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ABSTRACT

This report is a supplement to Progress Report No, 1
"TESTS OF COMPOSITE BEAMS FOR BUILDINGS". Additional tests
reported herein were designed to answer questions arising
from the results of the tests in Progress Report No. 1.
Also it was Intended to obtain information concerning the
distribution and spacing of shear devices along a beam and
the feasibility of combining composite construction and

plastic design for continuous beams,

Three composite beams were tested in order to compare

the behavior of 1/2" and 3/Li" diameter headed studs and 1/2"
diameter L shaped studs. These tests were included after
comparison of the results of the pushout tests on these three
types of studs reported in Progress Report No. 1. Three. com-
posite beams were tested to determine the effact of distri-
bution and spacing of éhear devices along a beam loaded in
such a manner that the shear diagram varied along the length
of the member., A continuous beam was tested to establish
4the feasibility of designing continuous composite beams by

means of plastic design.

Information concerning the behavior of composite beams
and welded studs was obtained. Based on these findings
recommendations for the design of compesite beams for build-

ings are suggested.
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TESTS OF COMPOSITE BEAMS

FOR BUILDINGS

1. INTRODUCTION

The background material for this investigation was
discussed in the Introduction of Progress Report No. 1.
In order to eliminate undue repetition this material will

not be discussed here,

This report describes a series of tests designed to

provide information on the following problems:

(1) Strength of stud shear connectors in a beam
specimen.

(2) Influence of slip on the load deflection curve of
a composite beam,

(3) Distribution andlspacing of shear devices along a’
beam,

(4) The feasibility of designing continuous composite

beams on an ultimate basis.

éix simple span isolated composite beam specimens, a
continuous beam specimen, and tﬂree pushout specimens were
tested and are described in this report. Conclusions and
design recommendations based on the results of these tests

are also included herein.
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2, GENERAL DESCRIPTION OF TEST SERIES

The composite sections tested were of the t&pe commonly
encountered in building construction, i.e., a concrete slab
cénnécted to a wide flange structural shape. The dimensions
of the specimens tested were of the same magnitude as those"

which might be encountered in ordinary buildings.

Three beams, B7, B8, and B9 were included to obtain data

cn three different types of studs. One-half inch diameter

L studs were used in béam B7, one-half inch diameter headed
studs in B8, and thﬁee=quarter inch diameter'headed studs
ian9o ‘These three beams were exactly alike in all other
respects_and therefore a comparison of the results of these
teats is in effect a compariscn of the behavior of the thres

types of shear connectors.

Beams B1lO, Bll, and BlZ2 were included toAgbtain data on
the effect of comnector spacing on the behavior of the com-
posite section. These three beams were subjected tc loads
(five equal loads spaced at the sixth points of the beam)
which produced a varying shear diagram. The total number of
‘'shear connectors provided in each beam was the same. HoWever,
in beams B10 and Bll, a uniform connector spacing along the
length of the beam was used, whereas in beam Bl2 the shear
connectors were spaced according to the proportions of the

shear diagram.

\
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Beam Bl3 was a continuous beam and was designed plasti-
cally in order to evaluate the behavior of a continuous

composite beam,

Three pushout specimens P7, P8, and P9 were included
in this series of teétso The three types of studs, 1/2 in.
diameter straight, 1/2 in. diameter L, and 3/L in. diameter
straight studs were used in these specimens. By comparing
the performance of these pushout specimens the relative
strengths and behavior of the three types of studs can be
evaluated and since the same types of studs were used in
‘ beams B7, B8, and B9 a comparison between beam and pushout

test can also be obtained.

3., DESIGN AND FABRICATION OF TEST SPECIMENS

3.1 Beam Specimens

All the specimens were designed on an ultimate basis
in order to evaluate the feasibility'of designing composite
beams on this basis. Information concerning the elastic
behavior of the composite section and consequently the
feasibility of an elastic design could be obtained by
analyzing the behavior of the specimens while the stresses

in the steel section were still in the elastic range.

The ultimate moment of ﬁhe composite section was

determined by the internal couple method. This approach
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is similar to that used in ultimate strength design in con-
crete. In this method the stresses at a given cross section
of the member are replaced by resultant compressive and
tensile forces located at the centroids of the arsas 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 full plastic moment and is based on the assumption that
the shear connectors possess sufficient ductility 80 that a
redistribution of horizontal shearing forces is possible.
According to this assumption each shear connector is carrying

the same shear force at ultimate load.

Design values for the connector forces which would
permit the section to develop the ultiﬁéte moment prior to
connector failure were obtained from the previous‘tests re-
ported in Progress Report 1 (1), A value or 16 kips per
connector was used for the 1/2 int L studs. Due to the
fact that there was no beam test data available for 3/4"
diameter headed studs it was necessary to extrapolate the
data from Progress Report 1 for these studs. It was assumed
that the ultimate force which a connector can develop is
proportional to the cross sectional area of the stud. By
multiplying the ultimate connector force for a 1/2" diameter
stud by the ra io of the area of a 3/&" to the area
of a 1/2" diameter
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stud an ultimate connector force of 36 kips was obtained
for a 3/&" stud. Design calculations are included in the

Appendix.

Each specimen consisted of a L' wide by 4" thick concrete
slab connected to & 12WF27 steel beém° Slab reinforcement
consisted of a 6" x 6" mesh of 1/l in. diameter rods placed
one inch below the top of the slab. Additional reinforcing
in the form of 5/8 in. dismeter bars placed in the trans-
verse direction on 6 in. centers was used. This additional
transverse reinforcing was provided ohly in the vicinity of
the ultimate moment and its purpose was to prevent longi-
tudinal cracking of the slab by the transverse bending moments
which develop in the slab near the plastic moment as a result
of the large deformations occurring at this point. One-half
in. dismeter L shaped studs, cone-half in. straight studs,
and 3/l in. diameter straight studs were used in the various
beams for the shear connection., PFigs. 1, 2, and 3 give the

specimen dimensions and the connector spacings.

The stud shear connectors were of the solid flux type
attached to the steel beams by a conventional stud welding
process. The 1/2 in. L and 3/l in. straight studs were
manufactured by ordinary methods of stud production. It
was desirable that the 1/2 in. L studs and 1/2 in. headed
studs be manufactured from identical material. However,

studs of these two types from the same material were not
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available from the manufacturer. Due to the high cost of
producing studs‘in small quantities an alternate methed of
obtaining 1/2 in. straight studs was used. Instead of uéing.
the conventional heading technique, an enlarged head was
welded to a straight 1/2 in. bar of the same material as
used for the 1[2" L studs. Since most of the deformation
due to load of a stud takes place near the base of tﬁe
connector this weld should not alter the behavior of these

studs from those which might be produced by the conventional

‘heading technique.

