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ABSTRACT

The purpose of the two ultimate strength tests which are des

cribed in this report was two-fold:

(1) To determine whether a simple span composite beam, subjected

to a single concentrated load, could resist the load which would develop

the ultimate flexural strength as it passed across the beam from the

support to the position of maximum moment, and

(2) To establish the ultimate flexural strength of the cross-sec

tion. This was used in the. analysis of other test results which are

reported in Ref. 4.

Based on the tests described in this report, it was concluded

that the ultimate load can pass across a composite beam without a shear

failure occurring in the shear connection.
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1.0 INTRODUCTION

1 2
The proposed procedure ' for the static design of shear

connectors for composite steel-concrete bridge beams is based on two

criteria:

(1) The flexural strength of a composite beam can

be developed if a sufficient number of shear con-

nee tors is provided to resist the maximum horizon-

tal force in the slab (maximum slab force), and

(2) The spacing of the shear connectors is not

critical; shear connectors can be spaced uni-

formly without a deleterious effect on the ulti-

mate strength.

The maximum horizontal force in the slab of a simple span com-

posite beam will be determined by the stress distribution on the cross-

section at the ultimate moment. If the composite beam is uniform, the

slab force will vary from zero at the supports to a maximum value near

the applied loads. For such a beam under a single concentrated load at

the mid-span, the proposed design procedure would require a sufficient

number of uniformly spaced shear" connectors in each half of the span to

develop the maximum slab force.

A similar analysis would also apply to a simple span composite

beam under more than one concentrated load. A composite bridge beam



subjected to truck wheel loads would be an example of that load con

dition. However, for bridge beams, it is of primary concern that the

maximum load be able to move into the position which would produce the

maximum moment without a failure of the shear connectors.

The purpose of this investigation was to provide experimental

evidence of the ability of a simple span composite beam under a single

concentrated load, to resist the ultimate load as it passed across the

beam from the support to the mid-span. Two beams with identical cross

sections were tested. In the first beam test, the load producing the

ultimate moment was placed at the mid-span. In the second beam test,

the same ultimate load was placed at five successive positions between

the support and the mid-span. The shear connectors in each beam were

identical and were designed in accordance with the flexural requirements

proposed in Refs. 1 and 2.

These tests were conducted during the same period of time as

the static tests of four continuous composite beams which were reported

in Refs. 3 and 4. To assist with the analysis of those test results,

the span lengths of the simple and continuous beams were made the same

and a constant cross-section was used in the positive moment regions

of all of the beams.
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2.0 TEST BEAMS, INSTRUMENTATION AND TESTING PROCEDURE

2.1 Description of Beams

The two composite beams tested in this investigation were de

signated SC-1S and SC-2S. They were each 25' - 10" long overall with a

single span of 25' - 0" between bearings. The beams consisted of a rein

forced concrete slab 60-in. wide and 6-in. thick connected to a 21W62

steel beam by pairs of 3/4-in. stud shear connectors 4-in. high. Details

of the composite beams are shown in Figs. 1 and 2.

2.2 Design Criteria

The cross-sections of beams SC-1S and SC-2S were made the same

as the cross-sections at the load points of the four continuous compo

site beams reported in Refs. 3 and 4. The maximum load capacity was

computed using ultimate strength theory.

The shear connectors for beams SC-1S and SC-2S were propor

tioned in accordance with the flexural strength criterion proposed in

Ref. 2 using the reduction factor proposed in Ref. 1. The shear con

nector spacing for both beams is shown in Fig. 3.

2.3 Design Details and Fabrication

The details of the steel beams are shown in Fig. 3. The two

beams were cut from a single 57-ft. rolled section by a local fabricating

shop. This steel beam and the four steel beams reported in Refs. 3 and

-3-



4 were supplied from the same heat of A36 steel. The excess pieces after

cutting, were marked and delivered to Fritz Laboratory after all shear

connectors were installed, to provide material for tension tests of the

steel section and of the studs. Bearing stiffeners were fitted and

welded to the beams by the fabricating shop.

All 3/4-in. studs were installed in pairs. Before studs were

welded to the test beams the stud welding equipment was calibrated by

welding several studs to the excess lengths of beam that were cut off.

