Strength of Three New Types of Composite Beams

ALTHOUGH COMPOSITE construction is not new, having
been in use in this country since the late 1930’s, it owes
its current popularity in building construction to rela-
tively recent developments. Since the advantages of com-
posite construction—reduced weight of steel, smaller live
load deflection, or decreased depth of members—are
most pronounced in long spans and for heavy loads,
most of the early work was done in the bridge field.
However, neither the original nor the revised provisions
on composite construction in the specifications of the
American Association of State Highway Officials
(AASHO)!, which were written specifically for bridges,
were directly applicable to building construction because
of the different nature of the problems involved.

The 1961 and 1963 revisions of the American Institute
of Steel Construction (AISC) Specification? stimulated
composite design for buildings by including provisions
for composite beams without encasement as well as the
old requirements of 1946 for fully encased beams. Until
1961 there was no applicable specification which in-
cluded the practical and proven developments of that
time. The sections of the above specification dealing with
this subject are based on the recommendations of the
ASCE-ACI Joint Committee published in 19603 and an
experimental investigation completed at Lehigh Uni-
versity in 1961.4 %

The development of the headed stud shear connector
in the 1950°s has accelerated the acceptance of com-
posite construction by alleviating many of the fabrica-
tion and handling problems inherent with older types of
shear connectors such as the channel and the spiral.

The 1963 AISC Specification allows the use of high
strength steels conforming to American Society for Test-
ing and Materials (ASTM) Specifications A242, A440
and A441. The yield requirements for the three high
strength grades are the same, and decrease from 50,000
to 42,000 psi as the thickness of the material increases. In
practice, construction steels with yield strengths up to
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100,000 psi are available. The strongest are the quenched
and tempered alloy steels having yield strengths in the
range of 90,000 to 100,000 psi. These constructional
alloy steels are covered by ASTM A514 Specification.

In traditional steel framing, particularly for building
construction, deflection and/or buckling considerations
often limit the application of higher strength steels. In
composite construction these limitations are minimized
or reduced and full advantage may be taken of the
higher strength steels. In a recent study of hybrid steel
girders’ composed of constructional alloy steel flanges
and A36 steel web, the authors state:

Both the lateral buckling problem and the deflection
problem encountered through the use of high-strength
steel flanges can be resolved by using composite construc-
tion. The use of this method of construction not only fur-
nishes lateral support for the compression flange, but also
increases the moment of inertia of the section so that it
will not deflect as much. Since the stress in the compres-
sion flange of a composite section is usually quite low, this
flange would not need to be composed of high strength
steel. The use of composite construction seems to offer the
most possibilities for the efficient use of high strength steel
and carbon steel combinations.

TEST PROGRAM

The investigation reported in this paper was a pilot study
into three relatively unexplored areas of composite
design in steel and concrete. The three areas were: (a)
the use of raised patterned floor plate as a shear transfer
device, (b) composite hybrid steel sections with high
strength bottom flanges, and (c) composite beams with
inverted steel T sections (top steel flange omitted). The
purpose of the investigation was to obtain data on the
structural behavior of the three types of beams subjected
to static loading.

In order to achieve the above-mentioned objective, a
test program of seventeen beams was designed as out-
lined in Table 1. There were four groups of specimens,
called Series 1 to 4. For each series, the object of the
investigation, the steel profile, the types of steel used
and the designations of specimens are shown in Table 1.
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Table 1.

Outline of Experimental Program

Steel Sections
i T f Steel®
Series Object of Investigation ypes of Btee Specimens
Number Profile
Top Web Bottom
Flange Flange
1 Floor plate for top flange Unsymmetrical I Floor Pl A36 A36 12, 14a, 14b, 15
Unsymmetrical I A36 A36 A36 11
Symmetrical I Floor Pl. A36 A36 13
2 Hybrid steel section Symmetrical I A36 A36 A36 21
Symmetrical I A36 A36 H.S.S.» 22a, 22b, 23
3 Hybrid steel section Symmetrical I A36 A36, H.S.8.° H.S.S.a 32, 33a, 33b, 34,
35
4 Steel section without top flange | Inverted tee None A36 A36 41a, 41b

o« H.S.S. = High strength steel, either A447 or A574.

b Cross-sectional area of the steel section was the same in all specimens.

