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ULTIMATE STRENGTH ANALYSIS OF PARTIALLY COMPOSITE
AND FULLY COMPOSITE OPEN-WEB STEEL JOISTS

by
Douglas F. Lauer

Committee Chairman: Dr. W. Samuel Easterling
Civil Engineering

(ABSTRACT)

The behavior of composite steel joists with various degrees of shear connection is
investigated. The results of eight full-size composite joist tests, conducted as a portion of
the study, are presented. Joist spans range from 24 ft. to 30 ft. and depths from 8 in. to 18
in. Six types of mechanical connectors provide horizontal shear transfer capacity. Steel
deck supported slabs, from 3 in. to 4 in. thick, are used for all tests. The results of the
experiments are used to evaluate the flexural strength and associated failure modes of
partially composite and fully composite joists.

The results of each test are compared to theoretical calculations based on an
ultimate strength flexural model. The joists are classified by how the provided amount of
shear connection compares to the bottom chord yield force and by how the provided
amount of shear connection in conjunction with the top chord capacity compares to the
bottom chord yield force. Behavior typical of each classification is discussed. Correlation
with previously conducted composite joist tests of similar configuration is also discussed.
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CHAPTER 1
INTRODUCTION

1.1 Background

Steel joist supported floor systems have been common for many years. Steel joists
are economically fabricated using well-developed techniques and standards. The joist
openings readily accept ductwork, electrical conduit, and piping, eliminating the need for
these to pass under the member. Services are easily added or relocated if modifications
become necessary.

Composite construction, usually consisting of a steel member and concrete slab
integrally connected, is also common. Mechanically joining the slab with the beam offers
the advantage of being able to use shallower supporting members. This results in steel
savings and a reduction in overall building height. The increased stiffness of a composite
floor reduces deflection and consequently allows longer clear spans. Ideally, composite
members supply substantial return on the extra labor invested.

This paper examines the combination of steel joist supported floor systems with
composite construction, composite steel joist floor systems. Although composite joist
systems have been used, this type of floor construction is not common and a U.S.
specification is not available for their design. Composite joists constructed utilizing design
procedures from other countries (e.g., "Limit" 1989) are typically provided with a fairly
large degree of shear connection. Most of the joists tested in this study had a
comparatively small amount of shear connection.

1.2 Joist Nomenclature

Composite joists as discussed in this report consist of an open-web steel joist
acting as a unit with a concrete slab by means of some type of mechanical shear
connection. Top and bottom horizontal members, known as chords, separated by a web
system, form the steel joist. Web members are welded at discrete points to the chords.
Steel deck placed across the top chords serves as a stay-in-place form for the concrete slab
and braces the joists laterally. The steel deck supported slab may be either a composite or
non-composite design. The joists are simply supported on seats usually made from the
same material as the top chord.



The distinguishing feature of the composite joist system as compared to a non-
composite system is the presence of shear connectors. A shear connector is a device
permanently attached to the top chord and embedded in the concrete slab during casting to
mechanically join the two together and resist slip at their interface. The quantity of shear
connectors provided is denoted by "shear connectors per half-span" or "shear connectors
per shear span", the total number of connectors per member being twice this amount.

When used in this report, the terms "under-connected" and "over-connected" will
refer to how the shear connection force compares to the yield force of the primary tension
resisting component, either the steel beam in a conventional composite member or the
bottom chord in a composite joist. An under-connected composite joist has a shear
connection force less than the bottom chord yield force and an over-connected joist has a
shear connection force greater than the bottom chord yield force.

A fully composite joist will be defined as one in which both the concrete crushing
strength and the shear transfer capacity exceed the bottom chord yield strength, without
regard to any tensile component which may be provided by the top chord. Partially
composite joists have a shear connection capacity lower than both the concrete crushing
strength and the bottom chord yield strength, again neglecting any contribution of the top
chord.

1.3 Previous Research

A thorough literature survey on composite joists has been performed by
Unterkofler et al. (1989), Strocchia et al. (1991), and Sublett et al. (1992) and therefore
will not be undertaken here. While not exhaustive, the papers described in this section are
a collection that provides useful background information for either the shear connection
schemes or the strength model used herein.

