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ABSTRACT

This report presents the results of an experimental study

on the ultimate strength of concrete-on- steel composite

beams. The variables investigated were: (1) longitudinal

spacing of shear connectors; and (2) the position of loads

within the span.

A total of six beams were tested, each comprising

4 in x 48 in slab and a W12x27 steel beam with headed stud

shear connectors. The test results were analyzed and

compared with results predicted by the existing theories,

including the results obtained from a computer analysis.

It was found that while the AISC design method provides a

conservative estimate of the ultimate strength of composit

beams, the computer analysis gave a closer prediction.
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1. INTRODUCTION

1 . 1 Obj ect

The purpose of this investigation was to study the effect of

shear connector spacing on the behavior and strength of

composite beams subjected to heavy concentrated loads near

the supports.

1 . 2 Background

The problem of determining the ultimate strength of concrete-

on-steel composite beams has received much attention in

recent years. A large number of laboratory experiments has

been reported in the United States and abroad (4, 5, 8

through 18). Among the analytical methods proposed in pre-

dicting the ultimate strength of composite beams, that

proposed by Slutter and Driscoll (18) has been adopted as

the basis of the 1963 AISC specification (2). This theory

is based on the results of an experimental study in which

no appreciable difference in the ultimate load was observed

under a nearly uniformly distributed load, whether a beam

had shear connectors spaced uniformly or had the same

number of shear connectors spaced according to the shear

intensity. The attainment of the same ultimate strength

1





was explained by redistribution of the horizontal shear

force from shear connectors which were heavily stressed to

those stressed less heavily. Consequently, for this theory

no allowance is required for loss of interaction due to

slip at the concrete- steel interface. Following this

investigation, the 1963 version of the AISC specification

simply recommended that the required number of shear

connectors may be spaced uniformly between points of zero

and maximum moment.

Under most loading conditions, the above provision provides

a satisfactory means of estimating the ultimate strength of

composite beams with uniformly spaced shear connectors. How-

ever, for certain loading conditions the effectiveness of

uniform spacing is questionable.

For example consider a simply supported beam having a uni-

formly distributed load plus two equal concentrated loads

symmetrically placed about midspan so that the magnitude of

moment at the concentrated load is only slightly less than

the moment at midspan, figure 1.1. The 1963 AISC specifi-

cation would allow the uniform spacing of connectors over

the full span, but under this loading condition it is

questionable whether the redistribution of shear force would

2
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take place among the connectors prior to complete fracture

of the connectors in the shear span.

To eliminate a possible pitfall resulting from uniform

distribution of shear connectors, the British Standard,

CP117: Part I (6), has a special provision on the distribu-

tion of shear connectors for a loading condition such as the

one described. This provision is based primarily on the

respective areas of the shear diagram between points of zero

and maximum moments, and the distribution of the shear

connectors according to the intensity of shear force along

the span.

At the time this investigation was initiated, no such design

guide was available in this country. Since then the AISC

has adopted (February 1969) a new specification in which a

provision similar to the one in the British Standard has

been incorporated. To date, however, experimental data to

substantiate either of the two methods of shear connector

spacing, spacing according to the shear force or a uniform

spacing, are insufficient.

3



'



1.3 Notation

The symbols used in this paper are defined where they first

appear and are listed alphabetically for easy reference in

Appendix II.

1 . 4 SI Conversion Units

In view of present accepted practice in this country in this

technological area, common U.S. units of measurement have

been used throughout this paper. In recognition of the

position of the USA as a signatory to the General Conference

on Weights and Measures, which gave official status to the

metric SI system of units in 1960, the author assists readers

interested in making use of the coherent system of SI units,

by giving conversion factors applicable to U.S. units used

in this paper.

Length 1 in = 0.0254* meter

1 ft 0.3048* meter

Area 6.4516* x 10
4

meter^

0.09290 meter^

Force 1 lb(lbf) 4.448 newton

1 kip = 4448 newton

Exactly

4





Pressure, Stress

1 psi

1 ksi =

Mass Volume

1 lb/ft
3

Moment

1 kip-in.

