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ABSTRACT

At present there is no general specification for the
design of composite beams for bulldings. 1In order to
establish such a ;pQCificat;on the AISC 1s currently‘
sponsoring a research program entitled "investigation of
Composite Design fér Buildings,". The tests reported

herein are paft of this investigation.

The tests included in this report are of two types,
beam ﬁests and puéhothpesysoi Si@_qomposite beams were
tested in order to establish the carrying“capacity and
load-deflection characteristics of composite sections of
the concrete-steel type. Six pushout specimens were
tested in order to determine fhe strength and deformation

characteristics of various types of shear connections.

Information concerning the behavior of composite beams
and welded stud and channel shear connectors was obtalned.
Based on these findings recormmendations for the design of

composite beams for buildings are suggested.
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TESTS OF COMPOSITE BEAMS

FOR BUILDINGS

The term ﬂcomposite donstruction" denotes»construction
in which two materials are interconnected and act as an
integral unit in resisting any imposed -loading. Composite
construction has found wide application in bridges and
buildings where the floor slab or deck and the supporting
members or beams are interconnected and act as a unit. This

unit is referred to as a composite beam.

The elements of a composite beam consist of a slab, a
supporting member, and some connection between the two. The
slab is usually of concrete with the supporting member being
elther steeiy concrete, or timber. Thusccbmposite beamé are
referred to as concrete;steel,Vconcrete;concrete, or concrete-
timber depending on the supporting member used. The slab
éna beam act as.a unit in fesisting the load imposed on the
composite section and the connection between the two resists
the horizontal shear between and any tendency toward separa-

tion of the slab and beam.

Composite construction takes advantage of the strength
of the concrete slab in the direction of the supporting

member. This strength is_neglected in non-composite
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construction. By connecting the slab and the beam, the slab
acts in the same manner as a cover plate on a beam. The

resultant composite\sectioh has a higher section moduius or
stiffness and consequently smaller deflections than the same
non-cdmposite section. Also because of the combined action
of sleb and beam, smaller beam sections than those required
in nonecomposite construction may be used to provide the

same load carrying capacity.

At present, there is no general specification for the
design of composite beams for buildings. There are, however,
local building codes such as the New York City Bullding
Code(l),which contain provisions for the application of com-
posite design to Euilding construction. . In addition, there
is a specification, AASHO Specification 109,5(2), which

governs the design of composite beams for highway bridges.

In the absence of a directly gpplicable.specificdfion,
compésite design has nevertheless been used;in building
construction and has resulted in substantial savings in
material. (3) The designer must, however, .adapt the highway
specification for the design of the composite section in
the absence of an applicable local building code. Applica=-
tion of this highway specification to buildings will lead

to a conservative design since this specification was
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formulated for bridges in which the loading is fatigue load-
ing whereas in buildings the loading is primarily static
loading.

Recognizing‘the advantages of composite construction
and the lack of a specification directlj applicable to
buildings the American Institute of Steel Construction is
presently sponsoring a research project entitled "Invesit-
gation of Composite Design for Buildings" aimed at estab-
lishing a specification for composite design in steel framed
buildings. The tests reported herein are part of thisl

research program.

The desigﬁ of composite beams can be based on three
different approaches as follows:

.(a) Design of beams without, or with only a nominal
amount of; shear devices. Here, interaction between steel
‘beam and concréte slab is induced essentially by bond and
friction forces. Design procedures can-be devised either
by considering composite action and limiting the horizontal
shearing stress (see, e.g., ref. l}) or by disregarding com-
posite action in the analysis but allowipg_an increase .in
allowable stress for the steel beams. .

(b) .Design of beams with shear devices on an allowable
steel stress equal to 20 ksi. Under this condition the shear
devices tqgether with frictional forces should provide com-

posite action up to initial yielding of the steel beam.
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(¢) Design of beams with §hear_devices on an ultimate
load basis., The shear devices together with frictional
forces must be able to transmit the horizontal shear up to
the formation of a plastic hinge. Obviously this require-
ment will lead to more or heavier shear devices than pro-
cedure (b). Howevérg assuminé thaﬁ a safety factor of 2
against ultimate load 1is appropriaﬁe; the working stress of
" the beam will increase to about 25 ksi. 'In other words, for
a given loading the size of the beam can be considerably
diminished. In_addition, the procedure,_béing based on the
ability of steel beams and connecfop devices to deform
plastically, provides a rational basis to neglect sﬁch in-
fluences as shrinkage, creep and thermal.étresses on the
load carrying capacity. Furthermore, no distinction between
the cases;of“sﬁoring or no shoring needs'té be made as :the

ultimate 1oadwcarrying capacity is not influenced by ifo

The ultimate moment capacity of a composite beam can
be predicted with a very highndegree of accuracy. This is .
so because no.instability such as local or lateral buckling
can occur. The strength is essentiglly governed by the
yield stress of the steel section on which close quality
control as to its minimum value is maintainéd° The varia-

tion of strength of concrete has a relatively minor influence.
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To devise design procedures covering all three
approéchesg the study of the following four detail prob-
lems is required:

(1) 1Interaction created by bond and friction only.

Behavior of beams after breaking of bond.

(2) Strength and deformation characteristics of shear

devices. ) . |

(3) Influgnce of slip on the load-deflection curve of

a composite beam. TLimiting value of slip to be
established if such a value exists. |

(l4) Distribution and spacing of sheér devices along

'thé beam.

This report describes a series of tests designed to
answer problems 1 to 3 of the above-mentioned problemso%
Subsequent tests have been designed to answer problem L and

other problems brought out by the experimental investigations.

The tests in this report included six simple span iso-
lated composite beam specimens and six pushout specimens.
Follbwing is a description of these specimens, the test re-
sults, and conclusions on which design recommendations are

based.

B3 o = o e e 63 e R € e 3 6 & 5 3 £ D e 6 e ey e 2 oo & oo o &

# Proposal dated November l, 1959 to AISC Committee on
Composite Design for Buildings.
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2.,. GENERAIL DESCRIPTION OF TEST SERIES

Since the investigation was aimed at establishing a
specification for building construction the composite sec-
tions tested were of the type commonly encountered in
building construction, i.e., a concrete slab connected to
a wide flange structural shape. The dimensions of the speci-
mens tested were of the same magnitude as those encounté}ed

In ordinary buildings.

Two Beams, Bl aéd B2, wéra included to obtain data on
the interaction created by bond and friction only. No shear
connection was used for these beams; the slab being poufed
directly on the top flange of the beam. . Any interaction
observed in these beams under loading ﬁould be considered
as due to bond between the slab and beam‘and/or friction de~
veloped between slab and beam under the points of load appli-
cation; In order to evaluate the interaction caused.by bond
and friction separately, two methods of applying load to
these specimeﬁs_were used. For Bl the loads were hung from
the steel beam so as to eliminate any localized friction
under the points of loadlapplicationeb This. localized friction
was present in B2 under the load points because the load was
applied to the top of the slab. By comparing the results of
Bl and B2, interaction caused by bond and friction could be

evaluated separately.
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Beams B3 and Bl were included to obtain data on -the
strength of 1/2 inch diameter L shaped studs. The.two.types
of loading described for Bl and B2 were also used for B3 ‘
and Bl - to eliminate any localized friction effects under

ﬁhe load points and determine the true strength of the studs.

The sheaf cqnnectian in Beam_Bchonsistedwof channel
sections welded to the top flange of the steel‘beam° The
object of this beam test was to evaluate the strength of

this particular type of connector,

Beam 6 had exactly one half the number of connectors
as B3 and was tested in the same manner. 'Thgs the effect

of an extremeiy weak shear connection could be evaluated.

By measuring slip between the slab and beam in each
beam test, data on the influence of slip on the load-deflec-

tion curve of a composite beam could be obtained.

Six pushout specimens were included to establish tpé.
defbrmétion characteristics of various types of shear N
connectors and to determine whether simple tests of this
type could be used to predict the étrength of the shear
connectors in a composite beam. The types of shear connec-
tors in the pushout épecimens included channel sections,
1/2 inch diameter L studs, 1/2 inch diameter straight headed
studs, and 3/l inch diameter straight headed studs.
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3. DESIGN AND FABRIGATION OF TEST SPECIMENS

All the specimens provided with shear devices were
designed on an ultimate basis. Ap ultimate strength design
was necessary in order ﬁo evalgateAt@e“feagibi}§ty of désign
approach (c). Information concerning design approach (b)
could also be obtained by analyéing the behavior of the
specimens while the stresses in the steel section were still

- in the elastic range.

