEIGHT: 10518 KGS

SPEC: GALVANIZE CARBON ASTM A653-20 GR 40 APPROVED SS MINIMUM SPANGLE C .10 MAX EXPOSED PRIME
SIDE OUT G906 MIN SPANGLE CHEM TREAT DRY NO PICKLE WELDS YS MIN 40 KSI .2% OFFSET TS MIN
55 KSI EL MIN 16% EL DIST 2 INCHES LONGITUDINAL ASTM STD TENS

INSP: 01 MILL INSPECTION RA/SN ALSO RA/LT REPORT CHEMISTRY TENSILE-KSI

HEAT: F24217 - MELTED AND MANUFACTURED IN THE USA - - ---mcmmmmmim e e
C=.11 MN=.35 P=.009 S=.011 SI=.008 CU=.04 NI=.02 CR=.04 M0=.005 SN=.007 AL=.033 N=.004

V=.000 B=.0001 TI=.001 CB=.000

Chemical analysis in weight %.

TEST RESULT - F24217 VALUE DIRECTION LOCATION
Yield strength - 0.2% offset 42.6 KSI Longitudinal
Tensile strength (UTS) 55.8 KSI Longitudinal
2" Elongation 39% Longitudinal
N Value .208 Longitudinal
Yield strength - 0.2% offset 42.7 KSI Longitudinal
Tensile strength (UTS) 56.3 KSI Longitudinal
2" Elongation 39% Longitudinal
N Value .207 Longitudinal

----------------------------------- END OF TEST RESULT DATA wowwessvmis cwsmvaassasi somas s

THE MATERIAL CHEMICAL ANALYSIS WAS PERFORMED AT MON VALLEY WORKS, BRADDOCK, PA 15104.

THIS TEST REPORT IS IN COMPLIANCE WITH SPECIFICATION EN 10204 SECTION 4.1 Inspection
Certificate 3.1 (Type 3.1)

THIS REPORT SHALL NOT BE REPRODUCED OR ALTERED WITHOUT THE PRIOR WRITTEN APPROVAL OF UNITED
STATES STEEL.

TESTING IS CONDUCTED IN ACCORDANCE WITH METHODS ASTM E8, ASTM A370, ASTM E18, ASTM E646,
ASTM E415 and JIS Z2241.

TEST DATES FROM RETAINED RECORDS CAN BE PROVIDED UPON CUSTOMER REQUEST.

THE ABOVE RESULTS RELATE ONLY TO THE ITEMS TESTED, CALIBRATED OR SAMPLED.

THIS IS TO CERTIFY THAT THE PRODUCT DESCRIBED HEREIN WAS MANUFACTURED, TESTED AND/OR INSPECTED
IN ACCORDANCE WITH THE SPECIFICATION AND FULFILLS REQUIREMENTS IN SUCH RESPECT. PREPARED
BY THE OFFICE OF JOSHUA SHAFFER,

QA MANAGER. BY: 4

DATE:11/18/2021

*0311 NCNNF 0 0 0 0065252016Z JMS 0 0 1 PAGE 1 OF 1
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2027 East State Highway 198
METALLURGICAL CERTIFICATION Osceola, AR 72370

www.bigriversteel.com

BRS

8IG RIVER STEEL

Sold To: EPIC METALS Ship To: EPIC METALS - GREENSBURG P Certificate #: 242819 Material Weight: 23,325 LBS
RANKIN, PA 15104 GREENSBURG, PA 15601
Load Number: 225054 Heat Number: 20071601
Part No.: Description: COLD ROLLED GALVANIZED- Ship Date: 05/15/2020 Customer PO: 38955
CARBON STEEL COILS
Spec: A653 SS GRADE 40 0.0360X54.4370 (MIN) Material ID: 20071601-05100 Order #: 36589

