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(ABSTRACT)

Standards for stud strength in composite joists are presently not available.
Existing standards for composite design are targeted for composite beam design
while design of a composite joist requires more emphasis on stud strength to fully
develop the joist bottom chord. Stud placement in the deck flute is investigated.
Thirty-six push-off specimens were tested with three different deck geometries. A
normal load apparatus models gravity loading in an attempt to represent full-scale
joist behavior during the push-off test procedure. The results illustrate that the
current AISC specifications (ASD 1989; LRFD 1986) do not accurately predict
stud strength for studs placed in ribbed metal deck when the deck is

perpendicular to the shear loading.
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CHAPTER 1
INTRODUCTION

1.1 BACKGROUND

Since the first applications of composite beam design with steel and
concrete, the mechanical shear transfer device at the steel-concrete interface has
been investigated. The bending action of the beam results in a horizontal shear
force at the interface. An effective shear transfer device will enable the composite
beam to attain its expected strength while minimizing the slip at the interface.

As the use of shear transfer devices in composite beams increased, a
method was needed to evaluate their strength and stiffness. A method was first
devised during the 1930’s in Switzerland (Davies 1967). A specimen, referred to
as a push-off test, was made to simulate a segment of the composite floor
system. Results from this test provide ultimate strength capacity as well as slip
characteristics for shear connectors.

Various types of shear transfer devices have been used, such as spiral
connectors, flexible channels, and hooked studs. Installation of these connectors
required welding directly to the beam surface. This procedure was time and labor
intensive. The most popular and economical shear connector is the headed stud.
These studs can be quickly installed through the metal decking with a stud-
welding gun without preliminary preparation to the deck or to the beam surface.

Early composite floor system designs used solid concrete slabs that were

constructed with temporary formwork. Ultimate strength and slip characteristics



of welded headed studs were determined from test results of full-scale beam and
push-off tests. Most of the early research, as will be reviewed in the next sub-
section of this chapter, focused on the strength of the stud in solid slabs.

To speed construction, decrease weight, and reduce the amount of
material, ribbed metal deck became a popular alterative to the solid slab. Today
(1991) it is the industry standard. As the use of ribbed metal deck with composite
beam design increased, questions arose as to how the stud strength was affected
by the rib geometry. This point was the focus of a study at Lehigh University
(Grant et. al 1977). Empirical expressions were developed in the study that
reduced the strength of the stud as a function of the stud and rib geometry.
These expressions are used in the American Institute of Steel Construction (AISC)
specifications (LRFD 1986; ASD 1989). Recent studies, using push-off tests and
some full-scale beam tests, show discrepancies with this equation.

The design concept used for a Composite Open Web Steel Joist (COWSJ)
is different than a composite beam. A steel beam is hot rolled as one piece and
the thickness of the flanges are the same, where as a COWSJ is an assembly of
pieces of angles and/or bars. The objective in designing a COWSJ is to fully
develop the tensile strength of the bottom chord. When the bottom chord is fully
developed, the system is referred to as being a fully composite system.
Increasing the size of the bottom chord and decreasing the size of the top chord
can make the COWSJ an economical structural alternative.

For beam members the headed stud is typically placed over the web of the
beam. The geometry of the joist top chord does not allow for the stud to be
placed over it's web. The fabrication of the joist top chord makes use of angle

sections. These angles are typically attached at intermediate locations back-to-



back such that studs can only be attached to the extended leg of the angle on the
joist top chord. The thickness of the joist top chord may be reduced and be able
to provide adequate strength for flexure, but may not be able to provide adequate
stiffness to resist stud rotation at the base of the stud. For this reason, in addition
to recent reports of inadequate shear stud strength in ribbed metal deck, Nucor
Corporation sponsored research to investigate the strength of shear studs on

composite joists.

1.2 REVIEW OF LITERATURE

The concept of using steel and normal weight concrete in composite
construction evolved in the early 1920’s (Ollgaard et. al 1971). By the 1950’s the
bridge construction industry began to make use of composite construction. The
building industry followed thereafter as a result of simplified design provisions.
The focus of this survey is to present some previous research on headed studs,
with and without ribbed metal decking, on full-scale beam and joist tests and
push-off tests.