Table la. Static Yield Strength of Steel Plates

Type of Plate Average Static
Material Thickness, in. Yield Points, ksi
A36 g 33.4;33.0
A36 4 35.2

Floor Pl 14 42.7

A441 15 53.0

Ad41 7 51.2

A514 14 110.6

A514 Wy 106e

a For Beam 35 the lower web plate yield strength of 150 ksi
is not included in this average.

The cross-sections of the specimens and the loading
arrangement are shown in Fig. 1. All specimens were de-
signed to have the same depth of steel section, concrete
flange, area of steel, and thickness of flange and web
plates, and were tested with the same loading arrange-
ment.

The steel sections were fabricated from A36, A441,
A514 and floor steel plates; the combinations of ma-
terials used are shown in Fig. 2. The average static yield
points for the steel used in the beams are shown in
Table 1a. The slabs were made with river gravel and
sand concrete having average cylinder strengths of
3,840 psi. They were reinforced with 0.2 percent of
longitudinal steel and 0.62 percent of transverse steel.
The steel sections and the concrete slabs were inter-
connected with headed stud shear connectors of 14 or
34-in. diameter. The number, size and spacing of studs
used in each beam are given in Table 2. The last column
in Table 2 compares the furnished shear connectors with
those that would be required by the AISC Specification.?
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The load was applied in steps of varying magnitude
in such a manner that the deflections of the specimen
were never allowed to decrease. All tests were continued
past the ultimate load and were usually discontinued after
the load had dropped off substantially from the ultimate.
Deflection and end slip between the steel section and the
concrete slab were measured at every load increment in all
tests. In addition, strain measurements were made in the
shear span and at the center line of beams 32 and 33b
by means of electric resistance strain gages.

Further details on specimens, materials, and testing
procedures are given in Part IT of Reference 8.

NOMENCLATURE

Il

depth of concrete stress block

width of concrete compression flange

total compressive force in the composite section
compressive force in concrete flange of a com-
posite beam with inadequate shear connectors
compressive force in the steel section of a com-
posite beam with inadequate shear connectors

= total depth of composite section

= moment arm between resultant compression and
tension forces at M,

cylinder strength of concrete at the age of testing
static yield point of steel

applied moment = 3.25 X P

maximum applied moment (includes dead load
of 7.1 ft-kips)

theoretical plastic moment capacity of the steel
section alone

total theoretical ultimate resisting moment of the
concrete slab and steel section acting together
but without composite action

OQ"Q
Il

Il

Il

I
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™

N
@

theoretical ultimate moment of a composite sec-
tion with adequate shear connectors



M,’ = theoretical ultimate moment of a composite sec-
tion with inadequate shear connectors

S R T sue sorrir M, = theoretical yield moment of a composite section
12 0 F.vs 000 4 3" . . .
oy T e 1 - based on first yield at any point in the beam
'i _ P = externally applied load
A _ .
o o= - 9. = the ultlmz.ite shear.strength of a §hear Cf)nnector
NOTE: CROSS SECTION DETAILS T = total tensile force in the composite section
AREA OF STEEL (CONSTANT) = 6 750"
THICKNESS oF :;:';G(Ecousnun 133
’ TEST RESULTS AND DISCUSSION
P2 ez The general modes of failure observed during the testing
SHEAR SPAN 2'-0" . . .
5 zeve of composite beams of this program are discussed below.
[ 15'-0" ’?" The structural behavior of each beam is presented and
LOADING ARRANGEMENT maximum carrying capacities, deflections and slips are
given. Where applicable, comparisons are made be-
Fig. 1. Description of specimens and tests tween beams and between series. The test data and cer-
tain additional analytical studies are presented in Part
IT of Reference 8.
LOOR R . - .
I I I General Modes of Failure—All beams in this test pro-
ASI4 Aaar gram failed in one of three modes which will be de-
! igetants * . “ Fon e 2; scribed as: (1) flexural failure, (2) shear failure in the
semies 1 semies 2 studs and (3) shear failure in the concrete slab.
Flexural failure of a composite section occurs when
the slab compressive stresses are brought to the ultimate
3345“1_' s mf o 3%—1— asat 7%'1: o by bending, resulting in crushing of tbe concrete -fol-
32 330 8 33b 34 35 MaBatb lowed by a major loss of moment capacity. Figure 3 is a
\ Y% v photograph of such a concrete failure in specimen 22a.
SERIES 3 SERIES 4 . . . . . . . .
Similar failure is shown in Fig. 4, which is a photograph
NOTE: ALL STEEL A36 UNLESS OTHERWISE INDICATED . .
WEBS IN SERIES 3 ARE MADE FROM A36, A44l AND ASI4 of specimen 12 taken after it was removed from the test-
ing machine. This type of failure implies that the shear
Fig. 2. Steel sections connection was adequate. For the specimens of this
Table 2. Shear Connectors
Speci Numbere Size of Shear No. of Connectors Spacing of Connectors Percent of AISC
pectmen umber Connectors per Shear Span® in Shear Span, in. Requirements
11 15 in. dia. X 3 in. 24 31 100
12 « 16 434 67
13 « 7 10 29
14a “« 7 10 29
14b € 7 10 29
1 : 4 20 17
21 14 in. dia. X 3 in. 24 614 100
22a « 26 6 72
23 o 36 414 138
32 14 in. dia. X 3 in. 28 514 74
33a “« 48 4 126
33b “« 48 4 126
34 « 28 514 100
i 3 48 4 100
41a 3% in. dia. X 3 in. 58 234 —
41b “ 58 234 -