The quality of the welds was verified using the welding and inspection

procedure outlined in Ref. 5. Two different lots of 3/4-in. by 4-in.

studs were installed. They were supplied by two manufacturers. Beam

SC-1S had lot A studs and beam SC-2S had lot B studs (Ref. 3, page 12).

This choice was randomly made.

2.4 Construction

Composite beams SC-1S and SC-2S were constructed at the same

time as continuous beams CC-1F and CC-2F (Refs. 3 and 4). The four

steel beams were placed in two parallel lines 75-ft. long and 5" - 2"

apart. They were clamped to steel supports which were bolted to the

dynamic test bed.

Plywood forms for the slabs of the four T-beams were suspended

from the steel beams. A two-inch timber bulkhead was used to separate

the slabs of the two lines of T-beams along their length and to

-4-
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separate the continuous and simple span beams. Figure 4 shows the form

work and reinforcement for the slabs of beams SC-1S and SC-2S and the

start of concrete pouring. In the lower photo of Fig. 4, the formwork

and reinforcing for beams CC-1F and CC-2F begins at the bulkhead just

behind the hopper discharging the concrete for beams SC-1S and SC-2S.

The slabs of the four beams were poured in a continuous operation be

ginning with beams SC-1S and SC-2S.

The concrete for the slabs was transit - mixed and propor

tioned for a 28-day compressive strength of 3000 psi. Consolidation

was accomplished by internal vibration along the slab as placement pro

gressed. The final finsih was made by hand trowelling. Eleven test

cylinders were poured during the casting of beams SC-1S and SC-2S.

The concrete in the slabs of beams SC-1S and SC-2S was moist

cured for seven days. The exposed surface was covered with wet burlap

and a polyethylene sheet. The forms for the two beams were removed

approximately 14 days after casting and the specimens were allowed to

cure under dry conditions until tested.

2.5 Properties of the Test Beams

A test program was conducted to determine the mechanical pro

perties of the materials used in the T-beams. The physical dimensions

were also obtained to help ascertain the section properties of the com

posite beams.

-5-



The rolled steel beams were made of structural carbon steel

meeting the requirements of ASTM A36 - 63T. The mill report is given

in Table 1.

The mechanical properties of the structural steel were de

termined from test coupons cut from a 2-ft. long piece of beam that

had been left over when theS7-ft. long rolled section had been cut to

length. The coupons were tested intension at a speed of O.OSO-in.

per minute to fracture. In all tests, the yield point, static yield

level and ultimate load were measured, and their mean values are shown

in Table 2. The modulus of elasticity was determined from a stress

strain curve which was pl~tted automatically during the test. The

strain hardening modulus was not obtained.

Although all five rolled beams were supplied from the same

heat of A36 steel, as previously mentioned, the values shown in Table

2 are noticeably lower than the values given in Table 3 of Ref. 3 for

the other four beams.

The mechanical properties of the No.4 deformed longitudinal

reinforcing bars were determined by tension tests of 3-ft. lengths of

reinforcement. The tests were representative of all No.4 bars used

in the slabs of the simple span beams reported herein and the contin

uous beams reported in Refs. 3 and 4. The values shown in Table 2 were

obtained from Table 3 of Ref. 3.
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The mechanical properties of the stud shear connectors are

also shown in Table 3 of Ref. 3.

The concrete used for the slabs of beams SC-1S and SC-2S was

made of Type 1 portland cement, crushed gravel and natural bank sand.

These slabs were poured at the same time as the slabs for beams CC-1F

and CC-2F (Ref. 3). Eleven standard 6" X 12" cylinders were made during

the casting of slabs for beams SC-1S and SC-2S. These cylinders were

tested at the age of 28 days and at the beginning of each ultimate

strength test.

The compressive strengths, splitting strengths and moduli of

elasticity are given in Table 3.

The cross section properties of the 21W62 rolled steel beams

used in beams SC-1S and SC-2S are shown in Table 4. The properties are

based on measured dimensions and are compared with standard handbook

values.

Cross-section properties of the composite sections were com

puted on the basis of the cross-section dimensions and the material

properties. Table 5 gives the moments of inertia, distance to the

neutral axis from the bottom of the beam, and the ultimate moment

capacity of each beam.
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2.6 Instrumentation

The instrumentation of beams SC-lS and SC-2S was essentially

the same as the instrumentation of beams CC-lF and CC-2F. Reference 3

provides the details for the latter two beams. Figures 5 and 6 summa

rize the details of the instrumentation used for the test beams in this

investigation. A combination of electrical resistance strain gages,

dial gages and level bar rotation gages was used.