2
6895. newton/meter

6 2
6.895x10 newton/meter

4

(lbm/ft^) = 16.02 ki logram/meter^

= 113.0 newton/meter

*Exact ly
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2. EXPERIMENTAL INVESTIGATION

2 . 1 Scope

Six beams were tested under two symmetrically placed concen-

trated loads near the support (figure 2.1). To examine the

influence of the length of shear span on strength, the

position of these loads was varied for each of three pairs

of beams. The loads were placed at 3, 4, and 5 feet away

from the end supports, thus giving shear-span ratios (the

ratio of shear span to the length of the beam) of 0.15,

0.20, and 0.25, respectively, for the 20-foot-span beam.

Each pair of beams consisted of one beam with shear connec-

tors spaced according to the shear force diagram, and the

other with shear connectors uniformly spaced. The former

had the required number of studs as obtained from a theo-

retical analysis spaced within the shear span, and the

latter had the same total number of studs spaced uniformly

over the entire length of the beam. These beams all had

headed stud shear connectors of the type most commonly used

in building structures.

The six beams were designated 3G1
,

3U1
,

4G1
,

4U1 , 5G1 and

5U1 where in each case the first number represents the

length of shear span in feet. The letter G or U respectively

6
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denotes group spacing of studs in the shear span or a uni-

form spacing along the length of the beam. The last number

is used to differentiate between these six beams and other

tests which will be covered in subsequent reports.

2 . 2 Description of Specimens

The test specimens were designed on the basis of the

provisions given in the 1963 AISC specification (2) with

the following two limiting criteria: the cross section

was proportioned so that the steel beam could yield before

the concrete slab reached its full compressive strength;

the number of shear stud connectors used for each half of

the span was about 50 percent of the number that would be

needed to develop complete interaction between the concrete

slab and the steel beam. The first limitation was to avoid

a sudden failure of the beam at ultimate load, and the

second limitation was to ensure shear failure of studs

instead of flexural failure of either the steel beam due to

general yielding or the concrete slab due to crushing.

All test specimens had the same cross sectional dimensions

and length. The salient dimensions of the specimens are

shown in figure 2.2. The steel beams were cut from rolled

sections of W12x27 of ASTM A36 steel. The mechanical

7
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properties of the steel beams, determined from the standard

tensile coupon test, are listed in table 2.1. Two standard

tensile coupons having an 18 in gage length were cut from

each of the top and bottom flanges and from the web. Static

yield stresses listed in the table were those obtained

beyond the yield point under a zero rate of straining. All

steel beams had a pair of full-length 3 1/8 x 1/4 in plate

bearing web stiffeners at the load points and end supports.

The location of the studs on each beam is shown in figure

2.3. In the G series specimens, a total of 10 headed studs,

1/2 x 3 in long, was used in the shear span. To prevent

the separation of the concrete slab from the steel beam,

additional studs were placed between the two load points

(constant moment region) at a distance not greater than

3 feet center- to -center . In the U series beams, the same

total number of studs used in the G series beams was placed

uniformly over the full span.

2 . 3 Fabrication of Specimen

Prior to welding the studs on the steel beams, the welding

equipment was calibrated by welding several studs on a

steel stub cut from the same rolled section as was used for

the beams. The quality of the weld was verified by

8
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inspecting visually the weld-fillet around the stud and by

bending the stud through an angle of 45 degrees by striking

it with a hammer. The mechanical properties of the stud

were obtained by means of tensile tests using the stud

itself as a test specimen, and these are given in table 2.1.

Ready-mix concrete made from silica sand and 3/4 in maximum

size crushed limestone was used for the slab. The average

compressive strength of three 6 x 12 in cylinders at the

time of test is given for each specimen in table 2.2

together with the computed modulus of elasticity of concrete

(1) and the modular ratio n. The slab was reinforced by

6 x 6 in - 4/4 gage welded wire fabric at 1 1/2 in above

the bottom surface. In addition, to prevent longitudinal

splitting of the slab over the beam, #5 deformed bars were

placed transversely on top of the welded wire fabric at

6 in on centers; the reinforcement is shown in figure 2.4.