Slutter and Driscoll (1965) attempted to develop simplified design criteria
as a function of shear connector height and size. Their testing used full-scale
beams with solid slabs. Testing of various shear connectors showed that the
connectors were ductile, spacing of connectors was not critical for uniform
loading, and that the neutral axis of the composite beam was located in the
concrete slab for beams with adequate shear connection.

As the advantages of increased strength and stiffness for composite
beams became apparent, efforts were made to apply the same concept to the

open web steel joist (OWSJ). The first reported testing of a COWSJ were by



Lembeck in 1965 (Tide 1970). Composite action was obtained by inverting the
top chord angles so the web extended above the legs of the angles and were
embedded into the concrete slab (see Fig. 1.1). The web acted as a rigid shear
connector which enabled a 12% strength increase over that of non-composite
systems to be realized.

The increased use of ribbed metal decking inspired Robinson (1967) to
investigate the influence of decking on composite beam strength. From full-scale
beam tests and push-off tests, Robinson concluded that the embedment of the
stud connector contributed to the beam maintaining load after the onset of
concrete cracking. It was determined that the rib height-to-width ratio was an
important factor. If the rib height-to-width ratio was greater than one, the concrete
ribs would crack in the elastic strength range of the beam. If the ratio was less
than one, the composite beam could carry load in excess of the first yield capacity
of the beam. The push-off test data for stud shear strength did not correlate well
with the results of the beam tests.

Wang and Kaley (1967) tested composite joists with plug-welded
corrugated steel forms and the "K-composite” system. The K-composite system
interacts with the concrete through a trough on the top chord. The top chord
resembles a u-shape, cold formed top flange. The base of the shape is slightly
larger than the top, forming a wedge (see Fig. 1.2). This shape allows concrete to
form in the top chord and remain confined. The confined concrete then acts as a
continuous shear connector for the system. Test data compared favorably with
composite joist calculations; hence, this system is considered to behave as a

compaosite system.
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Davis (1967) tested solid slabs and found that the arrangement of
connectors influenced the strength of the connectors. If placed side-by-side
perpendicular to the applied load, the strength was greater than those placed
longitudinally. In addition, he found stud strength diminished if three studs were
placed longitudianlly. Davis concluded that the ultimate strength of studs should
be based on the arrangement and quantity of studs.

As composite construction gained popularity, the base members became
lighter and thinner. Goble (1968) investigated the influence of thin base members
on headed stud connectors. The potential failure mode of flange pull-out became
apparent. Goble’s tests determined that the stud diameter to flange thickness
ratio of 2.7 is a critical value. This value represents a shift of failure mode from
flange pull-out to stud shear. Ductile failure was observed for the flange pull-out
failure mode, and no strength loss occurred as the failure mode shifted from stud
shear to flange puli-out.

Robinson (1963) developed an interaction coefficient and determined that it
could help predict the behavior of shear connectors. This coefficient is based on
deformation up to first yield of the steel beam. Using the interaction coefficient
and the load level, one can compute the load acting on shear connectors. Test
specimens were constructed using ribbed metal deck and welded headed studs,
however, the studs were not welded through the deck. Test results show that as
concrete slip increased, load on the connector decreased, and stud strength is
overestimated. Additionally, if the compressive force is assumed to act at the
centroid of the slab section, good correlation exists between computed and

actual strength at ultimate load for the composite beams.



Tide and Galambos (1970) performed a series of composite joist tests.
Their results indicated that composite joist behavior is not affected by stud
position. Specifically the studs may be located directly over the panel points or
located between panel points. Slip recordings at stud locations showed an
unequal distribution of load on the studs, with the studs at the ends of the joist
carrying a greater load than the ones located near the center of the span.
Although location of the studs did not effect the joist stiffness or strength, the
height of the stud connector can influence the stiffness. The use of longer studs
appeared to cause a decrease in the composite joist stiffness when compared to
similar shorter studs, however, some doubt was cast on the comparison due to
dissimilar test specimens.

The design of COWSJ was studied by Cran (1971). Three COWSJ were
designed using an ultimate strength approach. This design strategy neglects the
strength contribution of the top chord steel. Using hat sections, double angles,
and single angle top chords, Cran showed that the ultimate strength method was
acceptable for the design of COWSJ. The failure mode for these tests was web
buckling, thereby eliminating compression of the top chord as a possible mode of
failure. This conclusion was verified with test data, which showed the top chord
was in a tensile state of stress for a fully composite joist system.