The ultimate moment of the composite section was de-=

termined by the internal couple method. This approach is

similar to that used in ultimate strength design in concrete.

In this method the strésses at a given cross section of the
member are replaced by resultant compressive and tensilel
forces located at the centroids of the areas stressed in
tension and compression respectively. The moment at’ the
section is then equal to the product of either of these
forces and the distance between them. The design procedure
‘used for the shear connection considered equilibrium of the
concrete slab as a free body between sections of zero
moment and fﬁll plastic moment and is based on the as sump-
tion that the shear connectors possess sufficlent ductility
so that a redistribution of the horizontal shearing forces

is possible, This same assumption is used in the design of

4
s
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a riveted or bolted connection., Analysis of previous tests

(5) (6) established the validity of this assumption.

No design calculations were required for Bl and B2 in
which the only shear donnection provided was bond. Design
values for the comnector forces which would allow reaching
the ultimate moment of the section prior to connector failure
for_beams B3 through B6_were thaiged(from a previous test.(S)
A value of 16 kips per connector was used for the 1/2 inch
L studs. (pg. 15 ref. 5) Design calculations are included
~in the Appendix.

Each specimen consisted of a 4f ﬁide_by L" thick con;
crete slab conngcted to a 12WF27 gﬁéel beam. Slab rein;
forcement consisted of a 6" x 6" mesh of 1/ly inch diameter
rods placed at mid depth of the slab. Bond, 1/2 inch dia-
meter L shaped studs, and lj inch lengths of chanqel sections
(3Ll 4.1) were used in the various beams for the shear
commection, PFig. 1 gives the specimen dimensions and the‘

connector spacings.

No special preparation of the top flange was used for
beams Bl and B2 in which the only shear connection was bond.
‘The beams, as received, had a considerable amount of rust
on them. The loose rust was removed prior to pouring of the

slab. = In pouring the slabs for Bl and B2, tie rods spaced
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at intervals of approximately two feet along the entire
length.of ﬁhe member were provided between the slab and beam
to prevent breaking of the bond in handling of the specimens.
(Fig. 1), Thése rods were burned free from the beams prior

to testing.

attached to the steel beams by a conventional stud welding
process. The channel sections on Beam BS5 were attached by
means of a éingle pass 3/16" fillet weld along the toe and

heel of the channel.

The steel beams were from the same rolling and the con-
crete for the six specimens was from one mix. The . concrete
was a commercial ready mix type with a maximum aggregate
size of 3/l inch. By keeping the physical properties of the
materials constant the only variable was the shear connection
between slab and beam and comparison of the test results was

facilitated,

3.2 Pushout Specimens
At the outset of the tests a pushOut specimen with two
slabs 20" x 28" x I" thick connected with one row of shear

connectors to each flange of an 8WF1l7 steel member was

decided upon, (See Fig. 2), This specimen was chosen because



279.2 -1

it was felt that it could be4u§ed for testing any type of
connector including new types which might be developed.
Thus with a standard specimen, independent test results

could be compared with those in this series of tests.

The pushout specimens were cast from the same mix as
the beam specimens. The type and dimensions of the connec-

tors used in éach pushout specimen are given in Fig. 2.

The L connector material in Pl and P was the same as
the material used in B3, B4 andeé° TheA1/2 inch diameter
headed studs in PS5 and ?6 were produced by machining from
one inch diameter‘bar stock. The 3/l inch diameter headed

studs in P3 were produced by the usual.heading process.

One row of connectors was attached to each flange of
the steel member. There were two studs per row in specimens
Pl and P3 through P6 and one 4" length of channel section per

row in specimen P2.

All pushout specimens were cast in an inverted position
from that of testing since it was felt that there was a
possibility of voids forming in the concrete on the underside
of the connectorsa., These voids probably would not affect
the ultimate strength of the connectors, however, they would
have an effect on the load slip characteristics of the

specimens. An examination of the concrete around the
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connectors after testing showed that no voids formed on
either side of the connectors. Hence, i1f pushout specimens
are cast in a vertical position it is immaterial whether
they are inverted or not assuming adequate vibration of the

concrete around the connectors is accomplisghed.

l,. TEST PROCEDURE

.1 Beam Tests

The specimens were simply supported over a span of 15
feet and loaded with two point loads spaced éymmetrically
with respect to the center of the beam. Two types of load
application were used in order to obtain déta for evaluating
the effect of friction under the loading points on the shear
resistance. For beams B2, B3, B5, and B6 the load was
applied to the top of the concrete slab as shown in Fig. 3
and is designated as loading type A& in Table 1. For beams .

" Bl and Bh the load was introduced directly into the steel
beam by essentially_hanging the loads from the steel beam and
is designated as loading type B. The manner in which these
ﬁanging loads were produced can be seen in Fig. L. Fabri:
cated tee sections wsere cqnnected to both sides of the web
symnetrically with respect to the center line of the bean.
Tie rods were pin connected to £hese tee sectioné'and fixed
to the test bed. 'Equal lifting loads were applied to both
ends of the beams by the jacks shown in Fig. L.
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Load was applied to the specimens by means of hydraulic
‘Jacks. An Amsler pendulum dynamometer was used to apply and

measure the pressure in the jacks,

In testing, the ultimate load at which crushing of the
concrete slab will occur can be predicted quite accurately.
By stopping the:tests shor?_of this lqad?hﬁhe loading positibns
can be chéngéd té_produce greaterrsheéring forces for the same
ultimate ﬁbmenf = in other words by changing the spread dis-
tance "2b" of the two concentrated loads. (See sketch Table
1), Thus a single beam specimen can be_used for several load

tests and connector failure can be insured.

The beams were designed so that crushing of.the_concrete
(Mp) and connector féilure would occur simultaneously with a
load spacing "2b" of 36 inchgs,'gs_was used in the second
- test of each specimen. The first.test of each specimen was
conducted with a smaller load spacing "2b" of 18 inches which
caused less severe shears and in which failure by crushing of
the concrete was expected if the test were carried to com-
pletion. The load spacings in the third test of each specimen
were such that connector failure would occur prior to reaching‘

the ultimate moment.

Strains in the concrete slab ware used to determine the

point of which each of the first two tests. ¥hould be stopped.
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A previous test(S) indicated that crushing of the concrete
occurred when the strains in the sléb approached 0,003 in/in..
When the strains in the sléb reached approximately 0.00275
in/in. in the current tests and the load approached the pre-
dicted ultimate load,tﬁe test was stopped if the slip
measurements did not:indicate that connector failure was

impending.

In summary, the first load spacing and test for each

- beam was made less severe in case the actual connector.

strength was less than assumed; the second load spacing and
test was programmed for balanced flexure and shear strengths;
and the third spacing was made severe enough so shear |
connector failure could be assured thus obtaining the shear

value for the connectors in a beam.

The above procedure was followed for both load applied
to the top of the siab and for the hanging loads. The load
spacings were designated as follows:

. Spacing:S1l ¢ o ¢« o o o o o 2b = 18"
.Spacing 82 o . o o o s o« o 2b = 36"

; cor

60"

1]

Spacing S3 . ¢ s s o o 0.0 2b

Spacing S « o o 0 o 0.0 o 2b
Spacing S5 . ¢ o o . o o 2b = 76"
Since the material properties for all the specimens

were the same, the value of the theoretical plastic moment
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Mp and hence the applied maximum load Pp, for any given
load spacing, assuming adequate shear connection, should be
the same for all specimens except for.quand Bl due to holes
in the web. Thus the speciﬁens are grouped according to the

load spacing in Table VII.