The slab was moist-cured for three days with the exposed

surface covered with wet burlap and a polyethylene sheet.

The form was then removed, and the specimens were allowed

to cure in the dry condition in the laboratory for at least

one week prior to testing. Concrete test cylinders were

cured alongside the concrete slab under the same curing

conditions

.

9
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2 . 4 Test Setup

A schematic diagram depicting the loading system and the

test setup is shown in figure 2.5. Two symmetrically-

disposed line loads were applied to the top surface of the

slab by means of spreader beams pulled down by two 60-kip

capacity hydraulic rams anchored to the tie-down floor.

These rams were supplied with oil fed through a common

manifold which provided equalized hydraulic pressure in each

ram at all times.

2 . 5 Instrumentation

Three types of measurements were taken in this test series:

load, strains and displacements. The magnitude of the

applied loads was measured by load cell placed in series with

each ram. Strain measurements on the slab were taken by

means of electrical resistance SR-4 paper-back gages of 1 in

gage length and those on the steel beam by foi] gages of

1/4 in gage length. The strain gages were located only at

midspan

.

All displacements, including vertical deflections and slip

measurements along the interface between the slab and beam,

were measured by means of linear variable differential

10



c' a 1

1



transformers (LVDT)
,
calibrated to read increments of

±0.0001 in. The locations of the LVDT ' s and strain gages

are shown in figure 2.6. For midspan vertical deflections

an LVDT of ±3.0 in stroke was used, while for the remaining

displacement measurements LVDT's of ±1.0 in stroke were

used. Dial gages graduated in 0.001 in division were also

used to supplement the LVDT readings as a potential error

check

.

All data were monitored by an automatic digital data

acquisition system and were processed with SPEED* using

the UNIVAC 1108 electronic digital computer located in the

Computer Center of the National Bureau of Standards. In

addition, both vertical deflections at midspan and slip

between the slab and the steel beam at the ends were

recorded on X-Y plotters for visual display during the tests.

2 . 6 Test Procedures

The loads were applied in increments of predetermined magni-

tude. In the elastic range this magnitude was controlled

by the amount of the load indicated by the load cell

*SPEED is a~ problem-oriented language for computer use
written in FORTRAN IV developed at the National Bureau of
Standards for general purpose data processing.

11
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readings, whereas in the inelastic range it was controlled

by the magnitude of the midspan deflection. Readings of all

instruments were taken at each load level. This procedure

was followed throughout a test until the midspan load-

deflection curve plotted during the test by the X-Y recorder

indicated a decrease in load level with a substantial

increase in the deflection. At this point the specimen was

unloaded to zero load.

Upon completion of each test, the specimen was removed from

the test bed and the concrete slab was air-hammered from the

steel beam for visual inspection of stud failure. In order

to assess the soundness of studs remaining on the steel

beam, these were bent at least 45 degrees with a sledge

hammer. The studs were assumed to be undamaged if no

evidence of cracks was observed in the weld or in the stem

of the stud.

12





3. TEST RESULTS

3 . 1 Mode of Failure

Visual observations during tests and post-failure examina-

tions of the beams, the latter made by removing the concrete

slab, indicated that all test beams failed due to fracture

of shear connectors, either in the stem of the stud or in

the base metal. This is in agreement with the original

design criterion that shear failure of studs would precede

flexural failure of either the concrete or the steel beam.

Those studs which were sheared from the steel beam and those

remaining on the beam after the "bend test" are shown in

figure 3.1. It is seen in this figure that the final

failure of the beams was brought about by stud failure

primarily in one end of the beam. The actual number of

studs that sheared from the beam at ultimate load is not

known since fracture of studs undoubtly took place mostly in

the post ultimate load range. However, it is worthy of note

here that the shear failure of studs was not confined to the

shear span alone but also extended into the constant moment

region. This suggests the transfer of shear force from

studs in the shear span to studs in the constant moment

region. Since no direct measurements were taken of the

force distribution on individual studs in this series of

13
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tests, no conclusive assessment can be made as to the

validity of such a postulation. It will be shown later,

however, that such a force transfer is possible as indicated

by computer analysis.