Wang and Kaley (1967) conducted some of the earliest tests involving composite
joists. They tested four specimens, three composite and one similarly configured non-
composite specimen for comparison purposes. The span of each joist was 16 ft.-8 in.; the
depth was approximately 10 in. Two of the specimens were constructed according to a
proprietary design referred to as the K-composite system. Top and bottom chords were
cold-formed hat-shaped sections. The top chord was positioned with the open side up
such that a concrete "key" formed within the top chord when the slab was placed. The top
chord was formed in a wedge shape in an effort to restrain the hardened concrete from



separating from the joist. In addition the slab was haunched for a distance at the ends of
the joist, fully encasing the top chord. This provided extra bond in the region of highest
horizontal shear. No mechanical connectors were provided for shear connection. The
joists relied on bond between the slab and the top chord to tie the two together. The slab
for the K-composite system was cast on removable plywood forms. The third composite
specimen utilized a joist cross-section similar to the previous tests, but substituted a
uniform 2-1/2 in. slab cast on corrugated sheet steel forms plug welded to the top chord.

Two analytical solutions were described which closely predicted the bottom chord
stress and deflection found in the test specimens. The models assumed complete
interaction between the slab and joist top chord. The average bond stress between the top
chord and the concrete slab was calculated by dividing the highest force in the bottom
chord by the contact area provided by the top chord.

Davies (1969) investigated the effects of varying the spacing of studs and varying
the amount of transverse reinforcement used in composite beam construction. Three
beams were tested to address each issue plus one beam common to each series for a total
of seven tests. All tests had the same number of 3/8 in. dia. headed studs arranged in a
straight line over the beam web (different stud spacings were achieved between specimens
by varying the beam span). The tests utilized a 5 in. deep wide-flange section spanning
from 4 fi. to 10 ft. to simulate a half-scale model. The beams were tested to failure using
a midspan point load.

Davies' second series of beams showed that resistance to longitudinal cracking in
composite slabs is significantly impacted by decreasing transverse reinforcement.
Transverse reinforcement area as a fraction of longitudinal slab cross-sectional area ranged
between 0.118% and 0.94%. Beams with reinforcing less than 0.5% of the slab cross-
sectional area could not achieve the calculated ultimate capacity due to longitudinal
cracking along the studs. Cracks were observed to start at the base of the shear
connectors and propagate to the upper surface of the slab. It was concluded that
reinforcement beyond a certain limit (1% for the beams tested) is of little benefit. An
empirical equation was presented based on the test results to predict the capacity of the
slab to resist longitudinal splitting. It should be noted that the beam with the least amount
of reinforcement still reached 80% of its theoretical ultimate moment.

Cran (1971) conducted a series of ten push-out tests using five types of shear

connector. Shear connectors tested were:



1/2 in. dia., 3 in. long headed stud
3/4 in. dia. puddle weld

2 in. hat

plug weld with weld washer

5. 3in. strap

hallh ol

Push-out specimens were constructed in pairs using 0.110 in. thick cold-formed steel base
members, meant to represent a composite joist top chord. The shear connectors were
welded through 1-1/2 in. steel deck. A 3 in. concrete slab (total thickness) was cast on the
deck.

The push-out specimens were tested to failure and the load per connector
recorded. The headed stud, hat section, and plug weld with weld washer provided ductile
shear connection. The puddle weld and shear strap failed abruptly after reaching a peak
load.

Cran also tested three full-size composite joists. On the first test, 1/2 in. dia.
headed studs were used on one side of the joist centerline and 2 in. tall hat connectors on
the other. Shear transfer capacity per half-span was nearly equal. Top and bottom chords
were cold-formed hat-shaped sections; webs were cold-formed tubular sections. This joist
had a span of 40 ft. and depth of 26 in. The next test, which had a span of 50 ft. and
depth of 32 in., was a more conventional design constructed using double angle chords.
Web members were double angles and bars. Shear connection was provided by 3/4 in.
dia. headed studs. These tests used a 4 in. concrete slab (total thickness) cast on 1-1/2 in.
steel decking. The final test was a proprietary design, which spanned 20 ft.-4 in. and was
12-1/2 in. deep. Shear connection was provided by a cold-formed top chord embedded in
a 2-1/2 in. solid concrete slab. Temporary plywood formwork was used in lieu of metal
decking. The bottom chord consisted of two rods, 5/8 in. dia. and 3/4 in. dia. Webs were
5/8 in. dia. round bars welded between the round bars of the bottom chord and to one side
of the formed sheet steel top chord. Based on predicted shear connection forces, the first
specimen was under-connected and the second slightly over-connected. The third joist
was assumed to be fully composite, i.e., to have a shear capacity capable of developing the
bottom chord yield force.