The load was applied to the specimens in various incre-
ments up to approximately P;/l§85* was applied 10 times to
determine the cumulative effect of repetitive ;oading on
the specimen. After 10 repetitiéqs the load was again in-
creased in increments up to the yield load. After exceeding
‘the yield load a deflection criterion was used to determine
load increments. These increments were chosen so that the
increase in deflection producgd by eaghjload increment was
equal to the measured deflection of the specimen at the
yield load. If connector failqre was not indicated as the
load approached Pg, the load was released and the load spacing
2b increased. A second test was then conducted. This process
was.followgd‘until connector faillure occurred. In test 53-82’
a load equal to ?p/1,85 was applied to the specimeh for a
period of 63 hours. The purpose of thislibéding was to

# A load value of P,/1.85 was selected because this was
expected to be in the order of magnitude of a working
load for the beam., If a load factor or safety factor
‘other than 1.85 were selected, the results could be
expected to be of the same character though not
numerically equal,
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determine the effect of creep on the composite section.
A surmmary of the type of loading used for each specimen

and the various‘load‘spacings used is presented in Table 1.

The instrumentation used for the beam specimens was
of two general types, those measurements aimed at determining
the behavior of the specimen as a unit and those aimed at ‘
determining the behavior of the shear connection° The first
type included strain mgasurementsngcross the width of the
slab and in the steel beam and centerline and quarter point
deflections. They provided an indication of the behavior
of the composite section as a beam. Thévsecond type in-
cluded measurements of the slip; or relatiye horizontal
displacement between the slab and beam, and the vertical
separation between the two. These slip and uplift measure=
ments were taken at various locations along the entire

length of the member. The instrumentation and gage locations

are shown in Fig. 5.

The measurements mentioned above were recorded at each
increment of load application. After exceeding the yield
load, the load was released at various intervals along the

loading curve in order to determine residual deformations,

~ The teat set up for the pushout spegimens is shown in

Fig. 6. A piece of 1/2" thick plywood was used as a base
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plate to protect the platen of the testing machine. A
'spherical seat was gsed under the cposspead of the machine
at the top of the specimeno_ Load was applied to the steel
section by ﬁeans of a 300,000 1b hydraulic testing machine.
The load was applied in small increments until the in-
crease in slip between the slabs and the steel section
became large. The specimen was then loaded so as to pro-
duce small increments of slip. The load was a&llowed to
stabilize before any readings were taken. This fact 1f of
importance since the speed of testing has a considerable'in;

:fluence on the strength of the specimen,

The slip between the slabs and the steel section was
measured at four locations as shown by the dial gages in
Figo'2o ‘The load was released periodically and residual

slip measurements taken.,

Auxiliary testﬁiinclgﬁed concrete cylinder tests and
tests of tensile coupons taken from both the web and flange
of the steel section in order to determine the material
properties . of the composite section. In addition, Rockwell
Hardness tests, tension and compression tests, and shear
tests were performed on fhe‘shear connector material. The

results of these auxiliary tests appear in Tables 2 through
6,
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5, RESULTS AND DISCUSSION

5.1 Beam Tests-

A summary of the resultsugf_#he beam tests appears in
‘Table 7 and the.load:deflggt§on curves are given in Figs; 7'
to-18. For purposes of clarity of ppegentation the résults
of the tests for each beam are diqcusged separately. TFollow=

ing this, comparisons are made between the individual beams.

Beam Bl and Beam B2

Beam Bl and Beam B2 were fabricated without shear
connectors. The oniy shear connection provided was thé-bbnd
between steeliand concrete, Tie rods spaced at intervals of
approximately two feet along the entire length of the member
were provided to prevent bond breakage during handling of
the specimens. .(See Fig. 1). Prior to ﬁésting it was noted
that shrinkage had broken the bond from the end of the speci;
men tQ the first tie rod, approximately 12 inches on either
end of the specimens. Before commencing the test, siipland
uplift readings were taken when the specimens were piaééd
oh the test bed and after cutting of the tievrods..aSmall
changes were observed in these readings indicating{that '
shrinkage had destroyed the bond: along thﬁ entifé.iength '
of the members. As the specimeﬁs were loadeq siipNstarted
immediately and increased progressively. This also iﬁ;
dicated that the bond between the concrete“andithe steel had

been destroyed.
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The load versus centerline deflection of beam Bl is
given in Fig. 7%, The last point plotted on this curve is
20 kips. Just prior to reaching this load the slab com-
pletely separated from the steel beam so that at this load
of 20 kips there was no interaction. The test was stopped
at this point because additional load would have been
carried by the steel beam only. Since all the test points
lie on a straight line, it is reasonable to conclude that
thére was no interaction from the beginning of the test.

- If there had been interactionyinitially the last test point
would not lie on the same straight line since the load de-
flection characteristics would have changed after loss of
interaction. Strain readings in the steel beam indicated
that the loading produced a small torsional'moment in the
beam. This moment could have been indﬁced‘either by errors
in the test setup or shifting of the slab on top of the
béamﬁ This torsional moment probably accouﬁts for the fact
that the load deflection curve does not follow that pre-
dicted for the steel beam alone. |

For Beam B2 the ultimate moment was about 7% higher
than the prédigted ultimate moment compumed on the basis

of no interaction, (See Fig. 8). TFriction between the slab

: The identifying symbol Bl-S1 in the caption for Fig. 7
~designates the beam number Bl and the load spacing
number S1 as identified in Art. L.1. A similar system
of identification is used for all beam specimens in
the Tables and Figures.
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and beam can be deﬁelopgd by the weight of the slab and/or
under the 1oéding points. The weight of the siab was smallv
compared to the superimposed loading and therefore the
‘friction developed by the slab is negligible. The localized
_ friction under the load points cannot increase the plastic
moment since it is not present at the section of maximum
moment., This Case'isranalagqusmto~g steel beam provided
with cover plates in the vicinity of the lead points. It

is apparent that such cover plates would have no effect on

- the moment resistance at the center of the span.

The difference at ultimate between the theoretical
curve and the curve of test results in.Fig° 8 cannot be
attributed to friction. Average values were used for the
specimen dimensions and material properties. Small varia-
tions of these quantities for B2 could account for the higher
ultimate moment. At any rate, the 7% difference is still

within the 1imit of reasonable experimental variations. -

Beams B3 and Bl __
The shear connection in Beams B3 and Bl ﬁas 1/2 inch
diameter L shaped studs. TFor B3 the load was applied to
the top of the concrete slab whereas in Bl the load was

hung from the steel beam.

The shear connection in B3 was designed so that fail-

ure of the connectors and crushing of the concrete would
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occur at the same time under a load spacing of 2b = 36",
Ultimate design values of 16 kips per connector used for
conﬁeétor forces were taken from previous tests(S)o .The

design of the shear connection in Bl was the same as in B3.

In testing B3 no slip occurred until reaching a load
of 58.6 kips. At this load designated by the symbol @ in

Fig. 9, a loud cracking sound was heard and slip followed,

Since bond is inelastic and the shear connectors are elastic
it is reasonable to conclude that bond was present and all
the shear force was carried by bond up to this load of 58.6
kips, At this load the bond broke down and the shear force
was transferred to the shear connectors with resulting slip
along the entire length of the member due to the deformation

of the_connectors and the concrete.

The bond. stress computed at this load of 58.6 kips was

~greater than. 277 psi (bond stress at Py = L7.1k). Because

the séction was not elastic at 5806 kips an exact determina-
tion of the bond stress is not possible. This bond stress
was quite high and in view of the results.of Bl and~B2.it

is believed that the shear connection éerved to restrain

the shrinkage: and prevent bond breakdown.. Thus'bond cannot
be counted:on. unless:effective restraint against.shrinkage -
is provided. Shear connectors will provide this restraint

but will nét carry any of the shear until the bond has failed.
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Thus a design cannot be based on both bond and shear connec-
tors since only one of them can be effective at any given
time. If a design is based on bond for horizontal shear
resistance, restraint must be provided to prevent bond
breakdown due to shrinkage of the concrete. It is con-
ceivable that over a long periq@_éf time these shrinkage
forces may destroy the bond despite the fact that restraint
in the form of shear connectors is provided. Therefore; if
is recommended that bond be neglected in the design of

composite beams.