3.2 Ultimate Loads

The numerical values of the failure loads, P^
x

,
are listed

in table 3.1, together with several reference loads for

comparison. These include the working load, P , computed

with the connectors in the shear span according to the 1969

AISC specification*, the load corresponding to the plastic

moment of the steel beam alone, P
,

the load corresponding

to initial yielding of the tension flange computed using

transformed section, P^
, the theoretical ultimate load based

th
on the birectangular stress block, P^

,
assuming complete

composite action, and the ultimate load obtained from

computer analysis P . It is apparent from this table that

while none of the beams reached the respective ultimate load

of complete composite action, the number of studs used in

the beams was sufficient for all beams to exceeded P .

v

*No provision was given in the 1963 AISC specification to
compute the load capacity of composite beams having partial
shear connection.

14





3 . 3 Slip Measurements

The progressive increase in interface slip between the

concrete slab and the steel beam along the length of the

beam is plotted in figures 3.2 through 3.7. At several load

levels up to the ultimate load slip readings are plotted on

the vertical axis at specific points along the beam (see

Section 2.3). These points are connected by straight lines

with an assumption that the slip at midspan is zero due to

symmetry of the geometry of the beam and of the position of

the loads. The load positions are indicated by arrows.

The following points are worth noting in these figures.

First, in all beams the amount of slip developed along the

beam was nearly negligible up to about 20 kips. Subsequently

slip increased at greater rates, and in several beams, slip

increased more than tenfold for a load increment of about

20 percent of the previous load level. In beam 5G1 slip

increased substantially while the load dropped about 10

percent. The above observations seem to suggest that both

frictional and bond resistances were active up to this load

level. Secondly, contrary to a common supposition that the

maximum slip would take place at the ends of composite beams,

in several beams a maximum slip was observed at some distance

away from the end, although this maximum value was not

15



.



significantly greater than that of the end slip. An

examination of the slip plots indicates that this phenomena

is not related to either the location of loads or the

arrangement of shear connectors.

Since the degree of composite action, in general, is

dependent upon the amount of slip at the interface, the end

slip, although not the maximal value, does indicate the

overall slip behavior, and the loss of composite action may

be seen from plots of end slip. For each pair of beams of

the same shear span, the progressive growth of end slip at

the end which had the most slip is plotted in figures 3.8,

3.9, and 3.10. In these figures, it is apparent that as

noted in the previous figures, the slip at the end of the

beams was almost negligible up to the load level of about

20 kips for both the G and U series beams, indicating a

negligible loss of interaction between the concrete slab and

steel beam at this load level. Thus, it can be said that,

with the working load near or below the 20-kip load for all

the beams, complete interaction may be expected within the

working load range.

The magnitude of the end slip, except in the 3-ft shear span

beams, remained negligible up to about 85 percent of the

ultimate load. Only when near, or after reaching, the

16
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ultimate load did the end slip increase rapidly. This result

indicates that a high degree of composite action could be

expected if the load level is maintained below about 8

5

percent of ultimate load.

From this discussion it becomes apparent that discernible

differences in beam behavior due to different arrangements

of connectors should not be expected until after bond and

friction have been overcome, which would be in the post

working load range. A comparative examination of the test

results of the two types of beams having the same shear

span - figures 3.2 through 3.7 - reveals that in the post

working load range, the overall magnitude of slip along the

beam was indeed greater in the U series beams than in the

G series beams. When end slips are compared - figures 3.8,

3.9, and 3.10 -, a pronounced difference can only be seen in

the beams having 3-ft shear span. As the shear span

increased to 4 and 5 feet, the difference in the end slip in

the post working load range became negligible. For example,

in beam 3U1 the end slip was about 0.09 inch at 47.4 kip,

while in beam 3G1 it was about 0.035 inch at the same load,

or less than half the slip in beam 3U1 . On the other hand,

in beams 4U1 and 5U1 the end slip was either less than or

equal to that of beams 4G1 and 5G1 ,
respectively. The

difference in the slip behavior in the 3 - foot - shear - span

17
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beams should be expected because the total number of shear

connectors in the shear span of beam 3U1 was only 40 percent

of those in beam 3G1

.