The steel beams for beams B7, B8, and B9 were from the
same rolling and the concrete for these three specimens was
from one mix. The steel beams for beams B10, Bll, B1l2, and
Bl3 were also from one rolling but not the same as that for
B7, B8, and B9. Again, the concrete for beams B1l0O, Bll,
Bl2, and Bl3 waé from one mix. All concrete used was of the
commercial ready-mix type with a maximum aggregaﬁe size of 3/l
in. The material used for the 1/2 in. L and headed studs in
ali the beams (B7 through Bl3) was from the same bar stock.
By keeping the physical properties of the materials constant
the only variable was the type shear qonnection or" commector

spacing and comparison of the test results was facilitated.

3.2 Pushout Specimens

A pushout specimen with two slabs 20" x 28" x L" thick
connected with one row of shear comnectors to each flange of

an 8WF17 steel member was used for these tests.
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The pushout specimens‘(P7, P8, P9) were cast from the
same mix as the beam specimens B7, B8, and B9. The types
. of connector used in these pushout specimens were the same
as those ig the respective beam tests of the same number.
(P?-B7;;P8—B8, P9-B9). The dimensions of the pushout spec:ilm-~

mens and the connectors are given in Fig. L.

All pushout specimens wére cast in an inverted position
from that of testing in order to eliminate the possibility
of voids forming in the concrete on the underside of the

connectors.

L. .TEST PROCEDURE

.1 Beam Tests

Essentially three types of beam tests were used and
they will be discussed individually. Beams B7, B8, and B9
can be grouped in the first category, Beams B10, Bll, and

B12 in the second and Beam B1l3 in the third category.

Li.,1la Beams B7, B8, B9

The specimens were simply supported over a span of 15
- feet and lcaded with two point loads spaced symmetrically
with respect to the center of the beam. Load was applied to

the top of the slab in all cases as shown in Fig. 5.

Load was applied to the specimens by means of a hydraulic
jack. An Amsler pendulum dynamometer was used to apply and

measure the pressure in the jacks.
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In testing, the ultimate load at whieh crushing qf the
concrete slab will éccur can be predicted quite accurately.
By stopping the tests short of this load, the loa&ing posi:
tions can be changed to produce greater shearing forces for
the same ultimate moment - in other words,by changing the
spread distance "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.

Beams B7 and B8 (1/2 inch L and 1/2 inch straight studs)
were designed so that crushing of the concrete (Mp) and
connector failure would occur simultaneously with a load
spacing "2b" of 36 inches, as was used in the second test
of these two spécimens° 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 completion. The load spacings for a third test were such
that conmnector failure would occur prior to reaching the

ultimate moment.

Beam B3 which was included in Progress Report 1 and
beam B7 were essentially the same. Since B3 was tested using
the full rasnge of the thrée load spacings and connector
failure occurred under the third load spacing prior to reach-
ing the ultimate moment, it was decided to carry the second

test of beam B7 to failure. Under this test, connector
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failure and crushing of the concrete should have occurred
simultaneously i.e., this test provided a balanced design

for shear connectors and moment capacity.

No previous beam tests had been conducted on 1/2 inch
straight studs and therefore connector failure was desired
so as to evaluate their strength in a beam. For this reason
all three load spacings were used for beam B8 in order to

insure connector failure.

At the outset of these tests the strength of a 3/l in.
straigﬁt stud in a beam speciﬁen was not known. In design-
ing specimen B9 it was assumed that the strength of various
studs is proportional to the shear area of the stud. ‘Khowing
the strehgth of a 1/2 inch stﬁd from previous tests (Progress
Report 1) an estimate of the strength of a 3/l4 inch stud was
obtained by multiplying this étrength by the ratio of the
area of a 3/l to the area of & 1/2 inch stud (See Appendix).
Three load spacings were chos%n for this beam in the same

manner as described above so ﬁhat connector failure would

occur under the third load spécing°

Strains in the concrete slab were used to determine the
point at which each of the fiqst two tests should be stopped.
A previous test (2) indicated;that crushing of the concrete
occurred when the strains in the slab reached approximately
0.0039 in/in. 1In the currentvtests, when the strains in the

slab reached approximately 0.00275 in/in, the test was

'
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stopped if the slip measurements did not indicate that

connector failure was impending.

The load was applied to the specimens in various incre-
ments up to approximately Pp/1°85*o This load was then
applied 10 times to determine the cumulative effect of
repetitive loading on the specimen. Afber 10 repetitions
the load was again increased in increments up to the yield
load. After exceeding the yield load a deflection criterion
was used to determine load increments. These increments ﬁere
chosen so that the increase in deflection produced by:each‘
load increment was equal to the.measured deflection of the
specimen at the yield load. If comnector failure was not

indicated as the load approached P the load was released

p’
and the load spacing 2b increased. A second test was then
conducted. This process was followed until connector failure

occurred.

The instrumentation used for these three beam specimens
was of two general types, those measurements aimed at
deterﬁining the behavior of the specimen as a unit and those
aimed at determining the behavior of the shear connection.

The first type included strain measurements across the width

s = o e & o e S & e &2 e e B el o o3 es o € e € o o 3 er &= & =

s+ A load value of Pp/l 85 was selected because this was
expected to be the corder 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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of the slab and in the steel beam and centerline and quarter
point deflections., They providea an indication of the be=-
havior of the composite section as a_beamo The second type
included measurements of the slip, or relative 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. 8.

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.

li.1b Beams B10, B1ll, BI12

The specimens were simply supported over a span of 15
feet and loaded with five concentrated loads equally spaced
along the length of the member as shown in Fig. 6. This
loading produced moment and shear diﬁgrams closely approxi-
mating those for a beam subjected to a uniformly distri-

buted load.

Load was applied by means of three hydraulic jacks.
An Amsler pendulum dynamometer was used to apply and measure

the pressure in the jacks.
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In these three.beam tests the method of increasing the
load spacing in order to guarantee connectof failure as
described for beams B7, B8 and B9 was not feasibléa For
this reason the beams were designed so that shear coﬁnector
failure and crushing cf the concrete would occur simulta;A

neously under the loading shown in Fig. 6.

The loading procedure followed for these three speci-
mens was essentially the same as that for B7, B8, and B9.
The only difference in this case was the fact that the load

spacing was not'changed.