Figure.9 shows_that efter unloading B3 to permit care-
ful examination of the specimen it was able to carry in;
creased load upon reloading with the same load spacing.
.The load%deflection curve is of the gradually ascending
type indicating good plastic behavior.even though a com-
puted shear connector force Q =_13°5 kips per connector was
sﬁstained at. the maximum load attained. Loading was halted
at this point only because it was obvious that crushing of
the concrete slab was impending without the shear connectors

showing signs of failure,

In the test of the same beam with load spacing S2, thé
load~deflection curve shows the same elastic type behavior
at lower loads even though a residual deflection &g of 1.22

in. was present at the start of loading. (Fig. 10). The
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beam was again able to carry load well into the plastic
range with even larger comnnector forces of 1ll.5 kips per
connector withbut signs of connector failure and would have

reached the fully plastic load if continued far enough.

The effect of the long time loading can be seen on
the load deflection curve for_BB;SQ, Fig. 10. No increase
in slip was recqrdgq over tpisﬁéB hqur period of constant
load. It 1s also significant to note that this creep did
not affect the ultimate moment of the section. The curve
in FPig. 10 is quite.similar to the curve in Fig. 9 for

B3-Sl where no creep loading was used.

Figure'll shows the final loading test for Beam B3 in
which the shear forces were so severe that connector fail-
ure was finally produced at a Q@ force of 15.3 k pef
connector., The beam was well into the plastic rangé though
not as ﬁear,to predicted ultimate as in the two prior load-
ings.

Comparable phases of the loading of Beam Bl with hang-
ing loads are shown in Figs. 12, 13, and 14 covering load,

deflection, and computed connector force.

In computing the ultimate moment of the section and
the connector forces at the ultimate load for Bl the effect

of the holes in the web was considered. These holes reduce
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the area of the steel beam and hence reduce the tensile
force. Consequently, in Table 7 the predicted ultimate
moment of Bh‘(Mp).is 2770 L_cip-;in° The connector forces

at failure in Bl based on this ultimate moment are 15.5
kips per connsctor, This value is very close to the value
of 15.3 determined in B3 in which the load was applied to
the top oflthe slab. These two tests indicate that friction
developed under the loading points in.a beam test is negli=
gible,

Beam B
Loadedeflection'curves for the three loadings of
Beam B5 are given-in Figs. 15, 16, and 17. The shear
connectors in this specimen consisted of channel sections
and the load was applied to the top of the slab, The

measured slips were small up to about uQ kips., At this

point a loud noise, the same as that heard in B3, occurred

and slip began to increase at a faster rate.

Faillure of this specimen was not due to failure of

the shear connectqrso As»the mﬂximum load we.s reached

large siips resulted., Near ultimate the concrete slab
cracked on the top surface around one of the connectors
near the load point. This cracking was caused by thé top
flange of the channel connector pushing thru the top of

slab as it deformed. Failure of the specimen occurred
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when it refused to carry more load. A sketch of the de-

‘formed shape of the connectors after failure of this

specimen and removal of the slab is shown in Fig. 20,

The behavior of this specimen poinpéd out that the
stresses in the concrete in the vieinity of the shear
connectors are of importance, It does not seem advisable
to use very large, strong shear connectors. . In this case
local failure of the concrete near the connector will re-
duce the ultimate carrying capacity of the member before
the ultimate strength of the connector is achieved. O0f

primary_imporﬁance_are the bearing stresses in the concrete

around the connectors,

Bea B6

Only one:half as many shear connectors as in B3 were
used in this beam. No glip‘occurred up . to about a load of
4O kipss At this load.a cracking sound was heard and slip
occurred. The final failure of this specimen was dus to
comnector failure. The initial failure or the point at

which the load dropped off, however, was not due to connec-

- tor failure, The measured slips at this maximum load wers

all below the slips at fai}ure'reeopded in B3 and Bl. Also-
there was no visible indication of connector failure at this
maximum load. The connector force listed in Table 7 for Bé

ié therefore not the connector force at failure of the
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connectors but that at the maximum load on the specimen.

The load defliection cufve for this specimen shown in
Fig. 18 did not approach the ultimate load and drop off
prematurely due to connector failurs, The load leveled
off considerably below the ultimate load prior to connec-

tor failure and therefore the methed of determining the

connector forces at failure used in this report[Mﬁ» . Q%]
M
P

cannot be used. For this reason a separate calculation -
for the connector forces for Bé6 is included in part 5 of

the Appendix.

5.2 General Results of Beam Tests

Several general observations were made in connection
with the six beam tests. The gt;ain measurements taken
across the top of the slab'at_the centerline, Fig, 19, in-
dicated that the full width of the slab was effective as |
acting with the steel beam.

The manner in which the stud connectors deform can be
seen from Figs. 20 and 21. The marking on the top of the
slab in Fig; 21 indicates the position of the load point at
failure of the specimen., It ﬁill be noted that the connec-
tors bend about their base and there is no bending or open-

ing of the hooked portion. From this it can be seen that
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the hooked part of the stud will be effective in providing
a restraint against uplift or separation of the slab up to

failure.

In most of the beam tests a load approximately equal’
to Pp/1.85 was applied to the specimen 10 times. This is
designated on the load deflection curves as 10xPk: It will
be noted that these repetitions had no advérse.effect on

the specimens.

In B3, BY4, B5, and B6 in which connectors were pro-

vided the slip behavior up to about L0 kips was the same.

'Very little, .if any slip occurred up to or near this load

at which time cracking noises were heard in the beam.
After this occurrence slip started to increase. Based on
this load of [0 kips the computed bond stress at failure
of the bond was 236 psi. There was, however, a variation
between the specimens as to how this bond failure occurred.
In B3 it was a sudden failure whereas in the other speci-
mens it occurred.graduallyo It is apparent that bond was
present but only approximatiohs can be made as to the

magnituds.

Fig. 22 points out the fact that even at high loads
the separation between the slabs and the beams was small.

The separation occurring in each test is plotted separately
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as a bar graph at the location of the meagurement. The
residual uplift from a previous test is not included. 1In
several cases when the load spread was increased the
residual uplift decreased as load was applied to the speci-
men., This ﬁas esentially a‘"negatiye" uplift. In a virgin
test such negative uplift would be impossible and therefore
it was not plotted. This negative uplift is indicated by
zerots in Fig, 22, Ths uplift was only partially recover-
able; however, When the specimens were unloaded most of
this uplift remained a$ permanent separation.. Observation
of the slip distribution hldng the members, given in Fig. 23
to 26 indicates that the maximum slip océurred near the
load point where the beam sec@ion was in the partially
plastified state, This result is in agreement with theo-
retical studies.. The slip occurring in each test is plotted
separately. The residual slip from a previous test is not

included., =

In order to compare the loadedeflectioh characteristics
for all the tests the non-dimensional graphs of Figs. 27a,

b, and ¢ were plotted. The curves shown were drawn using

- the test results with no interpolation used to obtain

smooth curves., The individual points were omitted from
the drawing for the sake of clarity. It will be noted that

all the curves in Fig° 27a except the one for B2-S1l and

B6-S1 are straight lines up to=%— = 1, This indicates that

3
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these beams behaved as‘if thergAwas gompletg interaction,
For subse@ﬁent tests of the same beams in Figs. 27b and 27c

the deflection at %ﬁ = ] did inecrease slightly. For lnstance,
y i .

comparison of curves for BB;SI and BB;SB indicate a slight
increase in deflection for B3i=-33 at.%; = 1,
v -

The curve labeleq "X® is the curve of a previous com=
posite beam test in which the sha@r“conhé@tion was adequate
and failure was due to crushing of the concrete. (Ref. 5,
Fig. 5, Curve Bl;Tl)o A1l the tests except B2;81 and B6-S1
rarallel this curve up tovthe point where they were gtopped
short of crushing of the concrete or the studs failed. Con=
siderable slip was observed between slab and beam in‘all the
tests as is evident from Figs. 23 thropgh_Zéa Thus it
appears that slip between slab and beam dces not reduce the
load carrying capacity of a composite beam. Also it does

not appreciably alter the load deflection characteristics
of the section. |

Beam 6 had an extremely weak shear comnection and Fig.
27a indicates that the load deflection characteristics were
subsequéntly infiuenced. The déflection'at yield of the
section ( %%:: 1) was increased above the. theoretical de;
flection asZuming'complete interaction (5/6y = 1.5 vs.