In summary, slip was negligible up to the working load level

due to the restraint offered by bond and friction at the

concrete-steel interface. Slip would increase rapidly beyond

the working load level with the U series beams having a

greater slip than the G series beams, particularly when the

number of shear connectors in the shear span of the former

beams are less than 50 percent of that of the latter beams.

Thus, it follows that in order to resist slip, shear

connectors placed in the shear span are more effective than

the same number of shear connectors spaced over the entire

beam

.

3 . 4 Load-Deflection Curves

Midspan deflection, A
<£ ,

plotted against the applied load,

P, is shown for all six beams in figures 3.11, 3.12 and 3.13.

In each figure the test points of a pair of beams of the same

shear span are plotted for direct comparison of the differ-

ence in load-deflection behavior between the G series beam

and the U series beam. For ease of reference, the elastic

load-deflection curves of full composite section and of steel

18
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beam alone and the levels of the reference loads P
,w

th
and are also indicated.

The curves of elastic deflection due of bending and shear

were calculated using transformed sections. In calculating
|

shear deflection, the vertical shear carried by the slab

and by the steel beam are proportioned accordingly to the

respective area of the shear flow diagram, and only the

steel beam with its proportion of the vertical shear (about

75 percent) was used with an assumption that the web carries

all the shear. It was found that the shear deflection so

computed was sufficiently accurate when compared with the

one calculated by the strain energy method using the entire

cross section. For the beams reported herein, the shear

deflection ranged from 6 to 7 percent of the bending

deflection

.

These predicted deflections are close to the test results for

all six beams within the working load range. The deflection

plots thus indicate that, since no allowance was made for

interface slip in computing the elastic curves of the

composite sections, all the beams essentially behaved as a

beam having full composite action. This agrees with the

observation of negligible end slip in all beams below the

working load level. However, as pointed out earlier the

19





delay in the development of slip probably results from the

resistances offered by bond and friction.

Beyond the working load range, the experimental deflection

curves of the G and U series beams deviated from the linear

elastic curve with a rate of deviation greater in the U

series beam than in the G series. Since the diminution of

the flexural stiffness (El) is directly related to the loss

of interaction, this behavior can be related to the differ-

ence in the magnitude of slip distribution discussed in the

previous section, where slip was, in general, greater in the

U series beams than in the G series. With greater deflec-

tions in the U series beams than in the G series beams, it

follows that the loss of the flexural stiffness would be

greater in the former beams than in the latter.

The difference between the load-deflection behavior of the

G series beams and the U series beams was also evidenced by

the ascending and descending branches of the load-deflection

curve near the ultimate load. For example, if at ultimate

load, the deflection curves of beams 4G1 and 5G1 are compared

with those of beams 4U1 and 5U1 (figures 3.12 and 3.13), it

is seen that while beams 4U1 and 5U1 attained the ultimate

load gradually and thereafter unloaded in the same manner,

beams 4G1 and 5G1 reached the ultimate load shortly after

20





the deflection deviated from linearity and subsequently

unloaded at a steeper rate than beams 4U1 and 5U1

.

A similar difference in the deflection behavior, as was

observed between the G and U series beams of the 4- and 5-ft

shear spans, however, was not noted in the beams of 3- ft

shear span. The deflection curves of beams 3G1 and 3U1 in

figure 3.11 shows that both beams behaved the same where the

ultimate load was attained gradually and unloaded in the

same manner. This deflection behavior of beam 3G1 was

certainly contrary to what might have been expected if the

difference in deflection behavior is related to now shear

connectors are distributed. Having the extreme disparity in

stud arrangements between beam 3G1 and 3U1
,

it is expected

that such a difference to be more pronounced in the 3-ft

shear span beams than in the beams of 4- and 5-ft shear span.