LinearFt: 3,403 ft
CHEMICAL ANALYSIS

c Mn P S Si Al Cu Ni Cr Mo Sn Ti v Nb N B Ca C(eq)
.06 i) .006 .003 .04 .030 .10 .04 .03 .022 | .0045 .001 .002 <.001 .0079 | .0001 .0025 .141
0.2% Yield Strength 52 ksi 360 MPa
Direction Longitudinal
Tensile Strength 62 ksi 426 MPa
Total Elongation 35 % 35 %
Actual Gauge 0.0370 in .94 mm
Coating Weight G90
Surface Treatment Chrome 6
We hereby certify the above is By: Denis H Y

correct as contained in the records : dhennessy@bigri
of the company. All tests performed ESmi e Eivestesteony

according to ASTM standard E8, Main: 870-819-3031

A370,E18,E415 and E1019.
) Certificate Date: 05/15/2020
This product was melted and

manufactured in the USA.

The value of the material is not
portrayed in this document due
to confidential clauses.
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D.3 Headed Shear Studs Mil Certificates

4/12/23 Certificate of Compliance NELSON® 08

STUD WELDING
VIRGINIA TECH

300 NELSON STUD WELDING, INC.
TUBNER' :STREET. NW 7900 WEST RIDGE ROAD
BLACKSBURG VA P.O. BOX 4019
24061 ELYRIA, OH 44036 2019
Material Description/Part Numbers Quantity Heat Number Lab Number
S3L 3/4 X 5 7/8 MS 700 10792770
101098138 27326
Nelson Order Number: 1308329 Customer P.O.: P4127752

The product supplied under the contract or purchase order number shown
is certified to comply with the latest revision of one or more of the
applicable product specifications therein; AWS D1.1, AWS D1.5, AWS D1.6,
ISO 13918, BS 5950, ASTM A108, ASTM A29, ASTM A276, ASTM A493,

ASTM Al1064, ASTM A496, ASTM A479, ASTM Al022.

The chemical analysis reported below was extracted from the certified
mill test report. This report will be supplied when specified in the
customer order or upon request. The physical properties reported were
determined to be in conformance using ASTM A370 testing procedure.

Nelson Stud Welding is an IATF 16949:2016 certified supplier.

This material is free from mercury contamination and is RoHS compliant.
This product is melted and manufactured in the USA. No weld repair was

performed on the raw material or the studs. Parts are manufactured from
cold drawn bar.

Grade C-1015
Heat Number 10792770
Ultimate PSI 78,300
Yield PSI 63,900
% Reduction of Area 62.0
% Elong. (in 2"or4D) 22.0
% Elong. (in 5D) 18.000
Carbon .160
Manganese .530
Phosphorous .007
Sulphur .010

I hereby certify that the data listed in this
Certificate of Compliance is true and correct as
as contained in the company test records and that
it complies with the specifications shown.

Authorized by:
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q'ﬁ’ GINIA TECH

4/12/23

Certificate of Complian%e:

I\I!T-m'-wsﬂn%N

300 TURNER STREET NW

|
BLACKSB |
CKSBURG VA P 3 56 Pell
[ - Suite A |
] ]
Material Description/Part Numbers Quantity Heft Number
S3L 3/4 X 4 7/8 MS 80 107785720
101098131 27
S3L 3/4 X 4 7/8 MS 80 10002i5983
101098131 272
S3L 3/4 X 5 3/16 MS 1040 105471 ]
101098011 70275

Nelson Ordexr Number: 1308320
The product supplied under the contract or purghas
is certified to comply with the latest revision of on
applicable product specifications therein; AWS D iy
ISO 13518, BS 5950, ASTM AL08, ASTM A29, ASTM A276, AP
ASTM A1064, ASTM A496, ASTM A479, ASTM Al022.
The chemical analysis reported below was extra%teu

o
o

mill test report. This report will be supplied when g

customer order or upon request. The physical proﬂertl

o
CustoJ P.O.: P4127752
t :

order number

ox more of the

AWS D1.5, AWS
™ A433,

from the certi
specified in the
&s reported we!

determined to be in conformance using ASTM A370 testing procedure.
Nelson Stud Welding is an IATF 16945:2016 certifief supplier.