Instrumentation was also the same except for changes

in the location of the slip and uplift dials.

L.lc Beam B13

This specimen was av30 foot, two span continuous beam.
The test setup is shown in Fig. 7. In order to determine
the effect of wvarious loading conditions for a conﬁinuous
beam, a loading procedure was used in which alternate spans
were loaded. After completing these preliminary tests,
both spans were loaded in order to determine the maximum
carrying capacity of the section. An outline of the loading

procedure used is given in Table 7.

The load was applied to this specimen and measured in

the same manner as for the other specimens.
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The instrumentation for this specimen included strain
readings in the steel beam and concrete slab, deflections,
and slip and uplift readings.. In addition, the plastic
hinge rotation or slope of the beam over the center support
was determined by means of level bars located over the center
.support, In order to check the load application to the speci-
men, dynamometers as shown in Fig. 7 were used to measure the
center reaction. These readings provided a check as to whether

the loading was applied properly.

LL.2 ©Pushout Tests

The test =setup: for the pushout specimens is shown in

Fig. 9. A piece of 1/2" thick plywood was used as a base
plate to protect the platen of the testing machine. A
spherical seat was used under the crosshead of the machine
at the top of the specimen. ILoad was applied to the steel
section by means of a 300,000 1b hydraulic testing machine.
The load was applied in small increments until the increase

;n slip between the slabs and the steel section became large.
The specimen was then loaded so és to produce small_incre;
ments ‘of slip. The load was allowed to stabilize:before any
reédings were taken. This fact is of importance since the
speed of testing has .a considerable influence on the strength

of- the specimen.
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The slip between the slabs and the steel section was
measured at four locations as shown by the dial gages in
Fig. L. The load was released periodically and residual

slip measurements taken,

Auxiliary tests included 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, tension
tests and shear tests were performed on the shear connector
material. The results of these auxiliary tests appear in

Tables 3 through 6.

5. RESULTS AND DISCUSSION

5.1 Beam Tests

A summary of the results of the beam tests appears in
Tables 8, 9, and 10 and the load-deflection curves are given
in Figs. 10 to.21. For purposes of clarity of presentation
the results of the tests for each beam are discussed

separately. Following this, comparisions are made between

- the individual beams.

Beams B7, B8, B9

These three beams were similar in every detail except
for the shear connection. One half inch L, 1/2" headed,

and 3/L" headed studs were used in Beams B7, B8, and B9

respéctively} A suﬁmary of the pertinent results is given

in Table 8.
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The load deflection curves for B7, B8, and B9 given in
Figs, 10 through 17 are all of the gradually ascending type
indicating good plastic behavior even though the computed
connector forces are large. The graphs for the second énd_
third tests of each specimen show the same elastic type be-
havior at lower loads as the initial tests despite the presence
of large residual deflections from these first tests. All
the beams were again able to carry load well into the plastic

range with even larger connector forces than before.

The failure of beam B7 was & flexure féiluré due to
crushing of the concrete slab near midspan. Connector failure
ensued immediately after this cruéhing of the slab, Beam B8
failed by shearing of the connectors and beam B9 failed due to
inability to carry additional load. In the case of Beam B9
with 3/ in headed studs, localized cracking around the
connectors was noted near the ends of the specimén prior to

failure as shown in PFig. 33.

The slip distributions plotted in figs. 27, 28, and 29
for the three spécimens indicate that somewhat larger slips
occurred in beam B9 with 3/44" studs than in the other two
beams with 1/2" studs. The separation between slab and beam
for the three beam tests is plotted in Fig. 25. This figure
indicates that the separation was somewhat lower for the
beams with headed studs than for beam B7 with L studs.
Deapite this difference all the separations recorded were,

amall.



A comparison of the load deflection characteristics of
the three specimens is provided in Figs. 3la, 34b, and 3lec.
On the basis of the comparison made in these three figures
the behavior of all three beams was quite similar. Thus it
would‘appear that the type of stud used, either 1/2"L, 1/2"
headed, or 3/4" headed does not influence the overall be;

havier of a beam specimen.

Besms B10, Bll, B12

The loading used for these three beam specimens pro;
duced shear and moment diagrams closely approximating those
for a beam subjected to & uniform load. A constant shear
connector spacing was used for beams B1l0O and Bll whereas a
variable connector spacing was used for beam Bl2. The results

of these tests are sumarized in Table 9.

Failure in each beam test was caused by ;Dnnector failure
at a mcement somewhat below the predicted ultimate moment. The
- connector forces at failure of the connectors in all three
bedams were nearly equal. 'Thé strain distributions at midspan
in each of the three speciméns were also similar. It is
significant to note, however, that there was a difference be;
tween the threse beamé with respect to slip and uplift between
the slab and begm;



279.6 : =17

The slip distribution pattern along the three beams was
similar, However, for beams Bl0 and Bll with uniform connec-
tor spacing, it was of a greater magnitude at several locations
along the beam. The distribution of uplift along the beams
was different as can be noted from Fig. 26. For beams B10
and B1ll with uniform connector spacing the separation between
slab and beam was larger near the center of the beam while
for beam B1l2 with a variable connector'spacing the separation

was larger near the ends.

A comparison of the overall behavior of the three speci;
mens is provided in the nondimensional plot of Fig. 35. This
figure indicates that the constant or variable connector
spacing had little influence on the overall behavior of the

specimens,

Beam Bl3

The load deflection curve for Bl3 with both spans loaded
is shown in Fig. 21. In this figure the deflection in each
span is plotted agéinst the total load in each span. In the
elastic range, the deflections in both spans are very nearly
equal. It will be noted, however, that in the inelastic
range the deflections in the east span were greater than
those in the west span. The slips in the east spén were also
greater than those in the west span over this range of loads.

The theoretical deflection curve was computed using the
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moment of inertia of the uncracked section and the te;t"resglts
are in fair agreement with these values despite the fact that

the slab did crack in the negative moment region.

The maximum separsation recorded between slab and beam
with both spans loaded was approximately 0.04L5" and occurred
near the end of the east span. The maximum slip recorded for

this loading was 0,135".

The moment curvature relations over the center support
plotted in Fig. 32 were in good agreement with predicted
values., - The moments plotted as the ordinate in this figure
were computed from the center reaction which was measured by

means of the dynamometer at the center support.

The behavior of the slab and beam in the negative moment
region is of primary importance in evaluating the performance
of this continucus beam. The reinforcement in the longitudinal
direction over this section consisted of the 6"x6"x1/l; in. mesh
used throughout the positive moment region.  Additional rein-
forcement consisting of No.5 bars on 6" centérs was used in
the transverse direction. The longitudinal reinforcement Waé

0.2% of the cross sectional area of the concrete slab.