The first two joist specimens were loaded to failure using a two-point loading
system. The third specimen was loaded with concrete blocks but not to failure. The
ultimate strength of the specimens was calculated as the couple formed by the steel tensile
force and the concrete compressive force. The bottom chord force was limited to the

minimum of the bottom chord yield strength and the horizontal shear strength, assuming



the crushing strength of the concrete was not exceeded. Any contribution of the top
chord force was not included in the flexural model. The short lever arm between the top
chord and the concrete resultant and the relatively low top chord strain were cited as
justification for its omission. For the first two tests, top chord strain from dead load was
observed to diminish with the application of live load. The embedded top chord of the
third specimen proved adequate to develop the bottom chord yield strength. The
calculated moment capacities were conservative and compared favorably with the
measured values.

Robinson et al. (1978) reported the results of seven composite open-web joists and
one non-composite joist. An analysis of six of these specimens was previously reported by
Azmi (1972). The joists spanned 50 ft. and 51 ft. Five of the joists were constructed with
cold-formed members and three with hot-rolled shapes. All joists were 32 in. deep and
had a 4 in. concrete slab cast on 1-1/2 in. ribbed metal deck. Puddle welds, 1/2 in. dia.
headed studs, and 3/4 in. dia. headed studs provided slab-joist interface shear connection.
The horizontal shear transfer mechanisms were designed to develop from 48% to 157% of
the bottom chord yield force.

It was suggested that the behavior of the top chord is a good indicator of the
general behavior of the joist. The researchers observed a relationship between the amount
of shear connection, the shape of the top chord load-strain plot, and to some degree the
resulting failure mode. Joists with significant shear connection showed little increase in
top chord compressive strain beyond that caused by the fresh concrete load. Upon
yielding of the bottom chord, this compression was relieved and in some cases a net
tension force in the top chord resulted. Severely under-connected joists displayed a
gradual, continuous increase in top chord strain for the duration of the test. These tests
were prone to top chord buckling failure.

The researchers presented a series of three flexural models used to compute the
ultimate capacity of the composite joists. The three flexural models, called under-
connected, balanced, and over-connected, were distinguished by the provided amount of
shear connection relative to the bottom chord yield force. Balanced joists had a shear
connection force equal to the bottom chord yield force. Under- and over-connected joists
had a lower and higher shear connection, respectively, compared to the bottom chord
yield force. The under-connected and over-connected categories were further divided
depending on whether the shear connection capacity in combination with the top chord

capacity was smaller or larger than the bottom chord yield force. The models considered



the contribution of the concrete force, top chord force, and bottom chord force in
computing the ultimate strength. When applied to the composite joist configurations
tested, experimental/theoretical strength ranged from 0.84 to 1.22. These flexural models
provide the basis of the analysis conducted for the composite joist tests presented in this
report.

The tests conducted by Robinson et al. (1978) showed that there is a tendency in
partially connected joists for the top chord to be active in resisting applied loads. With
very low degrees of partial connection, top chord buckling was often the governing mode
of failure. It was noted that the consequences of low shear capacity are compounded by
the lack of shear connectors because, when placed between panel points, they tend to
provide lateral and vertical restraint to the top chord. Robinson and Fahmy (1978)
presented an iterative method to determine the top chord buckling strength of partially
composite joists.

Gibbings et al. (1991) tested eight full-scale composite joists to failure. Joist spans
ranged from 40 ft. to 56 ft. and depths from 14 in. to 36 in. Normal weight concrete slabs
were cast on ribbed metal deck and joined with the joist top chord using 3/4 in. dia.
headed shear studs. Seven of the specimens in this study were over-connected, meaning
shear connector capacity exceeded the yield strength of the bottom chord. The remaining
specimen was very nearly fully composite.

The researchers used an ultimate strength design method and verified its
applicability to the test joists. The method was based on a flexural model in which the
internal couple formed by the concrete slab in compression and bottom chord in tension
resists bending. Any additional tension or compression provided by the top chord was
neglected in computing the ultimate capacity. It was concluded that this assumption is
reasonable for the joists tested.

Sublett et al. (1992) conducted 36 push-out tests to determine the strength of
headed shear studs when used with metal deck. Studs were welded either to WT shapes
to represent a composite beam section or to equal leg double angles to represent a
composite joist top chord. Metal deck with 1-1/2 in., 2 in., or 3 in. rib height (Vulcraft
1.5VL, 2VLI, 3VLI) was tested. Slab thickness varied to accommodate differing rib
height and stud length combinations.

Results obtained from the push-out tests were compared to values from four
analytical methods for predicting ultimate strength of headed shear studs. The AISC
specification ("Load" 1986), Eurocode 4 specification ("Eurocode" 1992), Canadian



Standards Association specification ("Limit" 1989), and a method proposed by Lawson
(preliminary paper reported by Mottram and Johnson 1990) were investigated. It was
concluded that the Lawson method was the most accurate of those investigated for
predicting the strength of headed shear studs in corrugated metal deck. The
configurations tested achieved from 72.6% to 121.8% of the theoretical capacity. The
method developed by Lawson is summarized next.