This material is free from mercury contamination d i
This product is melted and manufactured in the USA. Nb
performed on the raw material or the studs. Parts are
cold drawn bar.

& ROHS complia:

weld repair w
manufactured £

ham Davis Circle

Greent IiEe, SC 29615
TehFRuIBGRsEy

shown
-

D1.6,

fléd

re:

nt.
=¥

Grade €-1015 c-1018 | - 1018 . .
Heat Number 10785720 10002159E3 | £ 1000115271
Ultimate PST 78,200 75,200 | ‘ 74,000
Yield PST £4,70C 67,2000 56,300
% Reduction of Area 61.0 61.0 63.0
% Elong. (in 2"or4D) 23.0 23[.0 25.0
$ Elong. (in 5D) 20.000 23.000
Carbon .150 .z0 .iGE
Manganese .590 .690 R .B90
Phosphorous .005 . 009 .poo
Sulphur 011 .007 -poa
Silicon -peg
Chromium .ot
Nickel .pao
Copper .12@
I hereby certify that theldata listed in| this
Certificate of Compliancefis true dnd correct as
as contained in the :ompaly test records aﬁd that
it complies with the[spec1f1cat;ons Showzéjji:’———_

Authorized|by:

\

|
|
|
l

//// : :
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Appendix E: Reinforcement Calculations

Assuming the specimen to be a deep beam of 6 ft length with pin supports at 1ft from each end.

The beam will have a depth equal to the width of the specimen and width can be average concrete thickness
of the specimen

~

So for Specimen D3.5A-3N-C EEENEE r
h:=4 ft =48 in a L a
. : 5] | = | —t— b
d,==3.51n |
iiey i e
dc =2 1n [o e e o v 3"
dy
b::dc+7:3.751n ‘ 3 Y

The amount of load V appiied will be equal to the predicted strength the headed shear studs in the specimen
will take

considering all the nominal properties

1bf

e , wi=145 — 3
b2 C-—3 ks1i ft

15 [+ e o .
E:=w ‘q—— ks1=23024.2148 ks1i
ks1i

Headed shear stud in strong position

2 ;
A_:=0.44 in £,:=65ksi

Rg =1  one stud perrib

Rp :=0.75 strong position

n:=2 no.of headed shear studs to be tested in the specimen

2, ==min[[O.5-As- [f' - E Rg-Rp~As-fu”

Q. =20.9551 kip
Vi=n-Q =41.9102 kip

Z-4 FE
2

Mu ::TZ41.9102 kip ft

179



FLEXTURE REINFORCEMENT
now assuming tesnion yielding
Whitney Stress Block
c:=1.945 in

B,:=0.85

2 -
A_:=0.31 in assuming one #5 bar|

F a= 1

- 60 ksi

d:=h—-2in=46 in
C=:0.858-f’c~b-C=l8.7741 kip

=4 +F, =18.6 kip

F i
¥ a:=pf.+c=1.6532.1h
= £ i=—— =10.0021 1
Se=000% B Sunes ke
— d—c . - .
£ 1= e, =0.068 WB>¢, steel is yielding

> 2 +0.003 Tension controlled
®:=0.9 Tension control

M :=A_-F -

. g =70.0187 kip ft

)
2

u

@-M =63.0169 kipft >m8 M OKAY

Provide one #5 bar

REINFORCEMNT TO LIMIT TRANSVERCE CONCRETE CRACKING
Sn -kc}.,_“-bt,\[f: + A F $(7.5/ lom)bt,\[f: (Eq. D4.1.1-1)