Equations to approximate stud capacities and slip behavior were
developed using results from solid slab testing on H-shapes by Oligaard et. al
(1971). The strength equation is a refinement of results from regression analysis

and is as follows,

Qgol = 1.106 Agfcl-3E0-44 (1.1)



To simplify this equation, exponents were rounded off with a 1.7% decrease of
correlation. This equation is based on material properties, and cannot exceed the
strength of the stud, thereby putting an upper limit on concrete strength. The
strength is, however, independent of spacing and the number of studs. The slip
behavior for continuously loaded specimens is an empirical formula which is
related to the performance of an individual stud. This equation is used in the AISC

specification (LRFD 1986; ASD 1989) and is as follows,

Qgol = 0.5 Age /ic'Ec < AgcFy (1.2)
where,

Agc = cross-sectional area of a stud shear connector (in2)

fo’ = concrete compressive strength (ksi)

Ec = modulus of elasticity of concrete (ksi)

Fu = minimum tensile strength of study shear connector (ksi)

The concrete slip equation is an empirical equation. This equation is used

for continuously loaded solid slab specimens tested on H-shapes and is as

follows,

Q= Qu(1-e'18A)2/§3 s (1.3)
where

Qy = stud strength at ultimate load (kips)

A = concrete slip (inches)

Push-off tests are typically performed on steel H-shapes. Cran (1971)

conducted push-off tests on cold formed OWSJ top chord sections with ribbed



metal deck to more accurately simulate actual shear connector behavior on the
joists. Five types of connecters were tested. A 1/2 in. diameter stud, 2 in. hat
with plug weld, and 1 15/32 in. diameter plugweld provided good ductility and
carried load through large deformations. The 3/4 in. puddle weld and 3 in. shear
straps exhibited brittle failures and are considered undesirable for composite
construction. Based on Goble’s research (1968) 1/2 in. diameter studs have a
critical base member thickness of 0.18 in. The ultimate stud strength for base
members of 0.110 in. was 75% of maximum, as predicted by Goble (1968), and
shows how sensitive the ultimate strength is related to base member thickness.
Grant et. al (1977) developed an equation based results from simple span
beam tests. The expression for cases where the deck is oriented perpendicular

to the beam is given by,

H
Qrip = 285 (1S - 1.0)] Qgg < Q 1.4
rib = (hr)(hr )] Qsol = Qg (1.4)

where

Qrip = shear strength for one rib (kips)

N = number of connectors
Hs = height of stud (in.)

he = height of rib (in.)

Wr = width of rib (in.)

Qgol = stud strength in solid slab (kips)

This equation considers the geometry of the ribbed metal deck profile and
appears in the current AISC specifications (LRFD 1986; ASD 1989). This

empirical formula is believed to be satisfactory to predict the ultimate strength for
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configurations that use multiple studs per rib. In addition to this formula, a more
accurate and conservative method was determined to estimate the ultimate
strength of composite beams. This method assumes the compressive concrete
slab force is acting at the mid-depth of the solid slab, rather than the centroid as
proposed by Robinson.

Prior to 1974, the Canadian Standards Association (CSA) required all
COWSJ be fully composite or balanced. A balanced system is one where the
number of studs provided is sufficient to fully develop the bottom chord.
Robinson and Fahmy (1978) developed a design method for partially composite
systems where the top chord is required to carry compressive force. In previous
methods, the compression was carried by shear connectors into the slab and the
top chord was subjected to tension. The decreased number of shear connectors
decreases the composite action causing the top chord to carry compressive
force. The top chord is then limited by it's buckling strength. The method is
iterative and uses Euler’s buckling equation, interaction charts, and the equivalent
concrete stress block method.