In the preliminary tests ‘in which alternate spans were
loaded only one crack developed in the slab in each span;
These cracks developed separately and occurred in the un-

loaded span. (East span loaded - crack developed 29" from
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center support in west span, west spén loaded = crack
developed 19" from center support in east span)° TherstressesA
in the concrete at the locations of the cracks were 77h psi
and 748 psi respectively at the instant of crack formation.
These stresses were compﬁted by assuming that the‘entire

cross section was effective in resisting bending. For the
case of the first crack which formed in the west span this
assumption was valid since up to this point the entire slab
was uncracked., When the alternate span was loaded (west span)
the moment of inertia in the vicinity of the crack which had
formed in the west span in the previous test was not that of
the uncracked section and the assumption made is not strictly
correct. Both cracks were approximately 1/32" wide on the
top of the slab and progressed through the full depth of the
slab. As the beam was unloaded the cracks closed but were
still visible with the naked eye after the specimen was un-

loaded,

In the final test of this continuous beam, both spans
were loaded and the slab cracked directly over the center
support. The stress in the slab at the location of the
crack when the crack developed was approximately 1000 psi.
-Point @ on the load deflection curve of Fig. 21 indicates
the load at which this crack formed. The crack width at
this load was less than 1/32" wide. When the specimen was
unloaded this crack closed but it was still visible to the

naked eye. As the beam was again loaded this crack began
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to open and the points marked @, @, and @ on Fig., 21
mark the loads at which the crack width was 1/16", 3/16? and
5/8" wide respectively. This crack over the center support

was the only one which formed when both spans were loaded.

As the maximum load was reached the slab at the location
of the crack over the center support began to twist. The test
was stopped at this point despite the fact that there was no
indication of connector failure. The load deflection curve
indicated that the load was leVeling off and further increase
in load prior to connector faiiure was doubtful. The load at
this point had reached 99% of the theoretical plastic load.
The connector forces in the positive moment region were 15.5
kips per connector at this maximum load. Upon completion of
testing the slab was removed from the beam. All the conﬁectors
in this beam were intact, the deformed shape of the connectors

being given in Fig. 24.

5.2 General Results of Beam Tests

The strain measurements taken across the top of the slab
at the centerline, Fig. 22, indicated 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. 23 and 24,

In all the beam tests a load approximately equal to Pp/1085
was applied to the specimen 10 times. This is designated on
the load deflection curves as 10xPX, Tt will be noted that

these load repetitions had no adverse effect on the specimens.
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The computed connecter forces at failure for Beam B7
were somewhat smaller than those for the same type of stud
in previous tests.(l) Connector forces at failure for the 1/2n
headed studs in B8 were of the same order of magnitude as
those for 1/2" L studs in previous tests. The value of 33.8
kips per connector computed from Beam B9 for‘3/ " headed
studs was somewhat less than the value predicted according
to the assumption that the strength of a connector is. pro-
portional to its cross sectional area. The studs in Beam B9,
however, did not shear off as was the case with“the 1/2"

diameter studs.

The values obtained in Table 9 for the connector forces
in Beams B10, Bll, and Bl2 were all less than values obtalned
for the case of a beam subjected to two point léadingv Since
ﬁhe loading was the only significant difference between the
two types of specimen, it would appear that the manner of
loading'has an effect on the connéctor forces or on the
validity of the assumptions made in the analysis used in this

report.

5.3 Pushout Tests

A summary of the results of the pushout tests is given
in Table 11 and the load slip curves for the three specimens
appear in Fig. 36 through 38. The value of slip plotted as
the abscissa in these graphs was the average of the two dials

located onn the slab in which connector failure occurred first.
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Values of the connector force at failure, Qp, given in

Table 11 were determined by dividing the maximum load P
reached in the test by the total number of connectors in the
specimen., The differences in readings of the four slip dials
at any given load wére small, thus justifying the assumption
that each connector carried an equal portion of the total

load on the specimen.

As specimens P7 and P8 were loaded to failure there was
no cracking noted in either slab. There was, however, a
slight separation between the top of the slab and the steel
section. 1In specimen P9 a considerable amount of cracking
of the slab occurred as the load on the specimen reached its

maximum value.

A comparison of the ultimate connector forces in Table 11
and the load slip curves for P7 and P9 with thé results of
previous tests(l)indicate that both the strength and deforma-
tion characteristics of the studs in P7 and P9 were considera-
bly different from previous test results. Since the pushout
specimens were essentially the same in both the present and
previous tests, and the stud matefial was of>comparable
quality there is no obvious explanation for these differences.
One possible explanation could be faulty alighment of the specimen
during testing. Faulty alignment if any, was not apparent.

It is felt that in the light of the considerable differences
observed in the results of specimens P7 and P9 that they be

neglected and the tests considered unsuccessful.
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The load slip curve for specimen P8 is similar to those
obtained in previous tests with the same type of studi(l)
The ultimate load reached in these tests was of the same
magnitude as that recorded in the previous tests, but a
comparison of the load slip curves of P8 and PS5 and P6 (1)
indicate that the studs in P8 were more flexible. The curve

for P8 does not rise as steeply as that for PS5 and Pé6.

- 5.l Comparison of Beam Tests and Pushout Tests

The tests of P7 and P9 were considered unsuccessful,
therefore a comparison with the beam test results is not
feasible, It was observed that the maximum slip at failuré
for specimen P8 was different from those observed in beam
test B8 which had the éame type of studs. The ultimate connec;
tor forces were also considerably different. These tests
further substantiate the conclusion that the behavior of a shear
connector in a pushout specimen is different from that in a

beam specimen.

5.5 Comparison of Beam Tests and Previous Test Results

The value of 13.7 kips per connector obtained for beam
B7 is somewhat lower than that of 15.8 kips obtained in Pro-
gress Report 1 for a similar test. This is due to the fact
that crushing of the concrete occurred in beam B7 before the
ultimate moment was reached. Beam B7 was designed so that a

balanced design would result under the second load spreading,
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i.e. the section should have reached the ultimate moment at

the instant of comnector failure. The fact that this beam

did not reach the predicted ultimate moment and the connector
forces were somewhat lower than in previbus tests would seem

to indicate that slip or incomplete interasction tends to reduce
the carrying capaclty of a composite beam., The beam did reach

88.7% of the ultimate moment.

There were no previous beam tests with which to compare

beams B8 and B9.