One of reasons for absense of this behavior may be related

to the considerably lower concrete strength which beam 3G1

had (2900 psi) compared with the others (4200-5200 psi). The

effect of concrete strength on the shear connector behavior

investigated by others (19, 20) showed that shear connectors

behave in a more ductile manner in low strength concrete than

in high strength concrete. By extending this result to the

behavior of the studs in beam 3G1 , the ductile behavior

observed in beam 3G1 can be accounted for.
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In summary, below the working load level, all test beams

essentially behaved as beams having complete interaction

irrespective of the types of shear connector arrangement,

resulting in essentially elastic deflection behavior. How-

ever, above the working load level, a greater inelastic

deflection was observed in the U series beams than in the

G series.

3.5 Strain Measurements

Strain distributions over the cross section of each beam

at the midspan are shown in figures 3,14 through 3.19. It

can be seen in these figures that the discontinuity of the

strain at the concrete-steel interface developed from the

early stage of loading, indicating some small losses in

interaction between the concrete slab and the steel beam.

This discontinuity of strain became greater as the load

increased and, with the exception of beam 4G1
,

the top

flange strain of steel beams changed its sign from tension

to compression at ultimate load, thereby losing considerable

amount of composite action.

The degree of loss of interaction can be estimated qualita-

tively from the discontinuity of strains at the interface.

In the case of no composite action, the slab and the steel
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beam act independently of each other resulting in a complete

discontinuity of strain at the interface with the magnitude

of strains equal but in opposite signs both at the top and

bottom of the concrete slab and at the top and bottom of the

steel beam. On the other hand, in the case of full composite

action, both the concrete slab and the steel beam act as a

single member resulting in no discontinuity of strain at the

interface. Thus, the magnitude of strain at the bottom of

the concrete slab and the top of the steel beam are equal

and also in the same sign. By considering these two extreme

conditions, it is seen from the strain distribution plots

that all beams retained a high degree of interaction up to

the load level of about 85 percent of the failure load. The

magnitude of the strain discontinuity was less than 100

micro in/in at this load level. In addition, the top flange

strain of all steel beams remained in tension, indicating

the compressive force was acting only on the slab in devel-

oping the cross-sectional moment. Only near or at the

failure load, the strain in the top flange, except in beam

4G1, changed from tension to compression as a consequence of

a large slip at the interface.

Aside from the development of the discontinuity at the

interface, slip also had an influence on the curvature of

the slab and the steel beam since it reduced the
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effectiveness of composite action. When the slab or the

steel beam act either together or separately, they have the

same curvature. Any other intermediate interaction

conditions resulting from partial-composite action leads to

a condition where the slab and the steel beam take different

curvatures. Change in curvature as indicated by the slope

of strain gradient across the slab and the beam can be seen

in figures 3.14 through 3.19. At low loads the slope was

about the same in the slab and the beam. It was not until

the bottom flange of the steel beam began to yield (refer to

figures 3.20 through 3.25), that the slope began to differ

appreciably. Subsequently, except in beam 4G1
,
the steel

beam assumed its own neutral axis, which resulted in the

slab and the steel beam assuming different curvature.

The magnitude and the way in which the stress was

distributed over the cross section of the beams tested can

be derived from the cross-sectional strain plots (figures
i

3.14 through 3.19). For reference, the extent to which

yielding had penetrated into the steel beam is indicated by

the limiting line of the yield strain of the flange, e yff i n

each figure. From these figures it is seen that the bottom

flanges of all the beams had yielded prior to failure. In

beams 3G1 and 5U1, yielding extended up to about the mid

depth of the web. For the remaining beams, the yield pene-

tration remained in the lower part of the web.
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The concrete strain, on the other hand, remained elastic

throughout the entire loading range. The magnitude of the

strain at the top of the slab was only about 10 to 20 per-

cent of the ACI Code crushing strain of 0.003. The maximum

stresses that correspond to the observed strains at failure

were about 1800 psi. Hence, an approximate stress distri-

bution in the slab may be obtained directly from strain

distributions by multiplying strain by the modulus of

elasticity

.