Lawson (1993) examined the influence of metal deck on the basic shear stud
connector capacity. Formulas for computing strength reduction factors were presented
for single and multiple stud shear connectors. Reduction factors were included for deck
placed perpendicular and parallel to the supporting member. In addition, the formulas
attempted to account for off-center positioning of the studs within deck ribs with a central
stiffener. Test results from various research projects that focused on push-out tests
incorporating metal deck were compiled to evaluate the proposed reduction factors.
Based on the experimental data and a calculated solid slab stud strength, a test reduction
factor was found for each specimen. Comparison was then made between the test factor
and the proposed factor for each test. For reference, a specification-based reduction
factor was also computed and given alongside the test factor and proposed factor. It was
concluded that the proposed strength reduction factors more closely aligned with the
experimental data than did the specification-based values, over a broad sampling of deck
profiles. The specification-based value was in some cases unconservative.

1.4 Scope of Research

A multi-phase research program has been ongoing at Virginia Tech to explore the
viability of short-span composite joist floor systems. Described in this section is an
overview of three phases of the research.

Phase 1 of the research program examined the feasibility of using the steel deck as
the shear connector in composite joist floor systems (Unterkofler et al. 1989). Twenty-
three push-out tests were conducted to measure the capacity of several deck profiles to
resist horizontal shear. Puddle welds were used to fasten the deck to the joist top chord.

Two full-size composite joist specimens were constructed and tested to study the
behavior of two of the systems using the metal deck to resist horizontal shear. The first
test used 5/8 in. dia. puddle welds to fasten the deck to the top chord and the second used

#14 self-drilling screws, otherwise the tests were identical. Each specimen consisted of



two 12 in. deep joists on 48 in. centers and spanning 25 ft. All joists were fabricated using
grade 50 steel for double angle top and bottom chords and round bar web members.
Based on the push-out results, Vulcraft 1.5 VLI 22 gage steel deck was selected for these
tests. Concrete slabs, 4 in. thick, were cast on the metal deck.

In Phase 2 of the study Strocchia et al. (1991) conducted 13 push-out series,
totaling 36 push-out tests. Two categories of fastening system were investigated,
fasteners which were flush to the deck after installation and fasteners which protruded into
the slab after installation. Six deck fasteners were tested and their strength and ductility
evaluated. Fasteners in the first category were self-tapping screws, air fired pins, and
puddle welds. Self-tapping screws with stand-off sleeves of lengths 1-1/4 in., 1-3/4 in.,
and 2-1/4 in. comprised the latter category. Vulcraft 1.5VL, 22 gage composite deck,
either right side up or inverted, was used for all tests.

The current phase of the project is an investigation into the adequacy of several
short-span composite joist floor systems. The study is carried out by examining the results
of eight full-size composite joist tests, each representing a portion of a floor bay. The
parameters used to evaluate each system are capacity, deflection, ductility, and failure
mode. Construction techniques unique to the shear connection systems are also
considered. Economic feasibility is not discussed here, but was addressed in the pre-
design stage of selecting the connection system. The ability of an analytical method to
predict the capacity of each joist is investigated in this report. The specimens are not
evaluated for vibration response.

The report is divided into five chapters. The details of the experimental program
including test configuration, member loading, and data collection are given in Chapter 2.
Results for the eight composite joist tests comprising this phase of the research are
described in Chapter 3. The experimental data collected during testing is presented
graphically and in tabular form in the appendix. Chapter 4 is a discussion of the analysis
techniques used to predict the capacity of each system. Chapter 5 summarizes the

investigation and provides recommendations for further research.



CHAPTER 2
EXPERIMENTAL STUDY

2.1 General

The test joists were designed specifically for the experimental program by Nucor
Research and Development and fabricated by Vulcraft. Specimen construction and testing
were carried out at the Virginia Tech Structures and Materials Research Laboratory.
Typically the test specimens consisted of two simply supported joists joined by mechanical
shear connectors to a cast-in-place concrete slab. Joist spacing was 40 in. Test CSJ-3,
however, was a single simply supported composite joist. Joist spans ranged from 24 ft. to
30 ft. and joist depths from 8 in. to 18 in.