The connector forces obtained for beams B10, Bll, and Bl2
were all very close but were less than values obtained for
beams with a different type of loading in Progress Report 1.
This would indicate that the external loading influences the
behavior of the shear connection or the validity of the design

approach used in this report.

Since beam B1l3 was the first continuous composite concrete
steel beam tested with 1/2" L studs there was no previous test

data with which to compare the results.

6. CONCLUSIONS

The following conclusions were drawn from the tests dis-

cussed in this report:
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The overall behavior of similar composite beams
with the different types of stud shear connectors
used is about the same. (1/2" L; 1/2" headed or

3/li" headed) - See nondimensional graphs in Figs.
3lha, 34b, and 3je.

The strength of the stud shear connectors tested is
very nearly proportional to the cross sectional ares

of the stud.

The bearing area of the stud (diameter) or the trans;
verse spacing of the studs has an effect on the mode
of failure of the connector and poséibly its ulfimate
strength. Comparison of the manner of failure of beam
B9 with that of beam B7 tends to indicate that the
mode of failure is dependent on the sizé of the
connector. For beam B9 with 3/Ii" dia. studs and

beam BS% with channel connectors the failure was
localized and in the vicinity of the connectors.

This localized failure resulted in failure of the
entire specimen since the beams were unable to carry
additional load. (B7 shearing of studs vs B9 crushing

of concrete around the studs).

o = =2 s €3 ©B e e em o

# Progress Report 1
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. The resistance to separation of slab and beam,
uplift, provided by a headed stud is somewhat
better than that provided by an L stud.

5. The overall performance of the composite section
with a uniform shear connector spacing over regions'
of varylng external shear was about the same as
the behavior for the case of a variable shear

connector spacing.

6. = The strength of a shear connector obtained in a push-
out specimen is different from that in a beam_Specimena
The connector force at failure in a pushout specimen
was approximately 39% lower than the connector force

at failure obtained in a beam specimen (P8 vs B8)

7. DESIGN RECOFMMENDATIONS

The results of all the beam tests in this investigation
indicate that plastic design of composite beams is feasible,
In view of the economies and advantages of this method it is

recommended that composite beams be designed on this basis.

In plastic design the composite section-wouid be designed
for the ultimate load. This load P, would be comEuéed by
multiplying the working loaq_Pw by a suifabie factor of safety.
After choosing‘the steel section and slab thickness and width,

it would remain to design the shear connection.
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A balanced design or one iﬁ which the factor of safety
for connector failure is the same as that for flexural failure
is the most reasonable. Certainly a weak shear connection is
undesirsble and the use of a higher factor of safety for the
shear connection is unwarranted since this will not add to

the carrying capacity of the section.

From the standpoint of the overall behavior of the coﬁ;”_
posité section the deéigner may specify any of the three types
of studs (1/2L, 1/2" headed, 3/4" headed). The ultimate
strength of each of these three types of studs may be con-=
sidered as proportional to the cross sectional area of the

stud.

In designing the shear connection the slab is isolated
between sections of zero moment and full plastic moment and
equilibrium of this free body considered. The only force
acting on this free body is the compressive force in the slab
at the location of the plastic moment. The shear connection
provided must resist this force and maintain equilibrium.

The total number of connectors 1s determined by dividing the
compressive force by'a gspecified force for a_single connector,
These connectors are then spaced uniformly over this length
regardless of the variation of external shear.

Design Values for Shear Connectors and Factor
of Safety

An exact failure theory for composite beams with in-

complete interaction is non-existent. In view of this fact
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design recommendations must be made in the 1ight of test
results. There is probably incorporated in these test
results as in any octher test results what is called
"experimental scatter". For this reason the test results
must be carefully scrutinized. For instance, it mightube
asked whether the connector forces in beams B10, Bll, and
Bl2 were lower than in beam tests with a different type of
loading due to the effect of the extgrnal loading on the
beam, or due to experimental séatter° Also the decrease in
the plastic moment due to incomplete interaction must be

accounted for.

Two possibilities exist with régard-to solving the
problems posed above., First, further testing could be
carried out to determine the exact influence of loading on
the connector strength and to eliminate experimental scatter.
Second, the factor of safety and the ultimate connector
force can be adjusted to compensate for these effects. The
authors chose to follow the second course in the design re-
commendations proposed herein. By increasing the factor of
safety from 1.85 as is presently used in plastic design of
steel beams to 2.0 the decrease in the plastic moment due to

incomplete interaction may be compensated.

The ultimate connector force to be used in design must

be determined from the test values in this investigation.
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An average of all the test results, an average of only those
test results in which the connectors were‘subjected to uniform
external shear, or the lowest value for thé failure load of a
connector might be used for a design value. There is a
difference of 5% between the lowest connector force of 13.8
kips per connector and the value of 1ll.3 kips per connsctor
which is the average of all the test results for 1/2" L studs.
Because this difference is small, it was felt that using the
average of all the test results was a more realistic approach

- to the problem.

In view of the above discussion the following design
values are recommended:
1. 1/2" L or 1/2" headed studs
Qp = 14.0 kips/connector
2. 3/4" headed studs
Qp = 31.0 kips/connector
3. Factor of Safety

F.S8. =2

The use of a single value for the connector strength
neglects any influence which the concrete strength may have
on connector strength. All the slabs in this iﬁ#estigation
had cylinder strengths of approximately 3500 psi. In another
report 2; however, the concrete strength was around 5500 psi

and values obtained for connector strength were of same

order of magnitude as those in this investigation. For this
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reason, the strength of the shear connection was assuméd to

be independent of the strength of the slab.,

Composite design may be applied to continuous beams.
In designing continuous beams on a plastic basis it is
recommended that only the steel beam be considered as effec;
tive over the negative moment region. 1In view of the large
rotations which must be sustained at the location of the
plastic hinges, it seems advisable to provide expaﬁsion
joints invthe slab at these points to provide for this rota-
tion. These expansion joints should eliminate cracking of
the slab and confine all slab movement to one location
namely the joint. The alternative of providing tension

steel in this region requires further study before any re-

commendations are made on this design approach.
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9. NOMENCLATURE

. 1 .
be N ‘fc
]
e
> ' T
Ty

Ag = steel area

A = grea of web of steel beam

web

Ar1g = area cf one flange of steel beam

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

b = distance from center line of beam to point of load
b, = effective width of concrete slab