£'_ :=3000 psi

®:=0.8
k = HEE For U.S customary units
¢~ 71000 : v

A:=1.0 For normalweight concrete
b:=12 in

dd
(i ::dc+7:3.75 in

a

29000 ksi

g5 | = =19.5893

t:=0.0359 in
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d:=8 in

€ i=.3.5 1h

w:=3.51in

=371
s:=2:(e+w)+f=171in

d
te = ta+nsc't'g
t,=3.912 in

considering 6x6 W1.4 x W1.4 welded wire reinforcemnt

o2
AV :=0.028 in

fys =60 ksi
Er 7.5 7 i
Sy=minflx .A.p-t d—= ksi+A -f _—.b-t +o— ksi
. c e | ksi v T¥s 1000 e | ksi
: kip kip
T — 9.91 — 19.3 —
LaRes Ft Ft
v The shear force in the concrete would be
[E] 3 divided on both sides of the headed shear
kip — XD OKAY v
5,=9.91 e LA T 5.2388 ft studs so 71 is considered

so providing the following reinforcemnt,

Calculations are all other shear test specimens are given in Table E.1 and E.2
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Table E.1 Flexure Reinforcement Summary

] Tension Cord
. Fo | & ke Stud Predicted Whitney
roup ; o 1Sl : ; orce v, M., kip- Stress M,, Kip-
Ksi Configuration . u, KIp ; ; n, KIp
& Kip f | blockc | P | Din | Asin? g | Mv/Mo
in
D3.5A-3-C | 3 | 302421 | Centered 41910 50.29 1.945 | 085 | 3.75 | No5 | 031 | 66.92 133
D3.5A-3-2S | 3 | 302421 | Two studs 72.930 87.52 3890 | 0.85 | 3.75 IEV(;"; 062 | 131.27 | 1.50
T3.5A-3-S | 3 | 3024.21 Strong 41910 50.29 1.945 | 085 | 3.75 | No5 | 031 | 66.92 133
T3.5A-3-W | 3 | 3024.21 Weak 34.320 41.18 1.945 | 085 | 3.75 | No5 | 031 | 66.92 1.62
T3.5A-3-2ST | 3 | 3024.21 Two 65.637 78.76 3890 | 085 | 375 | ™° o062 | 13127 | 167
Staggered No.5
D3.5B-3-C | 3 | 3024.21 Strong 41910 50.29 1.945 | 085 | 3.75 | No5 | 031 | 66.92 133
D3.5B-3-2S | 3 | 3024.21 weak 34.320 41.18 3890 | 0.85 | 3.75 ;Vg‘; 062 | 131.27 | 3.19
T3.0A-3-W | 3 | 3024.21 Weak 34.320 41.18 1.945 | 085 | 3.75 | No.5 | 0.31 | 4832 1.17
Table E.2 Shear Reinforcement Summary
F, . Stud Predicted Welded Wire Mesh
Group Ksi | oSt Configuration force V, in2 Sn, Sn,
Klp Ay, in /ft Klp/ft Klp Sn/Qn Sn/(V/Z)
6x6
D3.5A-3-C 3 | 302421 | Centered 41910 | (o o1, | 0028 | 991 | 39.63 | 0.95 1.89
6x6
D3.5A-3-2S 3 | 302421 | Two studs 72930 | (14w | 0028 | 991 |39.63 | 0.54 1.09
6x6
T3.5A-3-S 3 | 302421 Strong 41910 | o 2 w1, | 0028 | 10.07 | 40.28 | 0.96 1.92
6x6
T3.5A-3-W 3 | 3024.21 Weak 34320 | (1, v, | 0028 | 1007 | 4028 | 117 2.35
Two 6x6
T35A-3-2ST | 3 | 302421 | ooorog 65.637 | wiaxwia | 0028 | 1007 | 4028 | 0.61 1.23
6x6
D3.5B-3-C 3 | 3024.21 Strong 41910 | 0 w1, | 0028 | 991 | 39.63 | 095 1.89
6x6
D3.5B-3-2S 3 | 3024.21 weak 34320 | yiaowia | 0028 | 991 | 3963 | 115 2.31
6x6
T3.0A-3-W 3 | 3024.21 Weak 34320 | uy4owaa | 0028 | 1007 | 3021 | 088 1.76
Since all the values of Mn/My and Sn/(V/2) are greater than one so the reinforcement will
be sufficient.

182