: Q/ﬁy = 1), The curve does not parallel thé curve for
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specimen "X" but levels off at approximately M/My = 1.2,
Thus an extremely weak shear connection alters the be-

havior of a composite section.

Because there was no interaction in Bl this beam
test was not included in Figo_27ao_ Also the limited data
obtained would only yield & small portion of such a non-

dimensional curve.

The connector forcesmdeter@ined in these tests at
connector failure are in good agreement with those in
another investigation (Ref, 5 = Table 2). There was &
considerable difference, however, in the strength of the
concrete slab in the ﬁwo imyes?ig&tions?‘ The average
concrete strength in theseAtests was 3600 psi and in the
other investigation was 5560 psi. This would indicate
that the connector strength in & beam test is independent

of the concrete strength.

5.3 Pushout Tests

A summéry of the results of the pushout tests is
given in Table,B and the load slip curves for the various
specimens appear‘in Fig. 28 through 33. - The value of
slipuplotyeg as the abscissa in these graphs was the
average of the two dials located on the slab in which
connector failure occurred first. Values of the connector

force at failure Qp given in Table 8 were determined by
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dividing the maximum load P reached in the tesat by the
total number of connectors in the specimen. The differ-
ences in readings of the four slip dials at any given
load were small, thus justifying the assumption that each
connector carried an equal portion of the total load on

the specimen.

As specimens P1, P4, P5, and P6 were loaded to failure
there was no cracking noted in either sliab. There was,
however, a slight separation between the top of the slab
and the steel section in tests Pl, PS5, and P6. All the
connectors in these fcgr tests were 1/2 inch in diameter and
the appearance cf the area arcund the studs after failure
was similar to that for Pl shown in Fig. 3. It is signi;
ficant to note the crushed-zone of concrete in front of
the studs and the fact that there are two separate zones,

one in front of each stud.

In specimen P2 a considerable smount of cracking of
the slab occurred as the load on the specimen reached its
maximum value. A large separation of sliab and steel section
occurred at the top of the slab. The specimen failed not
by a shéaring of the channel sections but by a pulling away
of the slab from the steel beam. The channel connectors

after failure are sketched in Figo 20,
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Considerable cracking of the slab also occurred in
specimen P3. It’will;be noted in Fig. 35 that the crushed
concrete in front of the connectors forms essentially one
zone, A -determination of the minimgm'trgnsverse connector
spacing and the minimum edgq distance.required can be based
on the influence of the shear comnector on the surrounding
concrete by assuming that the shear connector transfers its
load to the surrounding concrete in a manner similar to a
load on a semi;infinite elastic solid. Theoretical studies
along these lines and a comparison of the crushed zones of
concrete around the connectors observed in these tests may
lead to recommendations concerning the'miﬁimum transverse

spacing'and‘edge distance for shear connectors.

A comparison of Pl and P4 with P5 and:P6 in Table 8
indicates..that there was a difference between the 1/2n
dismeter L shaped stud and a 1/2"bdiamete£'headéd Stud,‘the
1/2" headed stud being about 12%mstronger-than the other.
The material properties of the studs given:in Tables L, 5,
and 6 do not..substantiate this diffenencewf The fact that
the material in the L studs was harder.than that in the
headed studs”is pointed out in Tgble hqriiables 5 and 6 in-
dicate that the L stud material was stronger in both tension
and doﬁble shear than the headed stud méterial. From these
differences 1n material properties the ;/2" L studs in Pl

and Ph should have been stronger’than the 1/2" headed studs
in PS and P6.
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Further tests are in progress to determine the reasons
for the difference between the L stud and the headed studs.
In these tests the material properties of the studs will be

kept constant.

A comparison of the results of P3 with those of Pl, P,
and PS,_Pé is ofmintqrest° _IFMyil1 be noted in Table 8 that
the computed shear stress at failure on the 3/L inch stud
was below that of any of thel/2 ipch studs. Considering P3
vs. Pl there is approximately a 19% dec?éase in the shear
stress for P3 over Pu. The results of the double shear
tesﬁs on the stud material;mgiven in Table 9, indicate that
fhis difference is not due to the material properties of
the studs. The 3/l inéh material was somewhat stronger in

double shear than the 1/2 inch material. The pushout tests

"show that the ultimate connector force is not proportional

to the shear area of the connector. It is believed that
the bearing area of the connector is also 6f considerable

importance., There may be a size effect involveq'in the be-

.havior of studs embedded in concrete. jAdditional tests are

planned to’ determine the behavior of‘3/h inch diameter studs in

beam specimens.

5.l Comparison of Beam Tests and Pushout Tests

In the past the results of pushout tests have been

used to evaluate the deformation characteristics of shear
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connectors and establish values of. connector forces to be
used for design purposesy(g)‘ In Table 9 an attempt was
made to determine whether a correlation exists between

beam and pushout tests.

It was observed In this series of tests that the
maximum slips at failure recorded in the begm'tests were
différent from those observed in the corresponding pushout
tests. The ultimate connector forces were also considerably
different between the two types of tests, This leads to |
the conclusion that the behavior of a shear connector in a

pushout specimen 1is different from that in a beam specimen,

The results of these tests are too limited to establish
the correct correlation between pushout tests and beam tests.
However, 1t can be seen from Table 9\ﬁhat the connector
force in all the beams having an adequate number of shear
connectors exceeded the connector force in the comparable

pushout specimen by 39% or mors.

6. CONCLUSIONS

The folldwingmcdﬁdlusionx are drawn from the test

results:

l. Shrinkage forces will destroy the bond between the
concrete slab and the steel beam. Some type of restraint
is required to resist these shrinkage forces if bond is to
remain intact. (Bl and B2)
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2. The shear force and ¢9psequently.the interaction
created by friction is negligible (B2, B3, BlL)

3. An insuffic;eptrqumber;of ghear connectors reduces
the ultimate moment capacity of the composite section and
also alters the deflection characteristics. (Fig. 18)

L. The 1/2 inch L shaped studs provided sufficient
tie down action so that uplift or separation of slab and
beam was small prior to failure of the connectors. (B3, BlL,
B6 max. uplift - 0.04 in.). B

5. An estimate of the bond gtrength‘achievéd in these
tests was 236 psi. (B3, Bl, BS; B6). _ )

6. Creep or long time loading has no noticeable effect
on the ultimate carrying capacity of a member.

7. The strength of a shear connector obtained in a
pushout specimen is different from that.in a beam specimen.
In beams with adequate shgar connectors the connector férce
at failure was-at least 39% greater than the Qonnector'force
in a comparable pushout specimen.

.8, Shear connector failure does not occur suddenly.

Considerable deformation of the connector, and consequently

large slips result prior to connector fdilurd it g ductile..

‘sonnector-is used.

9. The connectors used in the beam tests, 1/2 inch
diameter L shaped studs, permit a redistribution of the

horizontal shear forces. The ultimate strength of these
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connectors based on the results of the beam tests is
approximately 15 kips per connector. (Table 7)

10. Considerable slip between slab and beam of a
composlite section does not alter the load-deflectlon
charaéteristics significantly nor substantially reduce

the ultimate carrying capacity of the composite beam.

7. DESIGN RECOMMENDATIONS
It was stated in Art. 1 that the design of composite
beams can be based on three possible approaches. The

results of Bl and B2 have indicated that a rational design

in which interaction is induced by bond between the slab

.and steel beam 1s not feasible since_some res?raint is re-

quired to prevent bond failure due to shrinkage. The re-
sults of B6 have shown that a weak shear connection alters

the behavior of the composite section and prevents achlev-

~ing the ultimate moment of the section. Further study is

required before any design recommendations can be made for

beams with weak shear connections.

Two.alternatiﬁe design procedures exist for beams with
full composite action namély, an elastic approach or a
design based on the ultimate load capacit?fof the section.
The economies and advantages of plastic design 1In steel are
well known. If applied to composite beams, plastic design

is also advantageous and economical.
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In buiiding design the depth of the steel members 1is
such that the neutral axis is usually in the slab at the
ultimate load. In this case the steel beam is completely
ylelded in tension as opposed to an elastic design in which
only the extreme fibers of the section reach design stress.
In addition the problems of buckling encountered in plastic
design in steel are not present in composite beamg. Because
the top flanée of the steel beam is anchored to the slab by
the shear connectors lateral buckling is prevented. The
problem?of local buckling 1s a;so_eliminated since the‘entire

steel beem is in tension at ultimate.