The joist members were arranged in a Warren truss configuration. Top and
bottom chords were double angles except for one test which used a structural tee top
chord (test CSJ-5). Round bars, double angles, and crimped single angles were used for
the web members. Web members were numbered beginning with designation W2 and
increasing toward midspan as shown in Fig. 2.1. Web members were located and
numbered symmetrically about the joist centerline beginning with designation W2R at the
opposite end of the joist. An additional member was included at each end of the joist
between the first and second webs, labeled W2D and W2DR. Whether the pair of webs
meeting at midspan intersected top chord or the bottom chord depended on the number of
webs. Web members were over-designed to prevent their failure from governing the
collapse of the specimen. Grade SO steel was used throughout, with the exception of the
tee-shaped top chord.

TOP CHORD
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\/

\
\
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Figure 2.1 Typical Web Configuration

Ribbed metal deck, placed with ribs perpendicular to the joists, was used to
support the concrete slab in all tests. Cold-formed pour stop was fastened around the
perimeter of the deck prior to placing the concrete. Shoring was required to support the



deck edges for CSJ-3 and CSJ-4. No shoring was used for any other test. Welded wire
fabric (6 x 6 - W1.4 x W1.4) was placed on top of the deck to control shrinkage cracking
and to match typical field conditions. Concrete test cylinders were cast along with each
slab.

Six types of shear connection were investigated. Two sizes of commonly used
headed shear stud, two types of self-drilling stand off screw, and two specially designed
angle shear connectors were used among the eight tests. The test matrix, summarizing the
components of each specimen, is given in Table 2.1.

2.2 Test Construction
2.2.1 Tests CSJ-1 and CSJ-2

CSJ-1 and 2 consisted of a two-joist arrangement in which the joists spanned 24
ft.-3 in. and had a depth of 8 in. The joist member sizes for these tests are summarized in
Table 2.2.

Construction of the first two tests was identical with one exception, which was the
type of deck used. CSJ-1 had Vulcraft 1.0C 26 gage metal deck and CSJ-2 had Vulcraft
1.5VL 22 gage metal deck. The deck was continuous over the joists and ribs were
oriented perpendicular to the joists. The total length of the deck sheets was 80 in. The
slab consisted of 3 in. of normal weight concrete (total thickness) for both tests. Metal
deck profiles for the testing program are shown in Fig. 2.2.

Shear connection was provided by 5/16 in. dia. x 2 in. long self-drilling standoff
screws. The screws were installed by first placing the metal deck over the joists, then
drilling through both the deck and top chord. Screws were positioned in every third rib of
the deck for CSJ-1 and every other rib for CSJ-2. Closer spacing was necessary near the
ends of the joist to accommodate a total of 14 screws per half span. Placement was
alternated between the top chord angles to help provide an even distribution of load to the
top chord. A schematic of the shear connector used for CSJ-1 and CSJ-2 is shown in Fig.
2.3. The cross-sections of tests CSJ-1 and CSJ-2 are shown in Figs. 2.4 and 2.5,
respectively.

2.2.2 Test CSJ-3

CSJ-3 was a single joist arrangement in which the joist had a span of 24 ft. and
depth of 10 in. The joist member sizes are summarized in Table 2.3.
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Table 2.2 Member Sizes for CSJ-1 and CSJ-2

Member Vulcraft Section
Top Chord 2L-1.50x1.50x0.170
Bottom Chord 2L-2.50x2.50x0.250
W2 1.0-in. dia. bar
WwW2D - W16 0.813-in. dia. bar

Table 2.3 Member Sizes for CSJ-3

Member Vulcraft Section
Top Chord 2L.-3.50x3.50x0.375
Bottom Chord 2L-5.00x5.00x0.500
w2 2L.-3.00x3.00x0.313
wW2D L-1.50x1.50x0.143
w3 21.-3.00x3.00x0.281
w4 2L-2.50x2.50x0.250
W5 2L-2.50x2.50x0.250
w6 2L.-2.50x2.50x0.250
w7 2L-2.50x2.50x0.250
W8 2L.-2.00x2.00x0.187
W9 2L-2.00x2.00x0.187
W10 2L-2.00x2.00x0.187
Wil 21.-2.00x2.00x0.187
W12 2L-1.50x1.50x0.123
W13 2L-1.50x1.50x0.138
W14 2L-1.50x1.50x0.123
W15 2L-1.50x1.50x0.138
W16 2L-1.50x1.50x0.123
w17 2L.-1.50x1.50x0.138
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Figure 2.2 Steel Deck Profiles

@ [

—— = 5/16"

— ‘

P

P

P

2

2
P
2
==
p:

<

< 1"

Figure 2.3 Buildex Standoff Screw
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