Figure 5 shows the location of the electrical resistance strain

gages which were used to determine the flexural strains in the steel

beams and in the concrete slabs. For beam SC-lS, they were located at

two cross-sections, designated 3 and 5. For beam SC-2S, they were lo

cated at five cross-sections, designated 1 to 5. The numbered cross

sections also refer to the consecutive load positions on beam SC-2S.

The load was placed at mid-span (Section 5) of beam SC-IS.

Figure 6 shows the locations of the dial gages that were used

to measure slip and deflection, and the level bars which measured rota

tion of the beams at the supports. A O.OOI-in. dial gage was placed

at mid-span (Section 5) of each beam. For beam SC-2S, a O.OOl-in. dial

gage was also placed consecutively under each of the other load posi

tions (Sections I to 4). These dial gages had a range of 2-in. For

greater deflections, a O.Ol-in. graduated scale was used.

-8-



2.7 Test Procedure

Each beam was supported at its ends by 8-in. diameter steel

rollers which were bearing on l6-in. high steel supports. The rollers

were both free to move as the lower flange extended during loading.

Blocks were provided however to prevent sudden movements of the rollers

at large deflections. Longitudinal stability was maintained by the

cross-head of the testing machine. Load was applied by the 5,000,000 

lb. Baldwin testing machine located in Fritz Laboratory. A 4-ft. long

loading beam distributed the load across the slab width to two 22-in.

long by 5-in. wide bearing plates which rested against the concrete

slab. The ends of the bearing plates cleared the strain gages on the

slab surface by 3-in. The test set-up is shown schematically in Fig. 7.

During each test, mechanical jacks were installed on either side of the

end supports and continually adjusted to a loose bearing against the

concrete slab as load was increased. These jacks provided stability

of the beam against overturning. The loading and support details can

be seen in Figs. 8 and 9.

The test of beam SC-1S was started 32 days after the concrete

slab was poured. The beam was moved into position in the testing

machine and the load applied at mid-span. The ultimate strength test

required approximately 12 hours to complete and was carried out on 2

consecutive days. The load was increased in relatively small incre

ments in the elastic range, then held constant while data was obtained

from all instruments. As plastic deformations took place, a longer
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interval was required before the load increment stabilized and deflec

tions ceased. Generally, 5-min. was required to stabilize the load.

All data corresponding to a given load increment was obtained in appro

ximately 20-min.

In the plastic range, increments of deflection were applied.

Generally, 15 to 20-min. were required to allow the test load and de

flections to stabilize before data was taken. Since deformation rather

than load was used to control the progress of the test, it was possible

to obtain data up to and beyond the maximum load capacity of the beam.

The test of beam SC-2S was started 84 days after the concrete

slab was poured. The start of this test was delayed by the fatigue

and static tests of beams CC-1F and CC-2F (Refs. 3 and 4). The ulti

mate load determined from the test of beam SC-1S (130 kips) was applied

to beam SC-2S at five consecutive positions (Fig. 5) between the West

support and midspan. The test procedure was identical to that for beam

SC-1S except that the beam was moved after each application of the test

load to the next load-position.

The test of beam SC-2S required 5 days to complete. The test

load was applied in about 1 to 2 hours at each of the load positions

1 to 4 (Fig. 5). The beam was then moved and the test load applied at

the next load position the following day. On the fifth day when the

test load at mid-span (position 5), the test required about 8 hours to

complete. The load at mid-span was allowed to reach the ultimate

-10-



strength of beam SC-2S (136 kips) which slightly exceeded the ultimate

strength of beam SC-1S.

Figure 9 shows beam SC-2S during and after the test. The test

load is shown at positions 1, 4 and 5. The load shown at position 4

had not been completely applied. Therefore, yielding at this section

had not yet completely developed. The full extent of yielding in the

web in the vicinity of section 3 which resulted from the test load at

this section can be seen however. Considerably more yielding occurred

at section 4 under the full test load. The extent of slab crushing and

the lateral deflection of the tension flange at the ultimate load are

clearly visible.
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3.0 TEST RESULTS AND ANALYSIS

3.1 Load - Deflection and Ultimate Strength Behavior

Figure 8 shows beam SC-1S following the ultimate strength

test. The extent of crushing of the concrete slab at the load point

can be clearly seen.