o Letters a and b distinguish between two duplicate specimens.

b In addition to the studs in the two shear spans, two studs were placed at or near the midspan of each beam.
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Fig. 3. Picture of Beam 22a at the end of the test. Note the crushing
of the concrete slab (flexural failure). The whole steel section was
yielded in tension just before the concrete crushed. The typical compres-
sion type yield lines at the upper part of the web occurred after the
crushing of the concrete when the beam started carrying loads independently.

Fig. 4. Beam 72 after removal from testing machine. Photo shows
typical top view of specimens which failed in flexure.

Fig. 5. Beam 74b at failure. Note the large slip between the steel
flange and the concrete slab. Also the separation between steel and
concrete can be clearly seen.

Fig. 6. View of Beam 14b before removal from testing machine. Note

the slip and separation between steel shape and concrete slab. The deep

compression-type yield lines occurred after the shear failure took place

and the steel beam flange buckled laterally while the web buckled locally.

The absence of tension yield lines above the middle of the web is ap-
parent. The beam did not reach its calculated M.
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program, in which the neutral axis was well above the
steel section at ultimate moment, flexural failure was
similar to the tension failure of an under-reinforced con-
crete beam. As yielding of the steel section progressed, the
neutral axis rose until the compression stresses in the ex-
treme fibers of the concrete became critical. This is the
most desirable mode of failure for steel-concrete beams,
since it allows the cross-section to mobilize all of its re-
sistance and failure occurs only after considerable de-
flection and cracking.

Most of the beams tested in this program, following a
flexural failure at their maximum moment value, were
able to maintain moments which were of higher magni-
tude than the plastic moment value M, of the steel sec-
tion alone. This indicated that part of the concrete slab,
although considerably damaged, was still available to
help carry the loads, or that the strains in the steel
section reached strain hardening at places where the
slab was ineffective. Most of the beams exhibited re-
markable reserve strength after the crushing of the con-
crete flange. The post-failure strength was limited by
buckling of the steel section. Following the flexural fail-
ure of the composite section, the concrete slab could not
provide effective lateral support in the constant moment
region. Thus the steel section usually buckled either
laterally or in the web.

Fig. 7. View of the underside of Beam 15 which clearly shows:

(a) the absence of tension tvpe yield lines, (b) the separation between steel

and concrete (c) the flange and web buckling with the accompanying
compression yielding.

Fig. 8. View of Beam 32 at the end of the test. The separation at the
right end and the absence of concrete crushing at midspan can be noted:
This is a typical view of specimens with shear failure. The A574
portion of the web shows no yield lines. Web buckled after the maximum
load was reached. Yielding due to buckling can also be seen.



Shear failure of a composite beam occurred when the
shear connection was inadejuate. Specimens which
failed in this manner sheared off all studs in one of the
shear spans and allowed the slab to separate and slip
grossly, thus resulting in a major decrease in moment
resistance due to the loss of composite action. After fail-
ure of the studs, the slab cracked transversely just out-
side one of the loads. At this point, with the studs broken,
there was only friction available to provide lateral sup-
port and the steel section was relatively free to buckle.
For all specimens which exhibited shear failure, the steel
section was able to develop moment close to its M,
value before buckling caused the test to be stopped.
Figures 5, 6, 7 and 8 are photographs which show fail-
ures of this type in specimens 14b, 15, and 32. The
separation of steel and concrete is visible in all these
pictures.

Only one beam, 41a, suffered a shear failure in the
concrete slab. This particular beam failure will be dis-
cussed in greater detail with the results of Series 4.