The results of B3, BQ, end BS have demonstrated that
plastic design of composite beams 1s feasible. Theoretical
analysis and comparison with previous teets(E) have shown

that excess deflections do not result from such a design

- approach., It is possible to predict the ultimate load of

a composite section quite accurately. A design of the shear
connectors by the method used in this report: using the re-
commended values for connector forces will assure that this

ultimate load can be reached.

In view of the above considerations it is recommended
that the design of composite beams be based on the ultimate
carrying capacity of the section. Further tests are presently

in progress to determine whether this analysis can be applied
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to continuous beams and thus result in plastic design of

continuous composite beams.

The design recommgndationswWHichfbllow are based on
the results of the tests in this report. These recommenda-

tions stem directly from the conclusions listed previously.

The composite section should be designed considering
equilibrium of the internal forces at the section of maximum
moment in the simple span. The working load multiplied by

a load factor of 1.85 should be used for\ﬁhéideéiénfldado

The location of the neutral axis at ultimate is deter-
mined by assuming a linear distriﬁution of strain ﬂhrough
the depth of the compositewsectioh,b A stress distribution
is then computed from the assumed gtrain distribution.and
an equilibrium check of the internal forces 1s then made.
If equilibriﬁm is satisfied the assumed strgin distrlbution
is correct, if not another trial is made’until the internal
forces at the section are in equilibrium. The following.
strains should be used as limiting values.

€gt (steel) = 15 x 1073 in/in

€yield (steel) 1.1 x 103 in/in

H

eylt, (conc.) = 3 x 10™3 in/in
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and the yield stress for the steel taken as 33 ksi.
Present criteria(2) should be used for determing the
effective width of the concrete slab. The ultimate
moment of the geqtioh can then be computed from the stress

distribution at the critical section.

The shear connection used should consist of a ductille
type connector so that a redistribution éf'shear forces
is possible at ultimate. The design of these shear connec-
tors should consider equilibrium of the slab from the
section of ultimate moment to the section.of zero moment.
The number of connectors is then chosen assuming that
each carries. an equal share of the compressive force in
the slab. Recommendations ceconcerning the distribution and

spacing of these comnectors along the length of the member

- will be made in another report. A nominal amount of connec-

tors should be provided over sections of constant moment

to provide a tle between slab and beam.lﬂ ;

The following value should be used for the ultimate
connector force for 1/2 inch diameter<L shaped studss
Qp = 15 kips/connector
If the .composite section is designed .on the basis of
an alloﬁablewmaximum stress (elastic design) it would be
in order to ﬁodify the allowable stresses presently used

in elastic design in steel. The shear connection would
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then be designed by the conventional method (vg) ‘with
' I
allowable connector forces used which would be compatible

with the allowable steel stresses.

The present AISC’Building Code permits a working or
allowable stress of 20,000 psi in the steel member for
simple beams when an elastic design is fol}dweq, ~Assuming
a yield stress of 33,000 psi for_A? steel and an averagse
shape factor of 1l.12 for wide flange shapes, an elastic
design of a simple beam results in a reserve capacity or
factor of safety against ultimate (neglecting strain harden-
ing) of 1.85. This corresponds to the.load factor presently
used in plastic design.ih steel., Many yeérs of practice
have shown that this procedure leads to safe designs. It
would therefore seem reasonable that a similar apprpach“

would be poséible for composite beams.

The shape factor or ratio of yieldxmomeﬁt to ultimate
moment for.a composite section is greater than that for a
wide flange shape. Tor the sections tested, whieh hadithe
same proportions as those encountered in building construc;
tion, the ratio of gﬁ was 1.5, Since a portion of a com;
posite beam consistgyof a concrete slab it may be argued
‘that the close quality control that is present in the manu-

facture of steel wide flange shapes is not always present

with concrete. Thus a value of reserve strength against
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ultimate‘highgr thanﬂl,BS_might be reasgnable. Assuming
that an increase of this valueuofwl.BS“to 2,0 were used

the allowable design stresses in the steel section could
be Increased to 25,Q00.psi. The reserve strength of the
compdsite beam would then be of the same magnitude as .

that for a steel béam.

. In order to provide essentially a balanced design
the shear connectors would therefore be designed with the

same reserve strength of 2.0 or %5—.= 7.5 kips per connec-
tor. It 1s therefore recommended.that if an elastic design
1s used for the composite section the allowable stresses

in the steel section be increased to 25,000 psi and a value
of 7.5 kips per connector be used for an allowable connec;
tor force for 1/2 inch diameter L shaped studs. . These
studs would then be spaced in éécgrdange w;th the shear.
diagram by using the formulal%g; to determine the shear
flow.

Concrete stresses 1n'accordan¢e with the present ACI

building code should be used in such ‘an elastic design.
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9.  NOMENCLATURE

L Pe ! 43’_}
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dc ' «‘-—— C

qu, .
e
Yoo T

Ify
Ag = stgel area :

Ayep = area of web of steel beam

area of one flange of steel beam

Arlg

agt = distance from neutral axis of composite section to
extreme fiber of steel in tension

b = distance from center.line 6f beam to point of load
be = effectivewwidthrof_coqcrete slab
C = total compressive force =Vf'b da

“ce’P
de = depth of concrete slab

dp = depth of compressive stress block at My
dg = depth of steel section

e = distance between resultant compression and tension
forces at Mp '

fi = cylinder strength of concrete at 28.days
fy = yleld stress of steel beam

1l = € stress of flange of stee eam
fy( g) yield st f flang f steel b

fy(web) = yield stress of web of steel beam
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=L
moment of inertia of composite section, concrete
transformed to equivalent steel area

moment of inertia of stee; section

shear span = distance between sections at which
plastic moment and zero moment occur

statical moment of transformed compressive concrete
area about thehneutrgimaxis of the composite section

theoretical plastic moment of composite sectlon

experimentally observed ultimate moment
theoretical yield moment

Esteel .

Econcrete

externally applied load

externaily applied load at Mp

connector force

connector force at failure of connectors
conﬁectop spacing along longitudinal axis of beam
logd at.which slip first occurred |
total tensile force = fy'As

deflection of bgam(in inchgs

residual deflection of beam in inches
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A, Beam Specimens B

a. Concrete Slab

bc = h8_in.
de = 4 in.
fo = 3600 psi¥

réinforcemeqt - mesh 6"x6"x1/4" placed at mid
-depth of slab
# A totdl of 18 cylinders were tested at various ages.
. The value of f! used in the cdlculations was an
average of all-the cylinders tested.
b. Steel Beam (12WF27)
All the steel beams were from the same rolling.
The cross sectional dimensions and the weight of
éach specimen were recorded. Measured values
- were all very close tquthe'ﬁ&ndbbok properties
sdlthe'handbook dimensions were used in the
calculations. -
Ag = T.97 in®
dg = 11.95 in,
Ig = 204.1 tnlb
fo= 39.0 ksi (flange)
Ul 0 ksi (web)

#% Coupons were taken from both the web and flange of
= . the steel beams. The respective static yleld stresses
were used in computing the T force as shown on page
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Connectors

(1) Studs - B3, Bl, B6

. diameter = 1/2 in.
height = 2,25 in.
area = 0.196 in.?

(2) Channels (3L4 4.1)-BS5
height - 3 1in.
width = 4 in.

weld = 3/16 in. fillet across toe and heel

 Compogite Section
n = 10 |
agt = 11,60 in,
I =587.7 1ot o
m = (innerface of slab) = 5.1 in3

B. . Pushout Specimens

8.