Figure 9 shows beam SC-2S during the ultimate strength test

and after application of the ultimate load at mid-span. The load is

shown only at positions 1, 4 and 5. The test load shown at position

4 had not been completely applied when the photograph was taken.

Therefore, the extent of yielding in the steel beam was greater than

is shown. However, the extent of yielding at position 3 is apparent.

Considerably more yielding occurred at position 4 than at position 3

when the full test load was applied. The amount of crushing of the

concrete slab and the lateral deflection of the tension flange at the

ultimate load (load at position 5) are clearly visible.

Deflection measurements were obtained at mid-span of beams

SC-1S and SC-2S during the progress of each test. The resulting load

deflection curves are shown in Figs. 10 and 11.

Certain visual observations were made and are noted on each

Figure by letters (A) to (E). For beam SC-2S these observations were

noted corresponding to the load at mid-span. They were as follows:

-12-



(A) Approximate indication of first yielding of the lower

flange. A slight amount of yielding occurred in the

web at the junction of the lower flange and web below

the load prior to this point. In beam SC-2S some yielding

of the flange had spread to section 5 when the test load

was applied at section 4. When the test load was applied

at section 5 of this beam (mid-span), first yielding was

taken as the first additional flange yielding at section 5.

The theoretical load to cause first yielding at section 5

(assuming zero residual stress) was 80 kips in beam SC-1S

and 82 kips in beam SC-2S. This load was based on com

puted elastic properties of the composite section aSSum

ing complete interaction.

(B) The top surface of the concrete slab has begun to crush

adjacent to the loading beam.

(C) The concrete slab has crushed to full depth. The extent

of crushing can be seen in Figs. 9 and 10.

(D) The tension flange of the wide-flange beam has begun to

deflect laterally.

(E) Test terminated due to large lateral deflections of the

tension flange and warping of the wide-flange beam at

the supports. Figure 12 shows the shape of the cross

section of beam SC-2S at section 5 (mid-span) after the

-13-



test. Under the load at which the test was terminated,

the lateral deflection of the tension flange was about

2-in. greater than that shown in the Figure.

In Fig. 11, the load- deflection curves (mid-span deflection)

are shown for each of the load positions 1 to 5. No flange yielding

occurred when the test load was applied at sections 1 and 2. Some

small yield lines did appear however in the web (Fig. 9) at section 2.

Flange and web yielding at sections 3 and 4 occurred when the test load

was moved. to those positions. A small amount of slab crushing occurred

adjacent to the load point when the test load was applied at section 4.

This crushing was observed just before the test was terminated.

The ultimate load capacity of beam SC-2S was 136 kips com

pared with 130 kips for beam SC-1S, a 4.5% increase. The increased

load capacity of beam SC-2S can be attributed mostly to two causes;

(1) slight differences in material properties and geometry and (2) the

increase in concrete strength which occurred during the interval be

tween the two beam tests (Table 3).

A comparison of Figs. 10 and 11 shows significant differences

and similarities between the load - deflection curves for the load at

mid-span (section 5). These can be summarized as follows:

(1) First yield of the bottom flange (as defined previously)

occurred at a load very close to the predicted load for

each beam.
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(2) The first observed crushing of the top surface of the con

crete slab occurred at nearly the same load and deflection

in each beam. The load was slightly higher in beam SC-2S.

(3) The deflection of beam SC-2S at which crushing had pro

gressed to the full depth of the slab at section 5, was con

siderably smaller than in beam SC-1S.

(4) The load and deflection at which the tension flange began

to deflect laterally, was nearly the same for both beams.

(5) The final load and delfection at the end of testing was

nearly the same for both beams.