Series 1—The objective of this series was to determine
whether the use of the raised pattern floor plate for the
top flange would permit a decrease in the required num-
ber of connectors. It can be seen in Table 2 that only
Beam 11 had the number of connectors required by the
AISC Specification? and that the number decreased in
the following order: 11, 12, 14 and 15. Beam 13 had
the same number of connectors as Beam 14 but it had a
different shape of the steel section (Fig. 2).

Deflections and slips for all beams of this group are
shown in Figs. 9 and 10 as functions of the ratio of ap-
plied moment M to the theoretical ultimate moment A,,.
Table 3 gives the observed ultimate moment AM,, and
slip at failure. The same table also gives the theoretical
values for the yield moment M,, and the theoretical
ultimate moments for composite beam with adequate
shear connection M,, for composite beam with inade-
quate shear connection M,’, and for non-composite
beam M,,. In Table 4 comparisons are made between
observed and theoretical ultimate moments.

Beams 11 and 12 failed in flexure after considerable
deformation, indicating good plastic action. Beams 13,
14a, 14b and 15 failed in shear after relatively small
amounts of plastic deformation and failed to develop the
theoretical ultimate moment M,. Comparisons in Figs.
9 and 10 show that the ultimate load and the deflection
at ultimate load decreased with decreasing number of
connectors, and the end slip at ultimate load increased
rapidly as the number of shear connectors was decreased.

It is apparent from the ratios M,,/M, in Table 4 that,
as far as the ultimate strength is concerned, the floor
plate did not replace effectively the connectors omitted
from specimens 12 through 15. The questions then remain
whether the floor plate contributed at all to the ultimate
strength of the beams and whether it altered the be-
havior at working loads.

The ultimate moment M, was computed on the as-
sumption, shown in Fig. 11b, that the connection is ade-
quate. For beams with fewer than the adequate number

Table 3. Summary of Beam Test Results
Theoretical Values
Specimen Type of M, End slip
Number Failure ft-kips M, M,’ M, My at failure, in.
ft-kips ft-kips ft-kips ft-kips

11 Flexure 217.7 194 .5 — 142.5 83.2 0.0787
12 Flexure 207.3 198.7 188.0 142.5 90.9 0.0900
13 Shear 169.6 182.5 140.0 119.5 95.4 0.1332
14a Shear 161.5 203.0 154.0 142.5 90.9 0.1582
14b Shear 172.2 198.2 153.0 142.5 90.9 0.1305
15 Shear 139.1 198.0 130.5 142.5 90.9 0.1954
21 Flexure 177.7 159.6 — 119.5 86.7 0.0400
22a Flexure 364.6 334 .0 — 133.3 113 .4 0.1504
22b Flexure 364.6 342.0 — 133.3 113 .4 0.1320
23 Flexure 244 .3 212.0 — 133.3 104 .4 0.0305
32 Shear 395.8 369.0 — 173.5 118 .4 0.1710
33a Flexure 361.3 331.0 — 184 .5 123.9 0.0271
33b Flexure 367.8 334.0 — 184.5 123.9 0.0200
34 Flexure 253.1 214 .1 — 137.1 115.2 0.0650
35 Flexure 521.1 487.5 — 314.0 177.5 0.0492
41a a 251.5 229.0 — 170.6 73.7 0.0115
41b Flexure 234.6 215.0 — 170.6 73.7 0.0048

@ Concrete shear failure
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of connectors attached to a smooth top flange, the ulti-
mate strength of the beam is governed by the aggregate
strength of the connectors.?® The stress distribution for
such a beam with inadequate connectors is shown in
Fig. 11c. Assuming that the ultimate strength of the in-
dividual studs was 12.1 kips,® the corresponding mo-
ment M,’ was computed for Beams 12 through 15 and
compared with the test moment in the last column of
Table 4.

The test moment M, exceeded the computed moment
M,’ in every case. However, except in Beam 13, the
ratio M,,/M,’ was of the same order of magnitude as the
ratio M,,/ M, for Beam 11. Thus, no contribution of the
floor plate to the strength of Beams 12, 14 and 15 has
been demonstrated. On the other hand, Beam 13 was
stronger than indicated by the theoretical moment M,’,
suggesting that the wider floor plate of this specimen was
effective in increasing the strength of the beam.