Hawkins and Mitchell (1984) determined that increases in stud strength
could be obtained for groups of more than one stud if the studs are placed
opposite one another or use large spacing between them. As Davis (1967)
reported, they also found that if the studs were placed in a line parallel to the
beam length the strength of the studs would be lower than expected. The
concrete failure mode was stud pull-out from the concrete slab. The failure
surface for these push-off tests resembled that of tension pull-out tests. The
results were categorized by the height and width of the rib deck as well as the

height of the stud.
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The formation of concrete cracks was studied by Elkelish (1986) and
reported that longitudinal cracks in composite beams with metal ribbed deck have
different characteristics for different loadings. For concentrated loading, the crack
forms at the bottom concrete fiber and the metal deck appears to help the
performance of the slab. Uniform loading crack formation begins at the top fiber
where the metal deck does not have an influence. Transverse reinforcement
delayed the onset of transverse cracking, thereby allowing a larger compression
zone to form in front of the shear connector.

Tests by Leon and Curry (1987) confirm that the ultimate strength method
is safe for design of COWSJ. Failure occurred once a longitudinal crack
developed in the concrete slab over the center-line of the joist. This crack implies
a loss of shear connector strength as similarly reported by Elkelish (1986).

Further studies incorporating the use of ribbed metal deck were conducted
by Robinson (1988). The effective stud strength was found for transverse deck
and parallel deck configurations. All studs were tested on beams and were
welded through the metal decking, similar to actual field practice. Interior and
spandrel beam specimens were tested. The failure mode for each type was the
same. Ultimate strength was obtained just prior to concrete cracking at the root
of the solid part of the slab on both sides. Stud strength for the spandrel beam
was 61% and 67% of normalized strength of the interior beam for the 38mm and
65mm stud edge distances, respectively (see Fig. 1.3). The ratio of stud diameter
to base member thickness was 2.11 which is lower than the 2.7 ratio suggested
by Goble (1968).

12
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FIGURE 1.3

SPANDREL PUSH-OFF TEST SPECIMENS
(ROBINSON 1988>
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The parallel deck configuration models a typical composite girder. The
flute of the deck is placed over the top beam flange. Studs are then welded
through the deck to the beam. The failure mode for this configuration was stud
shearing. The girder type test results were in good agreement with predicted
values (Oligaard 1971); however, the transverse deck results gave poor
correlation with predicted values (Grant 1977).

Modifications to the equation presented by Hawkins and Mitchell (1984)
were proposed by Jayas and Hosain (1987, 1989). They used full-scale beam
tests and push-off tests to justify the changes. The specimens that had
transverse ribbed metal deck did not produce strengths as predicted (Grant
1977). The equations developed using regression analysis account for concrete
density and rib height. The controlling failure parameter of these tests was the
stud pulling out of the concrete. The proposed modifications attempt to
compensate for the 25%-35% strength decrease that was observed in their tests.

These equations appear in the 1989 Canadian Specification and are as follows:
For 38 mm (1 1/2in.) high decks

Q = 0.61k /ig'Ac < Qs (1.5)

For 76m (3 in.) high decks

Q = 0.35k JfC’AC < Qso| (1 6)

where
k = 1.0 for normal density concrete
0.85 for semi-low density concrete

0.75 for structural low density concrete

14



Ac = concrete pull-out area taking the deck profile into account. For one
stud the apex of the pyramidal pull-out area with four sides sloping
at 45 degree angle is taken at the center of the top of the headed

stud.

Oehlers (1989) reported that three distinctive crack formations exist.
Transverse cracks caused by ripping action, longitudinal cracking also called a
splitting crack, and shear cracks. The transverse crack is the first to form as a
result of a uniform load being resisted by the concentrated force of the stud. The
second crack to form is the longitudinal crack. This develops as a result of
additional loading in the concrete slab. The cracks form behind the stud and
propagates to the front side of the stud. As a result of these crack formations, the
shear cracks are the last to form in this sequence. These crack patterns can be
seen in Fig. 1.4.

The formation of the splitting crack results from the triaxial compression
zone which is located in front of the shear connector. Oehlers and Johnson
(1981) found the triaxial restraint is reduced by these cracks. Transverse
reinforcement does not prevent the concrete from splitting, but does permit a
gradual loss of strength as compared to tests without transverse reinforcement, in
which strength was lost abruptly.

Shear studs are installed in a composite beam or joist system to minimize
slip between the steel and concrete interface. Load applied in the plane of the
concrete slab produces a shear force that is resisted by the studs. The stud
applies a concentrated force to the concrete slab, forming a concrete
compression zone. This compressive zone is located in front of the stud, toward

the end of the span (see Fig 1.4). The forces which make this compressive zone,
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