It is apparent from this comparison that the gross load - de

flection behavior of the two beams was very similar. However, the dif

ference in deflection between first crushing and full depth crushing of

the slabs of the two beams at mid-span was significant. The smaller

difference which occurred in beam SC-2S most likely can be attributed

to overstressing of the concrete near mid-span before the load reached

this point. It was observed during the test of SC-2S that when the

load was being applied at section 5, some further crushing of the con

crete took place at section 4 before first crushing occurred at section

5. Then, crushing at section 5 proceeded rapidly through the slab

depth.
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It can therefore be concluded on the basis of these two tests

that the mid-span load which would develop the ultimate flexural capa

city of a uniform simple span composite beam can move from the support

to the position of maximum moment. It could also be concluded from

the above discussion that the ductility of such a beam under the moving

ultimate load would be somewhat less than a similar beam loaded only at

midspan. A measure of ductility in this case is the length of the uni

form load plateau at the ultimate load.

3.2 Load - Rotation Behavior

Rotation measurements were taken at each end of beams SC-1S

and SC-2S during the progress of the tests. The resulting load - rota

tion curves are shown in Figs. 13 and 14.

Rotations of beam SC-1S (Fig. 13) were recorded only up to a

load of 127 kips. This was just short of the ultimate load of 130 kips.

The reason was as follows: During the first day of testing a plateau

in the load - deflection curve 'was reached at 127 kips and the test was

stopped (Fig. 10). The slip gages and rotation gages were removed when

the load first reached 127 kips. The next day it was decided to re

load the beam and deform plastically until unloading was evident. The

load reached 130 kips and remained constant for a small increase in de

flection before unloading began (Fig. 10). No slip or rotation measure

ment were obtained at this time. The ultimate load of SC-1S was then

taken as 130 kips, which was also taken as the test load for beam SC-2S.
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Since the mid-span deflection and end rotations are predict

ably related (under the assumption of elastic-plastic theory) it would

be expected that the load - rotation curve of Fig. 13 would behave

similar to the load - deflection curve of Fig. 10 in the vicinity of the

ultimate load. On this basis, the curve in Fig. 13 was extended (dashed

line).

A comparison of Figs. 13 and 14 shows that beam SC-2S has

significantly smaller end rotations at the point of unloading. This is

in agreement with the load - deflection results discussed previously.

In addition, it can be seen from Fig. 14 that the West end of

beam SC-2S is subjected to greater rotations than the East end through

out the test. This result was expected since the West half-span de

velops inelastic deformations over much of the half-span length as the

load moves towards mid-span. Most of the East half-span remains elastic

during this time.

3.3 Load - Slip Behavior

Load - slip curves for beams SC-1S and SC-2S are shown in

Figs. 15 and 16. Slip was measured between the concrete slab and the

steel beam at each end of the two beams. Measurements of slip were not

recorded for beam SC-1S beyond a load of 127 kips. The reason for this

was mentioned in the discussion of the load - rotation behavior of beam

SC-1S.
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The slip at each end of beam SC-1S was nearly the same within

the region shown in Fig. 15. Much larger slip had developed by the end

of testing but was not recorded.

The slips measured at each end of beam SC-2S were significant

ly different, as expected, until the load was at mid-span and unloading

of the beam had begun.

With the test load at positions 1 to 4 of beam SC-2S, the com

puted value of the horizontal shear to the West of the load-point was

greater than it was to the East. Consequently, with equal number of

uniformly spaced connectors in each half-span, the computed average

force per connector to the West of the load point was greater than it

was to the East. Therefore, the West end slips could be expected to be

larger than those at the East end, and inelastic deformations could also

be expected to start first on the West side of the load as it moves a

cross the span.

Fig. 16 confirms this behavior. Elastic deformation occurred

at each end with the load at positions 1 and 2. However, they were much

larger at the West end. With the load at position 3, considerable in

elastic slip occurred at the West end while the deformation at the East

end remained elastic. The first inelastic slip at the East end occurred

with the load in position 4.

When the test load of 130 kips was applied at section 5 (mid

span), the East and West slips were considerably different. However,
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when the load was increased to 136 kips much more inelastic deformation

occurred in the East half-span than in the West half-span. As a result,

during unloading of beam SC-2S, the East and West end slips were nearly

equal.

There was no indication of connector failures during the tests

of beams SC-1S and SC-2S, although a visual inspection of the connectors

was not made. Table 5 of Ref. 2 lists 21 values of the maximum slip

which occurred in stud shear connectors that failed above the weld. The

minimum value of slip to produce failure of a 3/4-in. stud connector in

a pushout specimen is shown there as 0.246-in. The smallest value shown

in the table is 0.092-in. This value occurred with l/2-in. stud con

nectors in a beam test. Since the maximum end slip recorded during the

tests of beams SC-1S and SC-2S was less than 0.05-in. no stud failures

would have been expected.