The effect of the floor plate on deformations at work-
ing load level may be estimated qualitatively from Figs.
9 and 10. It can be seen that while the end slips in Beams
12 through 15 exceeded those measured in Beam 11
even at loads of the order of M /M, = 0.4, these increased
slips did not result in increased deflections. For example,
at the moment level of 0.5 M ,, which has been suggested
as the working moment,? the deflection of all specimens
was about 0.3 in. Because of the small number of con-
nectors in specimens 13 through 15, these results suggest
strongly that the floor plate effectively increased the de-
gree of interaction at working load level.

Table 4. Comparison of Test Results with A, and M’

Specimen Type of ,
Number Failure M/ M, M/ My
11 Flexure 1.118 —
12 Flexure 1.041 1.102
13 Shear 0.928 1.210
14a Shear 0.795 1.050
14b Shear 0.868 1.125
15 Shear 0.702 1.065
21 Flexure 1.112 —
22a Flexure 1.110 —
22b Flexure 1.065 —
23 Flexure 1.152 —

32 Shear 1.072 —
33a Flexure 1.092 —_
33b Flexure 1.103 —
34 Flexure 1.180 —

35 Flexure 1.070 —
41a a 1.098 —
41b Flexure 1.092 —

a Concrete shear failure.
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Series 2—The objective of this series was to study the
structural behavior of composite beams with hybrid
steel sections. The top flange and the web in all beams
was of A36 steel, but the bottom flange was of A36, A441
or A514.

The experimental moment-deflection curves for the
four beams are shown in Fig. 12. It is apparent that the
ultimate strength increased and the deflection at ulti-
mate load tended to decrease with increasing strength of
the bottom flange.

All four beams failed in flexure and developed the
theoretical ultimate moment (Table 3). The ratio of the
test to theoretical ultimate moment A,,/M, was always
in excess of 1.0 (Table 4), but the excess was the lowest
for Beams 22a and 22b having only 72 percent of con-
nectors required by the AISC Specification?, and the
largest for Beam 23 having 138 percent of the required
minimum number.

It is noteworthy that the stiffness at working load
levels (Fig. 12) was about the same for all beams. The
absolute deflection at working load level was, of course,
higher in the stronger beams (Fig. 13). But the load de-
flection curves were essentially straight even at moments
in excess of 0.5 M,. Thus the connectors were adequate
both from the standpoint of strength and the standpoint
of beam stiffness.

The magnitude of end slip at failure in Beams 22a
and 22b (Fig. 14) indicated that the failure of the con-
nectors in these beams was imminent.

Series 3—The objective of this series was to study the
structural behavior of composite beams with hybrid
steel sections having high strength steel not only in the
bottom flange but also in the lower part of the web, and
to compare the behavior of such beams with the corre-
sponding beams of Series 2. In Beam 32, the bottom
flange was of A514 steel and the lower part of the web
was of A441 steel. In Beams 33a and 33b, the bottom
flange was of A441 steel and the lower part of the web
was of A514 steel. In Beams 34 and 35 the bottom flange
and the lower part of the web were of identical steel:
A441 in Beam 34 and A514 in Beam 35, as shown in
Fig. 2.

All five beams developed the theoretical ultimate
moment M, of the composite section (Table 3) and,
except for Beam 32, failed in flexure. Beam 32, having
74 percent of the connectors required by the AISC
Specification, failed in shear at an end slip of 0.171 in.
(Fig. 15) at a load exceeding the theoretical ultimate
moment.

The balanced failure of Beam 32 permits calculation
of the ultimate strength of the 14-in. studs. At flexural
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failure, the steel section had yielded through the full
depth. Thus the horizontal force acting on the connec-
tors in one shear span is equal to the area of the steel
section times the yield point. In Beam 32 the average
shear load per connector at failure was 14.6 kips. In
Beams 22a and 22b, for which the magnitude of slips
indicated that failure of connectors was imminent, the
average loads per connector computed as outlined
above were 14.6 and 14.4 kips, respectively.

The flexural failures of Beams 33a, 33b and 35 oc-
curred suddenly and with little warning (Fig. 16). The
sudden failure was probably caused by the fact that a
relatively large depth of the slab was subjected to high
compressive stresses.