C = total compressive force = fébcdp
d, = depth of concrete slab

dp = depth of compressive stress block at My

dg = depthvof steel section
e = distance between resultant compression and tension
forces at Mp,
£fé = cylinder strength 6f concrete at 28 days
f& = yield stress of steel beam

fy(flg) = yileld stress of flange of steel beam

fy(web) = yield stress of web of steel beam
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Il

moment- of inertia of composite section,
concrete transformed to equivalent steel area

moment of inertia of steel section

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

statical moment of transformed compressive
concrete area about the neutral axis of the
composite section

theoretical plastic moment of composite section

experimentally observed ultimate moment

theoretical yield moment

Esteel
Econcrete

externally applied load

externally applied load at Mb

connector force

connector force at failure of connectors

connector spacing along longitudinal axis
of beam ’

load at which slip first occurred
total tensile force = fyeoAs
deflection of beam in inches

residual deflection of beam in inches
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10. APPENDIX

10.1 Section Properties

A. Beam Specimens
a. Concrete Slab

L8 in.
L in.

be
de

il

£t 3= §288 S:i 5536,3211?9%12, B13)

The values of fé listed ébove are éverage values of a
number of cylinders ;ested at various ages. All the cylinder
teéf results are given in Table 3.

b, Steel Beam (12WF27)

The steel beams for B7, B8, and B9 were from one rolling.
The steel beams for B10, Bll, Bl2, and Bl3 were also from one
rolling but not the same rolling as beams B7, B8, and B9.
Measured values were all very close to the handbook properties

so the handbook dimensions were used in the calculations.

Ag = 7.97 in®
dg = 11.95 in.
I, = 204.1 inl
= 37.4 ksi (flange B7, B8, B9)
¢ *)=[1.9 ksi (web B7, B8, BY)
Y 3= 36.6 ksi (flange B10, B1ll, Bl2, B13)
= Wl.7 ksi (web B10, Bll, B12, B1l3)

#% 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 39.
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Connsctors

(1) L studs - B7, B10, B1ll, Blz2, B1l3
' diameter = 1/2 in,
height = 2.25 in.

(2)

{3)

area = 0,196 inZ

Headed Studs - B8
diameter = 1/2 in.

height = 3 in. -
area = 0,196 in

Headed Studs = B9
diameter = 3/l in.

height = 3 in.

area = 0.L41 in®

Composite Section

10
s

It fict 1

SHo3

45.1 in3

Pushout Specimens

a. Concrete slab

= 11.60 in.
587.7 inlt

28"x20"x" - see Fig. L4

£y = 3063 psi

reinforcement - mesh 6"x6"x1/4" placed 1"
from outer face of slab

b, Steel section - BWF31

¢, Connectors

P7 - 1/2 , dia. L studs

P8 = 1/2" dia. headed studs
P9 = 3/L4" dia. headed studs
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10.2 Specimen Design

The slab thickness for the beam specimens was set at L"
because this is the slab thickness usually used in floor

slabs in buildings.

The slab width of L' feet satisfies one of the two

criterion for the effective width of T-=beams (3).

Values of £l = 3500 psi,’fy = 38 ksi, and connector
forces of 16 kips/connector for 1/2" diameter studs and 36
kips/connector for 3/4" diameter studs were assumed and used

to determine the number and spacing of the connectors.

The design value of 36 kips per connector for 3/L" studs
was arrived at by extrapolation cf available datg for 1/2"
studs. This was necessary since no previous beam test dats
covering 3/L" studs was available, Assuming that the strength
of a connector 1is proportional to its cross sectional area,
the value of 36 kips per connector was determined in the

following,mahnerg

Cross sectional area of 1/2" stud = 0,196 1n®
1 1" " 1" 3/&" 1] g Oohhl in2
Design strength of 1/2" stud = 16 kips per connector

]

1 " " 3/hn' " 16 Area f

Area1/2

= 16 %4%%% = 36 kips per connector
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The design procedure used for the shear connection
considers equilibrium of the concrete slab as a free body
between sections of zero moment and full plastic moment.
The deéign calculations are not included but they were
essentially the same as those which follow under Art. 10.3C
except a value for Q was assumed and values of s or connec;
tor spacings determined., In Art. 10.3C the material prq;

t
perties used (fcyf were those obtained from coupon and

y)
cylinder tests.

10.3 Predicted Quantities

A. Calculation of Yield Moment

g = m = MaSt
I I
I
My = I
c -

where:
= 37.1 ksi (B7, B8, B9)
fb'{; 36.6 ksi (B10, Bll, Bl2, B13)
¢ = 11.60 in.
I = 587.7 in
My = 1895 k-in. (B7, B8, BY)

My = 1854 k-in. (B1l0, B1l, B12, B13)
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B. Calculation of the Plastic Moment (Mp)

B2 p/2
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The proportions of the composite section are such that
the neutral axis is located in the slab at ultimate. The
steel section ié completely yielded in tension and the
concrete 1is assumed to have no tensile resistance. The
internal couple method is used in computing the plastic

moment.

' The total tensile force T developed by the steel section

T = fy(rig)® 2Arig * Ty(web)* Aweb

= 37.4 (5.29) + 1.9 (2.68)
T = 310 k (B7, B8, B9)
= 313 k (B10, B1ll, Bl2, B13)

For longitudinal equilibrium, a compressive force equal
in magnitude to this tensile force in the steel is required.
It is assumed that this compressive force is provided by an

area of concrete fully stressed to the cylinder strength rl.

The depth of penetration of this compressive area into the

slab is:

T
P~ b,rh

_ 31
8.3.3

1.96 in,

H
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The moment arm between the tensile and compressive

forces is:

d d
e = §§ + d, - §B
= 5.98 + | - 1:96/2
= 9,00 in.

The plastic moment of the composite section is the

moment produced by this couple of tensile and compressive

forces:
' Mp = Te = (Ce
= 310 {9.00)
= 2790 k-in. (B7, B8, B9)
Mp = 28,40 k-in (B10, B1ll, B1l2, B13)

For beam Bl3 the plastic moment over the center supbort
was computed neglecting any contribution due to the concrete
slab, The plastic moment for the steel beam alone consider-
ing the difference in yield stress of the flange and web iss

My = 1456 k-in. (B13)

C. Calculation of Connector Forces

The cohnector forces are computed by taking a free body
of the slab between the section of full plastic moment and

zero moment., (Length = Lg)

Ls

_\‘——

- C = fé b, d

o e B P

v

Connector Forces
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By assuming that the connector forces are equal over
the length Lg the connector forces are computed by dividing
the C force by the total number of connectors in the length

L.