3.4 Strain Distribution Across the Slabs

Measured strains at the top surface of the concrete slabs of

beams SC-1S and SC-2S are shown in Figs. 17 and 18.

Figure 17 shows the strain distribution at positions 3 and 5

of beam SC-1S for the load at mid-span. Strains at position 5 for loads

greater than 125 kips could not be obtained. They were considerably

larger than at position 3. First crushing of the slab at mid-span of

beam SC-1S (position 5) was observed at a load of 127 kips (Fig. 10).
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Strains measured at positions 3 and 5 of beam SC-2S are shown

in Fig. 18. Two sets of strain distributions are shown; one for the

test load at position 3, the other for the test load at position 5.

For the test load at position 3, the strains at mid-span were quite

small. It is also apparent from Fig. 18 that elastic behavior had

occurred in the slab for the load in positions 1 and 2 since there were

no residual strains.

Inelastic strains occurred in the slab at positions 3 and 5

when the load was moved to position 4. This can be observed from the

residual strains at 3 and 5 at the start of testing when the load was

at position 5. Strains at 3 and 5 were obtained up to the ultimate

load of 136 kips. First crushing of the slab at mid-span of beam SC-2S

was observed at a load of 127 kips (Fig. 11).

Two significant observations can be made from Figs. 17 and 18:

(1) Strains were nearly uniform across the slabs of beams SC-1S

and SC-2S at positions 3 and 5 except in the vicinity of the

ultimate load at position 5. This indicates that the full

slab width was nearly effective up to the ultimate load.

The change in distribution at high loads was likely due to

transverse bending of the slab at the load point. Previous

. ., 6 h d . d th' t f t~nvest~gat~ons ave ~scusse e ~mpor ance 0 ransverse

bending of composite beam slabs. The strain distribution

is altered in two ways; (1) the curvature parallel to the

longitudinal beam axis changes in the transverse direction,
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and (2) the change in shape of the cross-section results

in a variable distance from the neutral axis to the ex

treme fibre. The positions of the neutral axis and plastic

centroid also vary due to change in shape of the cross-

section.

Because of the above effects, the strain distribu

tions at high loads cannot be used as a measure of slab

effectiveness if transverse bending occurs.

(2) The strains at the surface of the slab at mid-span of

beam SC-2S are somewhat lower than at the same position

of beam SC-1S, even though the ultimate load of beam SC-2S

was slightly higher. This most likely resulted from the

high degree of slip and loss of interaction in the West

half-span of beam SC-2S and the crushing of concrete at

position 4 which occurred prior to the application of

load at mid-span.

3.5 Forces on the Stud Shear Connectors

The horizontal slab force at a position containing the test

load was computed from the measured strains on the wide-flange beam at

that position. Therefore the slab force was computed at position 5

(mid-span) of beam SC-1S and at each of positions 1 to 5 of beam SC-2S.

Figure 19 shows the computed horizontal slab forces in beams

SC-1S and SC-2S. A comparison is made with the cumulative ultimate re-
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sistance of the stud shear connectors between any given cross-section

and the end of the beam. The upper dashed curve shows the cumulative

resistance based on an ultimate strength per 3/4-in. ~tud connectors

of 35.8 kips. This value assumes a concrete strength of 4,000 psi

(Ref. 1). The solid curve assumes a value of 28.7 kips per 3/4-in. stud

connector which corresponds to 3,000 psi concrete strength. The lower

dashed curve is the design cumulative resistance which is obtained by

applying the 0.85 reduction factor to the solid curve.

The horizontal slab forces shown at positions 3, 4 and 5 in

clude an estimated increase due to strain hardening. The strain harden

ing modulus given in Table 3 of Ref. 3 was used for strains exceeding

the yield strain of the steel beam. Strain hardening did not occur at

positions 1 and 2. The estimated increase in slab force due to strain

hardening at positions 4 and 5 was approximately 5% and 15% respectively.

It is apparent from Fig. 19 that the connectors in beam SC-2S

were subjected to forces that closely correlated with their design re-

sistance.