SLIPAT ULTIMATE MOMENT

—A— BEAM NO. 33b
—e— BEAM NO. 330
—O— BEAM NoO. 32
—{— BEAM NO. 34
—8— BEAM NO. 35
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Fig. 715. Plot of M/M, vs. maximum end slip for Series 3
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Fig. 16. Plot of M/M, vs. centerline deflection for Series 3
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The effect of the presence of high strength steel in
the web is illustrated by the moment-deflection curves in
Fig. 17. In this figure the type of steel used in the lower
web is given in parenthesis. It is apparent that while the
comparable beams of Series 2 had lower. ultimate
strength because of the weaker web, their stiffness in
the range of working loads was essentially the same as
the stiffness of Series 3 beams. The slight increase in
stiffness in the elastic range for Beam 35 is due to dimen-
sional differences. The plate thicknesses for this beam
were larger than the thicknesses of the other beams.
Further, the relatively larger capacity for Beam 35 is
due to the unusually high yield strength of the A514
steel plate in the web.

Particularly interesting is a comparison between
Beams 23 and 34. The A441 steel in the web of Beam 34
extended far enough so that the current AISC Specifica-
tion? would permit the full design stress of 33 ksi to be
used in the bottom flange of this beam. The absence of
the A441 steel in the web of Beam 23 would require that
the design stress for the flange of this beam be reduced
to 24 ksi, a decrease of 28.2 percent. Yet the ultimate
test moment of Beam 23 was only 3.5 percent less than
that of Beam 34, and the deflections of the two beams
were practically identical in the working load range.

Series 4—The objective of this series was to observe the
behavior of a composite beam with the steel section in
the shape of an inverted T. The two specimens of this
series were of the same design.
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The deflections and slips, plotted in Figs. 18 and 19 as
functions of M/M,, show that the two specimens re-
sponded to loading in essentially the same manner until
the ultimate load was reached. There was no slip and the
load deflection curve was linear beyond the working
load level. After the first end slip occurred, the slip con-
tinued to increase in both specimens at about the same
rate until the moment slip curve leveled off at ultimate
load. From then on the two beams responded differently.

In Beam 41a the slip continued to increase without
appreciable change in the load and herringbone crack-
ing developed on the top surface of the slab (Fig. 20),
indicating failure by shear in the concrete. The test was
stopped when the beam refused to carry additional load,
soon after the maximum moment was reached.
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Fig. 20. Top view of slab in Beam 47a, showing the herringbone
cracking in the concrete. Such cracking did not prevent the beam from
surpassing its calculated capacity.

Fig. 27. View of Beam 47b. Note the absence of herringbone type
cracking in this beam. Collapse was due to flexural failure (crushing of
concrete slab).

Beam 41b failed in flexure at a very small end slip.
Figure 21 shows the crushing of the slab in this beam. The
post-failure behavior of Beam 41b was remarkably good.
The steel section and the remainder of the slab were able
to maintain a load considerably in excess of the capac-
ity of the steel section alone.

The difference in the failure of the two specimens
would suggest that the design represented a balance
between a flexural failure and a failure by shear in the
slab. However, some evidence suggests that the mode of
failure of Beam 4la may have been caused by faulty
testing techniques.

Both beams failed at moments in excess of the theo-
retical ultimate moment M, (Table 3).

The data for Beams 41a, 41b, 11 and 21 illustrate the
well known fact that the unsymmetrical steel section is
particularly efficient for composite beams. The four
beams had the same steel area and were made of the
same steel. The moment deflection curves, shown in
Fig. 22, show clearly that the symmetrical section was
the least efficient while the inverted T section was the
most efficient. Series 4 beams were 44 percent stronger
than Beam 21 with the symmetrical steel section.
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Fig. 22. Comparison of symmetrical and unsymmetrical sections of A36
steel

CONCLUSIONS

Based on the results of this investigation, which was of an
exploratory nature, the following conclusions are tenta-
tively drawn:

1. The use of the hybrid steel sections in composite
beams was shown to be feasible. The hybrid
beams developed the calculated full plastic
strength M,. However, their rotation capacity
(toughness) was somewhat smaller than that of
the composite beams with A36 steel sections.

2. Except for increased strength, there was no signifi-
cant benefit derived from the high strength webs
in the hybrid composite beams.

3. Steel sections without top flanges made very effi-
cient composite beams. Because only two tests
were made and differences were observed in the
mode of failure of the two beams, further studies
of this type of beam are desirable.

4. The floor plate appeared to be effective in reduc-
ing end slip and deflection at working load level.
However, except in a specimen with a wider
plate, it did not increase materially the ultimate
strength of these beams with inadequate shear
connection.

5. The AISC provisions for the design of stud shear
connectors provided adequate factor of safety
against shear failure and insured relatively small
slips.

6. The ultimate strength of a 14-in. diameter stud
in the composite beams was approximately 14.6
kips.
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