Concrete Slab

28" x 20" x L" ; See Fig., -2 '

f} = 3600 psi (same as for beam specimens)
réinforcément - mesh 6" x 6" x 1/L4" placed
1" from outer face of slab

Steel Section - 8WF31l
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APPENDIX =47

Co Connectors ‘
Pl, P4y - 1/2" dia L shaped studs
P2 - Channel section (304 4.1)
P3 - 3/L4" dia headed stuos
PS5, P6 = 1/2" dia headed studs

- Specimen Design

The slab phioknese forwthe begm'specimens was set
at 4" because this is the slab thickness usually used
in floor slabs in buildings. | |

.The slab width of u' feet satisfies one of the
two criterion for the effective width of T=beams.(2)

Values of f} =‘3000_‘;__:_>si,\fy = 38 ksi, and connector
forces of }6 kips/ connector were assumed and used to

determine the number and spacing of the connectors.

‘The procedure used considers equilibrium of the con-

crete slab as a free body between sections of zero

moment and full plastic moment. The design calcula-
tions are not included but they were essentially the
same as those which follow ﬁnder Art. 10.3C except a
value for Q was assumed and values of.s or connector
spacings determined. 1In Art. 10.3C the material pro-
perties used (fé,fy) were those obtained from coupon

and cylinder %estson



he

[

LR

279.2 APPENDIX -L8

10.3 Predicted Quantities

A. Calculation of Yield Moment

o = Mc = Magi

T T
c
where:
fy = 39 ksi
¢ = 11.60 in.
I = 587.7 inlt

v -
My = 1975 k-in.

The specimens were constructed in such a manner that
the dead load of the slab was carried by the formwork.
Therefore, the dead load of the slab was carried by the com-
posite section after removal of the forms.i:In testing the
moment toibe applied to the specimen to produce yielding in
the steel section should therefore be: | o

M =My - Mp,1. (slab)
1975 - 68
1907 k-=in,

]

]

This value of 1907 k=-in. will be referred to us the yield

moment of the section,

. i
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B. ' Calculation of the Piastic Moment (M)

P/2 H} b b p/2
T |

The proportions of the composite are such that the
neutral axis is located in the slab at ultimate. The steel

- section is completely yielded in tension and the concrete 1is

assumed to have no tensile resistance. The internal couple

method is used in combuting the plastic moment.

The total tensile force T developed by the steel
section is: | '
T = fy(rig) "Arig * fy(web) * Aweb
39 5.29 + 4y - 2,68
32l k

it

fi
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For longitudinal equilibrium, a compressive force equal

in magnitude ﬁo this tensile force in the steel is required.

It is assumed that this compressive force 1s provided by an

area of concrete fully stressed to the cylinder strength fé.
The depth of penetration of this compressive area into the

slab is:

-
= 1.87 in.

The moment armbetween the tenslle and compressive

forces is:

e =dg + d ;Id'
> ¢ 2
=5,98 +) - 1.87
= 9.05.in,

The plastic moment of the composite .section 1s the

moment produced by this couple of tensile and compressive

forces:
Mp = Te = Ce
= 324 . 9.05
= 2930 k-in.

The plastic moment which can be reached in testing
will be reduced by the dead load moment of the slab.
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Mp = 2930 = 68
= 2862 k-in.
This value of 2862 k-in. will be referred to as the plastic

momenﬁ of the section.

'In beam Blj several holes were driiled in the web of
the steelssection to provide for the loading fiitures. The
area of the web was therefore reduced and the tensile force
which the section could develop was reduced. Using this new
tensile force and following the same procedure as above the
values for Bl are:

My = 1832 k-in.

M. = 2770 k-in.

P

C. Calculation of Connector Forces

The connector forces are computed by taking a free

 body of the slab between the section of full plastic moment -~

and zero moment.. (length = Ls)

WC"—'f' bcd

— e > B> e e

Connector forces
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By assuming that the connector forces are equal over

the length L, the connector forces are computed by dividing

the C force by the total number of connectors in the length

Lge

The shear stress in the connector is computed by

dividing the connector force by the shear area of a connector,

The above procedure leads to the following results:

Example
B3 - S1
C =324 k
no. of connectors over length Lg equals 22
qp = 22k | .
22
= 14,7 k
S1 (2b = 18") 52 (2b =36"). | 83, 4, or 5
Beam | Force per T Force per | - 1T || Force per B SR
connector (ksi) connector (ksi)|l connector (ksi)
. Sp - Q" B0 -
v,(kiPS) . (kips) - (kips)
B3 1.7 75.0 16.2 82:6 ) 18.0(2b=56) | 91.9
Bl 13.7 69.9 15.1 77.1 | 16.8(2b=60) | 85.1
BS 6.9 - 81.0 = [l108 (2v=76)| -
B6 29.h 150.0 - - - -
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10.4 Deflection Caiéulgtions (Theoretical)
i. Due to Bending N

= g1 2= 2
o) Eﬁif (3L==La<)

where

151=-00"

e
]

£ = 30 x 105 ksi
587.7 inlt
L/2 - b

i
]

™
i

2. Due to Shear

S G 2AWG
where S
A, = 2.68 in® (web area of steel beam)

3. Total Deflection

8 =0 * Bg
2b=18"

2b=36" 2b=56"

Load (P) . ) o
Deflection due to Bending 3 (in.) 0,272
Deflection due to Shear &g (in.) 0,052

40 4o
00260 0.0).],0
0.046 0.040

Total Deflection &g + &g in. 0.32

10.5 Analysis of Test Results

A. Calculation of Qp

0,306 0,280

The values for the connector forces (QF_ér Q) at

failure in the beam specimens were computed by multi-



L4

¢ YWhittemore gages ]

-5y

plying'the connector forces at the plastic moment by

" the ratio of the ultimate moment reached in testing

to the calculated plastic moment My Q = Qp -
My, F

Example
' B3:SI
| My = 2638-E;1n.
2862 k:in.

Mp =
% = 1.7
_ 2638, .
F T Zgen | T
Qp = 13.5K

These connector forces are listed in Table 7 under

the column "Connector Force",

B. Calculation of Maximum Connector Force B

The connector forces are bomputed by utilizing the

. measured strain and slip readings. The computed values

muéﬁ be considered'approximaté'since a'straight line
was assumed. This is obviously an assumption for the

cracked concrete slab. Chvwru e o nont

2280x1076(1)

2000 3)__ - C2

=2 T \C
' 836 10'6(é;t§ |
‘=§§Z/;:;e sI{; diglx | 1,65{k) —T3
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(2)
(3)

(4)

2 | ' -55

Measured strain in concrete - Whittemore gage
Measured strain in steel beam - SRl gage
Measured slip - Ames dial

Computed

Note:

a) SRL gage on bottom flange can't be used since bottom
flange has yielded.
b) Whittemore readings on under side of slab can't be

used since concrete slab is cracked.

The several compressive and tensile forces in the Figure

above are computed by converting the average strains to stress

and then multiplying by the appropriate areas.

Ty = Oy £1g. A £1g = 39 ° 2.6l = 103K
T2 = Cy web A2 = llj-l. ° (O°2L|-) . (8012) =85°7k .
732 x 1076 - 30 x. 1073 - (0.24) (1.93)

]

T3 = €ave., E A3
10.2K

C1 = €gye, BEA = 1418 x 1076 - 30 x 1073 + (0.24) (1.1)

H

3.31K | o
Co =‘ fave, B Aflg. = 988 x.‘J.O"é ° 30 x 103 « 2.6l = 78.3k

The final compresslive force of the concrete slab is

obtained by equilibrium of the section.

C3 = T1+Tp+ T3 - Cp+ Cp =117.3K
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The moment computed from the measured strains is c@m-.=
pared with the moment from the beam test. _

Computed moment using T and C forces = 2227 k-;in°

Actual Moment L%E 81) = 23440 k=-in.