3.6 Maximum Flexural Capacity

Figure 20 compares the maximum moment envelopes for the two

test beams. Also shown is the ultimate moment capacity envelope along

the beam span. This envelope varies from the plastic moment capacity

of the steel section at the support to a maximum value equal to the

flexural strength of the composite section. The intermediate values of
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of flexural strength were computed on the basis of an inadequate shear

connection as described in Ref. 2 by Slutter and Driscoll. The compu

tations were based on a shear strength of 28.7 kips per stud correspond

ing to 3,000 psi concrete strength. If a shear strength of 35.8 kips

per stud were used (4,000 psi concrete strength) the value of maximum

flexural strength would be the same as that shown in Fig. 20 since

this level is determined by the static yield stress in the steel beam.

However, the distance from the mid-span to the first reduction in ca

pacity would increase and the intermediate values of flexural strength

would increase somewhat. The flexural strength at the support would re

main unchanged.

As previously mentioned, the computation of the ultimate mo

ment capacity envelope was also based on the static yield strength values

of the steel beam given in Table 2. This limits the value of slab force

which can develop near the mid-span. Since the static yield stress level

was lower than that assumed in the design (36 ksi), the shear force per

stud will be less than 28.7 kips in the region near the mid-span. An

increase in steel stress due to strain hardening will increase the shear

force on the studs near the mid-span resulting in an increased level of

ultimate flexural capacity in this region. In fact, if it is assumed

that all studs are subjected to their maximum shear capacity of 28.7

kips (up to the limit of the slab capacity itself), the ultimate flexu

ral capacity envelope between sections 3 and 5 will closely approximate

the bending moment envelope for beam SC-2S between those sections.
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Baldwin (private correspondence with John W. Fisher) suggested

that the ultimate moment capacity at any cross-section should always ex

ceed the computed moments at that cross-section. He noted that unlike

prismatic beam sections, the ultimate moment capacity varied along the

length of the beam because only near the mid-span was the shear con

nection sufficient to fully develop the section. Based on the earlier

discussion it is apparent from Fig. 20 that the flexural capacity was

adequate to resist the applied loads at all sections along the beam span.

The loads at sections 1, 2 and 3 generated bending moments that were

equal to or less than the computed flexural capacity at those sections.

The flexural capacity was approximately equal to the applied bending

moments at sections 4 and 5.

An examination of Fig. 19 shows that the slab force along the

'beam had nearly reached the maximum obtainable value at sections, 1, 2 and

3. Figure 16 indicates that this force was being maintained during con

siderable inelastic slip. Additional inelastic slip would be required

in order that the applied moments reach the flexural capacity in the

region from the support to section 3 (Fig. 20). Slutter and Driscol12

have shown that sufficient ductility of the stud connectors was available

to allow the flexural capacity to be reached when the ratio of (initial)

maximum moment to ultimate moment was as low as 0.8. This corresponded

to a ratio of total connector strength (inadequate shear connection) to

maximum slab force of about 0.5. These results would indicate that for

beam SC-2S sufficient ductility of the stud connectors would exist at
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least between sections 2 and 3 (Fig. 20) to allow the flexural capacity

to be reached. It is doubtful if it would be required to reach the

flexural capacity nearer to the support.

As a result it should be possible to depend on the flexural

capacity of the sections with inadequate shear connection as suggested

by Baldwin.

3.7 Local Buckling

Local buckling of the top flange of the Win beam SC-1S, was

observed just prior to the end of the test. At this stage, the concrete

had crushed to full depth and the top flange of the steel beam was in com

pression. The buckle developed only in the half-flange on the south side

of the beam. It was located in the West span between the first and se

cond pair of studs from the load point. The buckle was about la-in. in

length and bent away from the slab about one inch. The opposite half

flange on the North side of the beam did not buckle. No local buckling

was observed in beam SC-2S.

Local buckling of composite beams is discussed in Ref. 4. In

that discussion reference was made to studies in which both half-flanges

rotate in the same direction at a local buckle; thus both participate.

The local buckle which occurred in beam SC-1S, indicates that in composite

beams only one half-flange may buckle, the other being restrained by the

concrete slab.