The shear stress in‘the connector is computed by divid-

ing the connector force by the shear area of a connector

The above procedure leads to the following resultsg

Example
B7-81
g = 310 k
no. of connectors over length Lg equals 22
- 310
D T
S1(2b=18") 32 (2b=36") S3, 4, or 5
Beanm Force per T Force per T Force per T
Connector ksi connector ksi connector ksl
DY ' Qp Q
(kips) (kips) (kips)
B"T 1L‘_ol . 7200 1505 17900 : -
B8 | 1.1 72.0 15.5 79.0 {[19.4 99.0
- (2b=66")
BS 25,8 58,5 - - 38.8 88.0
(2b=72") -
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For beams B1l0, Bll, and B12 the length L, was equal to one
half the span length or bO", There were 20 connectors
spaced over this length in each beam. The computed connector

forces when the section reached the plastic moment were:

Beam Connector . T
Force (ksi)
Qp
(kips)
'B10 15.7 80.0
Bl1 ' 15.7 80.0
B12 15.7 80.0

For beam_Blé tﬂe value of the connector force was
dependent on the loading arrangement, ie., it-depended
upon whether one span or both spans were loaded. The
connector forces were only computed for the case of both
spans loaded at ultimate, For the case of one span loading
the connector forces were below thege ultimate values. The
direction of the force on the conpe;tors in the negative
moment region in the unloaded span>ﬁas different from the.
direction éf the connector force when both spans were

loaded,



279.6 | 13

In computing the connector forces, the length Ly and
the number of connectors over this length must be determined.
For this continuous beam there were two lengths Lg in each
span. The first length (Lsi) is the distance from the
plastic hinge to the end of the specimen, the second (Lg>)
.is the distance from the plastic hinge to the point of

contraflexure.

P42 P/2 P/2 B/2

[ Lgy = 81" | Lgp=61.5"}

1 N

The computed comnector forces for beam Bl3 were

O
e}
]

15.65 k (Lgq)

ﬁD
]

15.65 k (Lg2)
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10.l; Deflection Calculations (Theoretical)

1.

Due to Bending

B7, B8, B9

oy = L2~ (3% - 4a°)

2L EI
B10, Bll, Bl2
3
_ PL Pa 2 2
= + L = La
o 1557+ BLE (3 ha")
B1l3

The deflections in the elastic range were com-
putqd by the unit load method. For the calculations
the entire cross section of the composite section
was considered effective in resisting bending over

the négative moment region,

where

L = 15¢ - 00"
® = 30 x 10° ksi
I = 587.7 int

. a = variable

Due to Shear

7, B8, B9

5, = X8 = fa
S G 2AWG

where A, = 2.68 in® (web area of steel beam)

'B10, B1l, Bl12

. Pa
Os 2AWGE
Bl1l3

The shearing deflections were computed by the

unit load method.
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3. Total Deflection

5= by *

B7, B8, B9

Load (P)
Deflection

Deflection

O

due to Bending &g (in)

due to shear &4 (in)

Total Deflection &g + o4

Bl2, B1l, BlZ2

Load P
Deflection
Deflection

Total

B13

Both spéns.

Load P
Deflection

Deflection

due to Bending 6 (in)
due to shear &g (in)

Deflection &g + &g

locaded

due to Bending &g (in)

due to Shear &4 (in)

Total Deflection og + GS

10.5 Anslysis

of Tesat Results

A. Calculation of'QF

2b=66"

2b=72"

2b=18"
)0k
0.271
0,052

60k
0.341
0.055

70k
0,382
0,061

0.323

60k
0.309

0.052
0.356

10X
0,121
0,181

0.396

0.4h3

The values for the connector forces (QF or Qu)

at failure in the beam specimens were computed by

multiplying the connector forces at the plastic

moment by the ratio of the maximum moment reached in

testing to the calculated plastic moment My Qp

o

:QF



Example
B7-S1
M, = 2430
M, = 2790 k in
Qp = U1k
QF =.§%%% 1.1 = 12.3 k

These connector forces are listed in Table 8 and 9

under the column "Connector Forces'.
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TABLE 1
Designation of Beam Specimens
P/2 P/2
b b1
> | 2.3
£ §
Specimen Connector Connector Test Load Test —~ -
' Type Spacing - No,. Spacing Designation
: c 2b .
(in.) - (in.)
B7 1/2" dia.L. 2at7.5 1 18 B7-S1
studs : , o
% 36 B7-32
| ‘

B8 .. 1/2" dia. : 1 18 - B8-S1 -
headed 2at7.5 2 36 B8-s2
studs 3 66 B8=-3l

B9 3/t dia, 1 18 B9-31
headed 2atls 2 L2 B9=-S3
studs 3 72 B9-35

Note: All specimens were loaded on the top of the slab
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TABLE 2

Designation of Beam Specimens

®/5 B/5 P/5S /5 P/5

) 1 A Y _ ¥ ,
’”%51/6 L L/6 L/6 l, L/6 . L/6 L/6 n@@
‘I - - 71

Specimen Connector Type Connector Test Test
¥ Type of Spacing No. Designation
Commector - '(in) =
Spacing - :
1/2"dia. Constant
B10O : 2 at 9 1 B10~C
L studs

1/2"dia. . Constant | —
B11 2 at 9 1 B11-C
L studs - '

- 1/2"dia. Variable '
Bl2 - 1 - - Bl2-V
L studs :
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TABLE 3
Cylinder Strength of Concrete in Beam
" Slabs and Pushout Specimens

Cylinder No. ) Age at Test Strength

(days) (psi)
Beams B7,B8,B9

1 35 3242
2 35 3500
3 35 3360
L 33 3230
5 L2 3460
6 42 _3210_

Ave, 3337 psi

Pushout Specimens

P7, P8, P9
1 22 3000
2 22 | 2990
3 22 3075
L 25 3120
5 25 3020
6 25 3175

Ave, 3063 psi
Beams B10,Bl1,B12,B13

1 34 3550
2 "3l 3582
3 3Y 3500
I 3l 3430
g 140 3919
6 140 3592

Ave. 3595 psi
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TABLE L

Coupon Tests of Material in 12WF27

Coupon Material Location of Static Ultimate Modulus of

No. Coupon Yield Strength Elasticity
Stress (ksi) B
(ksi) (ksi)

Beams B7., B8, B9

1 (ASTM Flange - 37.3 6.8 31.6
A7 Flange o . 63.8 31.1
2 Structural Ave 37.3
Steel) Web 12,0 66.2 29.2
3 .
Web 1. 66.0 30,7
L Ave 1.