% error = 5%

Q= C where C = Cy above
no., of commsectors

Qu=£ll_2 = 10.7K § 5%
1

Since the moment éomputed differed from thg measured
moment by 5%, the approximate connector force may also be

in error.
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‘ : Designation of Beam Specimens
’ P/2 b lb P/2
T
5y R 17597
<
Specimen Connector Connector Type of Test Load Test
Type Spacing Loading No. Spacing Desig-
c 2b nation
(in.) (in.) -
Bl Bond - (B) 1 18 Bl-S1
B2 Bond - (A) 1 18 B2-81
t (A) 1 18 ~ B3-s1
B3  1/2" dia.L  2at7.5 - (4) 2 36 - B3-82
studs (4) 3 56  B3-83
(B) 1 18 B4-S1
By  1/2" dia.L 2atT7.5 (B) 2 36 Bly~S2
studs (B) 3 60 Bl -8l
{
(4) 1 18 B5-S1
BS - channel section " (4) 2 36 B5-S2
section wide at _ '
(3Ulh.1) 20" () 3 76 B5-S5
B6 1/2" dia.L lat7.5 (A) 1 18 B6-S1
. studs-

>

e

(A) Top loading - load applied to top of slab

(B) Hanging loads - load applied to steel beam
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TABLE 2

Cylinder Strengthé of Concrete

in Beam Slabs and Pushout Specimens

Gylinder;No.r

o v & wW o H

10
11
12
13
1
15
16
17
18

Age at Test
- (days)

31

33
35
4o
L6
16
19
53
53
53
61
95
95

Ave

Strength
(psi)
365L.
3636
3326
3539
31490
354l
3583
3715
3565
3512
3627
3539
3610

- 3689
3795
3777

3547

Average of all 3600 psi

- c¢ylinders
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Static Yield Strength of Material in 12WF27

Coupon Material Location of Static Ultimate Modulus of

No. Coupon Yield . Stress Elasticity
: Stress” (ksi) B
(ksi) , (ksi)
1 39.25 - 29.5x103
2 ' 38.70 68.30 29.7
3 ASTM 39.00 67.50  30.0
A-7
I Structural Flange 38.10 66.10 30.2
5 38.140 67.50  31.1
6 39.40 68.10 30.5
7 Ave. 38.95
8 Web Lly.50 69.60 -
9 | ﬁf?M Web 115.00 69.60  30.L4
10 Structural Wed 113,20 65.90  30.L
‘ Ave. UL.23

LR}

Average values used in calculations
fy = 39.0 ksi (flange)

fy = Lly.0 ksi (web)



279.2 - - _TABLE )| 7 =60
Rockwell Hardness Tests of Stud Material

! Location of Readings
N ” .
/, .
£y o ey PP
/ X b3 - 2 X 4
] ”
% : %
' 4
3 ” 3x ”
% ¥
i 8 . A 4
- ” &
% %

Type of Stud Point 1 Point 2 Point 3  Point )4 Average
v (1)=1/2" dia. L B8 B85 B77 B87

shaped stud B86 - B8 B82 B8l B83,6
(2)-1/2" dia. B8l B76 B78 B76
: headed stud  B83 B69 B76 B78 B75.5#
(3)=3/4" dia, B92 B8O B87 B85 BB7. 5
headed B97 B87 B85 B87 T

Note; At each point one reading on either side of the stud was -
taken., ’ -

# Average of points 2, 3, L only



279.2 TABLE 5 ~61

. Coupon Tests of Connector Material

Specimen Conhector Type of Yield Ultimate Modulus
: Material Coupon stress Strength of
- (kai). (ksi) Elasticity
. . E
{(ksi)
1 1/2% dia. L  Compression 57,1 - 30.0x103
studs -
2 " Compression  56.5 - 30.0
3 1/2" dia. Compression 52.0 - 28.14
headed _
studs
L 3/ dia. Compression 73,0 - 32.4
headed ‘
) studs
1 5 " Compression  70.6 - 31.5
1/2" dia. L Tension 56.0 66.1 28.6
’ stud
oo Tension 57.0  67.L  30.3
8 Channel Tensile cou- 36.7 61.0 28.8
pon cut from
weld of
channel para-
llel to direc-
tion of roll-
ing
9 Channel " 37.3 61.5 31.0
10 Channel Tensile cou= U42.9 6li.L -
pon cut from
web of channel
perpendicular
to direction
- of rolling .
11 Channel " L3.5 6.5 - -
s! 12 Channel " 550 o 6)—'_0 l =

Note: Specimens 1-5, 8-12, yield‘stress determined by 0.2%

offset method.
Specimens 6, 7 yield stress equal static yield stress.
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Double Shear Tests of Connector Material
Specimen Material® | tud Type Ultimate Ultlimate
No. Shear shear
Load ~stress
(Ibs) (psi)
1 €1010-C1017  1/2" L 17,550 Ly, 700
2 " 1/2" 1, 17,650 15,100
3 - 1/2" headed 16,200 41,400
L - 1/2" headed 15,700 40,000
5 Cl015-C1017 3/4" headed L2,700 48,500
6 " 3/L" headed 42,100  L47,700¢

*

Material designations are those of the American Iron and
Steel Institute,

The specified properties of the stud material are as

follows:

/2" L 3/LL" headed
Tensile strength -
72,000 psi min.

Tensile strength -
65,000 psi min.

~Yield strength - PR
61,000 psi min,

Elongation - 20%
(2" gage length)
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Table 7 =63
Summary of Beam‘Test Results
Specimen | Test {Load Failure CL Moment Connector| Max. Residual
Spacing | Type M Force End .End
2b (k-in.) Q Slip |Slip
(in.) M, M, [(kips) “at Py | (in.)
- (in.)
Bl BL-s1| (A) 1560¢1) . - - - -
B2 B2-§1 (A) 156012 1678 - 0.335 | 0.223
B3 B3-51 (B) 2862 2632 | 13.5 0,040 | 0.030
B4 B4-si| 18 -(B) 2770(2) 2495 | 12.5 0.015 | 0.004
B5 B5-51 (B) 2862 2619 | 59.3 0.029 | 0.022°
B6 B6-S1 v (C) 2862 2340 |10.745% [o0.120 -
B3 B3-52 " (B) 2862 2560 | 14.5 |0.077 | 0.059
B4 B4-52| 36 (B) 2770(2) 2470 | 13.6 0.020 | 0.017
BS B5-52 (B) | 2862 2682 | 75.9  |0.046 | 0.074
B3 83-s3| se | (C) 2862 2438 | 15.3 0.092 | 0.170%
B4 B4-S4| 60 © 2770(2) 2538 | 15.5 0.126 | 0.189%
.B5 - |Bs-s5| ‘76 (D) | 2862 2342 | 88.5 |0.207 -

Failure Type:

Note:

(A) Test stopped

(B) Test stopped

short of crushing of slab

(C) Shearing of studs

(D) Faiiure to carry additional load

(1) Assuming no interaction

(2) Effect of holes in the web considered

* After connector failure
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Spe -
cimen Connector Type
Pl 1/2" dia. L
shaped studs
P2 Channel section
(3044.1)
4" length
P3 3/L4" dia. headed
stud
PY 1/2" dia, L
shaped studs
P5 1/2"  dia.
headed stud
P6 1/2"  dia,
headed stud
* Computed
- on the

TABLE 8 ..

Summary ofwPushout Test Results

Ult imate
Connector Force
QF (kips)

11.0.

47.5

21,2
10,4
12,1

12,1

Shear\
Stress®
(ksi)

56.1

L8.1
53.0
61.7

61.7

Type of
Failure

“ Shearing
of studs

Separation o

slabs and
beam stub

Shearing

of studs

Shearing
of studs

Shearing
of studs

Shearing
of studs

on the basis of a uniform distribution of shear stress
cross section of the connector

Remarks

No cracks
in slab

Large cracks
in slab
Large cracks

in slab

No cracks
in slab

No cracks
in slab

No cracks
in slab

2°6le

9=
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Specimen

TABLE 9

-65

Comparison of Beam Tests and Pushout Tests

Connector Manner of Q
Force Failure _Beam __
Q QPushout
B
(kips)
B3 15.3 B3 shearing of studs
B3 P1 11.0 Pl - shearing of studs Qp3/Qpl = 1.39
Py 10.4 Py - shearing of studs  Qm3/Qp) = 1.47
B4 15.9 Bl - shearing of studs
BL . P1 11.0 Pl - shearing of studs QBlL/Qp1 = 1.45
Pl 10.L4 Py - shearing of studs  Qg)/Qp, = 1.53
p B5 88.5 B5 = concrete failure
B A
P2 47.5 P5 - concrete failure Qes/Qp2 = 1.86
B6 10.7 B6 - shearing of studs
B6 P1 11.0 Pl - shearing of studs Qpe/Qp1 = 0.97L
P 10.4 P4y - shearing of studs Q36/qu = 1,03
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Types of Pushout Specimens
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