The local buckle in beam SC-1S did not affect the test results

since it occurred during unloading of the beam.
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4.0 SUMMARY

The results of the static tests of two nearly identical simple

span composite steel-concrete beams have been presented in this report.

Each beam had a span of 25 feet and consisted of a 60-in. wide by 6-in.

reinforced concrete slab connected to a 21W62 A36 steel beam with 3/4

inch diameter by 4-in. high headed steel stud shear connectors. Con

nectors were designed in accordance with the static requirements of Refs.

1 and 2. One beam was loaded at mid-span to its ultimate load. This

load was then applied at five consecutive positions between the support

and mid-span of the second beam starting near the support. This loading

sequence was intended to simulate a single concentrated moving load equal

to the ultimate load of the beam as it travelled from the support to the

position of maximum moment (mid-span). When the test load reached the

mid-span, it was increased slightly until collapse of the beam occurred.

The following conclusions were drawn from an analysis of the

test results:

(1) Simple span composite beams with stud shear connectors

designed in accordance with the flexural strength (static)

requirements of Refs. 1 and 2, will be able to develop

the ultimate flexural strength of the beam as the load

passes across the beam from the support to the position

of maximum moment.
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(2) Although considerable inelastic shear deformations of the

studs will occur in the shorter shear span as the load

moves across the beam, the slip at the ends of the beam

will be below the slip at which stud shear failures could

be expected.

(3) The ductility (as defined in the report) of a composite

beam subjected to a moving load will be somewhat less

than the same beam loaded only at mid-span.

(4) These tests indicate that the flexural capacity of the

sections with inadequate shear connection will provide

sufficient flexural capacity to allow the ultimate load

to pass across the beam.
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. .
TABLE 1

MILL TEST REPORT FOR 2l~62

Chemical Analysis
Yield Tensile Elongation :

Point Strength C M P S
(KSI) (KSI) 8-in. % n

41.9 67.2 30 0.19 0.70 0.010 0.029

TABLE 2

MATERIAL PROPERTIES OF STEEL

--,----

Static I
TensileI

I

Type No. Yield Point Yield Stress

I

Strength
of of (KSI) (KSI) (KSI)

Specimen Tests
I

Mean Mean I MeanI

-;'(
. Web

3 34.1 31.6 59.3(2l~62)

"k
Flange

I 3 34.7 32.5 i 59.8(2l~62) I

I
I

No.4 Bar
I

2 50.1 47.9 I 78.4
I

Average Modulus of Elasticity, E 29.0 X 103 (KSI)
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DRY CURED

Compressive

Strength, f' _(psi)
c

Iw-
t-'
I

TABLE 3

RESULTS OF CONCRETE CYLINDER TESTS

MOIST CURED

Splitting

INo. Age Tensile Compressive Modulus
of Strength Strength of

Beam Tests (Days) T(psi) f' (psi) Elasticity
c Ec

Mean Mean (xl03ksi)
---

CC-1S 1 28 610 5,240 3.7

CC-2S 1 28 610 5,240 3.7

No.

of
Tests

6

3

Age

(Days)

32

84

Mean

5,230

5,550

Std. Dev.

250



TABLE 4

,
I

"k

I

:
BEAM AREA DEPTH FLANGE WEB MOMENT

WIDTH THICKNESS THICKNESS OF
INERTIA

in. in.
I -

SC-1S 18.11 21.08 8.30 0.571 0.433 1281

SC-2S 18.09 21.00 8.31 0.571 0.433 1285
·k~'c

21W"62 18.23 20.99 8.250 0.625 0.400 1327

BASED ON RECTANGULAR ELEMENTS - FILLETS NEGLECTED
,'c-k

FROM AISC MANUAL OF STEEL CONSTRUCTION

TABLE 5

PROPERTIES OF COMPOSITE BEAMS

Moment of Position of Computed
Beam Inertia Neutral Axis

I
Ultimate

from Bottom Moment

in4 in I k - in+-_._.._.__.__ ._.__ ...._-
SC-1S 3650 20.33 8930

SC-2S 3635 20.30 8900
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FIG. 4 CONSTRUCTION OF COMPOSITE BEAMS
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FIG. 8 TEST OF BEAM SC-1S
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FIG. 12 CROSS-SECTION OF BEAM SC-2S AT MID-SPAN AFTER TEST
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