Beams B1O, B1ll, Bl12, 13

1 (ASTM Web Lh.5 63.3 -
A7
. 2 Structural Web L3.7 63.6 271
Steel) ¢ 65.5
3 Web ﬁ .0 o5 . ..30.7 .
. Ave o T
in Flange 3.7 61.7 31.9
5 (ASTM Flange 35.2 61.3 32.3
A7 '
6 Structural Flange 37.9 61.8 31.0
Steel)
7

Flange 3208 61.0 29.5
Ave 36,

Average Values used in calculations

B7, B8, B9 B10, Bll, Bl2, B13

]

fy = 37.4 ksi (Flange) Iy = 36.6 ksi (Flange)

Lh.7 ksi (Web)

f

g = 41.9 ksi (Web)
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' TABLE 5
. Coupon Tests of Connector Material
Specimen Connector Type of Static Ultimate Modulus of
Material Coupon Yield Strength Elasticity
Stress  (ksi) .. E
(ksi) (ksi)
1 1/2" dia. 1/2" bar 58.)4 66.9 30.6%10°
L studs 20" long
2 1/2" dia. 1/2" bar  59.) 67.7 30.6
headed 20" long
studs
3 3/Lt" dia. Round 62,5 76.2 29.1
Tensile
Coupong
0.505"¢
. Iy 3/4"dia.  Round 61.5 751 29.6
headed Tensile '
stud Coupon;

0.505"d
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TABLE 6

Double Shear Tests of Connector Material

Specimen Material® Stud Type Ultimate Ultimate

No. : Shear Shear

| Load Stress
(1bs) . (psi)

1 €1010-C1017 /2" 1, 17,740 L5, 300
2 " 1/2" L 17,540 Lly, 700
3 " 1/2" headed 17,460 4l , 500
L " 1/2" headed 17,600 Ll , 900
5 €1015-01017 3/LL" headed L2, Ljoo¥* 49,800
6 " 3/L" headed i L2,750%*% 50,000

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

## Area = 0,426 inZ®

The manufacturers specified propertieq of the stud material
are as follows:

1/2" L Ag/u" headed
Tensile strength Tensile strength
72,000 psi min 65,000 psi min

Yield strength
61,000 psi min

Elongation =. 20%
(2" gage length)
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TABLE 7

Loading Procedure Used for Continuous Beam

P/2 P/2 P/ - pl2

. West Span _L_ East Span ' "

1 - —F—

In order to determine the effect of the manner of'

loading on the behavior of a continuous composite beam,

the following loading procedure was followed in testing

Beam B13:
o : -Max;Load _
Loading Span Loaded P/2 Remarks
(kips)

1 ~ East Span 25 -
2 West Span 25 -
3 East Span 25 -
L West Span : 25 -
5 East Span 25 Load applied

C ten times
6 West Span 25 -
7 . West Span 25 Load applied
ten times

8 East Span 25 | -
9 Both Spans L3.5 Loaded

to failure
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TABLE 8

Summary of Beam Test;ResuLts
(B7, B8, B9) '

Specimen | Test [Load _Failure Cp, Moment Connector | Max. gesidual
_|spacing| Type M Force End End
~ 2b (k-in.): Q Slip. -S%lp )
in. ‘ (kips) at P (in.
(n.) Mp M (in,g
_B7 | B7-81 (A) 2790 2430 12.3 0.059 | 0.046
B8 B8-S1 18 (A) 2790 2542 12.9 0.035( 0.030
B9 - B9-S1 ~(A) . 2790 2510 + 23,2 0.040 | 0.029
B7 B7-S2 36 (C) 2790 2478 -13.7 20.139 | 0.206%
B8 B8-s2| 36 (A) 2790 . ,2558 14.2 0.063| 0.053
| :
B9 B9-83| 42 (A) . 2790 2498 27.7 0.039 | 0.027
B8 B8-S4| 66 |  (C) 2790 - | 2415 16.8 | 0.129 | 0.361%
B9 - -B9-85 72 (B) 2790 2438 | .33.8 .0.198 1 0.380

Failure Tybe: (A) Test. stopped short of crushing of slab
(B). Failure to carry additional.load

(C)  Crushing éf concrete slab

* After connector failure
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TABLE 9
Summary of Beam Test Results
(B10,B11,B12)
,Specimenl.Cdﬁnector ‘Failure -Moment Connéétor Max. | Residual
_Spacing . Type M Force End End
(k-in.) - Q 8lip Slip
Mp' M, (kips) at P, (in.)
' (in.)
B10C Uniform Connector 2840 2520 13.9 0.268 0.535
Failure
Bl1C Uniform Connector | 2840 2460 13.6 0.199 | 0.278
Failure
- Bl2v Variable: Connector | 2840 2510 13.9 0.170 | 0.372
spaced in | Failure : :
accordance
with shear
diagram
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TABLE 10

Summary of'Béam Test Results

g— Mg

(B13)

L= 1Oy

& Ml

f— Nl
g Mirg

» & & 4 7A)

— ] —t—t  —t
L1 Ls2 Lg3 Lg) Lsl Lg2 Ls2  Lsl
Load Maximum Connector Force Load Connector Force
P/2 Q P/2 Q
(kips) (kips) (kips) (kips)

Lg1 Lgp Lg3 ' Lsu _ Ls1 Lgo
25 1.y | 7.4 11.6 | 6.2 43.5 15.55 | 15.55



Specimen

P7
P8

P9

IABLE 11

Summary of Pushout Test Results

Ultimate
Connector 3%
Connector Type Force Sheaﬁkiggess gZ?iugg Remarks
: QF
(kips)
1/2" dia. L Shearing No Cracks
studs 6.75 3L of Studs in slab
1/2" dia, : Shearing No cracks
headed studs te.1 61.8 of Studs in slab
3/hv dial 16 0 | . Shearing  Large cracks
headed studs ° 36.3 of Studs in slab

* Computed on the basis of a uniform distribution of shear stress
on the cross .section of the commector

9°6le

Ls-
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TABLE 12
- Comparison of Beam Tests and Pushout Tests
Connector
Specimen Force Manner Qbeam
p QF of Failure Qpushout
B7 B7 - 13.7 B7 - shearing
: of studs QB7/Qp7 = 2.03
P7 - 6.75 P7 - shearing
of studs
B8 . B8 - 16.8 B8 - shearing
of studs y
| Qps/Qpg = 1.39
P8 - 12.1 P8 - shearing
of studs
. B9 B9 - 33,8 B9 = failure
to carry
additional
load /
Qro/Qpg = 2.17
P9 - 16.0 P9 ~ shearing VRS

of studs
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