3 . 6 Pushout Tests

In order to obtain the load-slip relationship of the studs

used in the beams, three pushout tests were performed. The

pushout specimens comprised a short steel column of W12x27

and a 6 in rectangular normal weight concrete slab cast on

each flange. The slabs were attached to the steel column

by means of two 1/2 x 3 in studs welded on each flange.

The flanges were greased prior to casting the slabs to

prevent bond and to reduce the effect of friction during

testing. The salient dimensions of the specimen and the

reinforcing details are shown in figure 3.26.

The specimens were covered with wet burlap and a sheet of

polyethelyne and cured for three days. After curing in the
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dry condition in the laboratory for a week, the specimens

were tested in a hydraulic testing machine of 600,000 lb

capacity. Load was applied on the steel column through the

spherical head of the testing machine and was distributed

evenly to the specimen through a 1 in steel plate and a

3/4 in plywood sheet.

The slip which took place between the steel column and the

slab at the level of the stud was measured with LVDTs (refer

to section 2.3). The transducers were mounted on the steel

flange and the plunger which travels through the core of the

transducer rested on an angle piece attached to the slab.

The averages of individual slip readings taken at each stud

location are plotted in figure 3.27. It is seen in this

figure that the load-slip relationship is nonlinear over

the entire range of the curve. It also appears from this

figure that the ultimate shear strength of studs is related

to the strength of concrete; however, the magnitude of slip

corresponding to the maximum load was about the same for all

specimens, 0.25 in.

For the theoretical analysis described in the next section,

a nonlinear mathematical expression representing the load-

slip relationship (Ref. 7, also refer to section 4.1) was
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used. The coefficients of the expression were determined by

means of the least square method based on the two curves of

higher strength concrete (4210 psi) . This expression is

shown in figure 3.27 by a dotted curve and it was used

throughout the theoretical analysis whenever the computer

program was used to analyze the test results.
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4. DISCUSSION OF TEST RESULTS

4 . 1 Computer Program

For theoretical analysis of the composite beams reported

herein, a computer program developed by Baldwin, et al
. , (3)

was used. This program assumes that the load-slip rela-

tionship of a shear connector in the beam is the same as

for a shear connector in the pushout specimen. To express

this relationship the authors have adopted a nonlinear

equation (7), Q = Ay/(1 + By), where Q is the load on a

shear connector, y is the slip, and A and B are constants

determined from pushout tests. Since the analysis is

applicable only to symmetrical beams under symmetrical

loading condition, the program was developed based on a

criterion that the slip at midspan is equal to zero.

To start the computational process, an arbitrary magnitude

of the center-span curvature is assumed and the correspond-

ing axial forces at midspan are evaluated. The moment and

the corresponding applied load are then computed. To

evaluate axial forces acting on any cross section along the

beam, the beam is sliced into many segments, each segment

containing an individual connector. The axial forces on the

cross section of each segment is computed successively from

28



*

.

I m



the center-most section to the end section over the support.

The axial forces on the center-most section are computed

using the axial forces computed from the assumed curvature

and the load-slip relationship obtained from pushout tests.

The axial forces on the next segment are computed by applying

the compatibility relationship between the slip at the

connector and the difference in the interface strain between

two successive connectors. This process is continued for

each segment of the beam toward the end of the beam. By an

iterative procedure the midspan force is corrected by means

of assuming different values of the midspan curvature until

the force in the slab at the end of the beam becomes zero.

A typical output includes beam deflections at quarter- and

midspan, slip distribution along the beam, force in shear

connectors and strain distribution in the cross section of

two consecutive connectors along the beam.

The computer time for each run of the program varies

according to the number of shear connectors in the beam

and more importantly the type of computer used. For the

beams reported herein and using UNIVAC 1108, the computer

time varied between 15 sec. to 1 minute. The author learned

after many trials that an intelligent guess on the magnitude

of the curvature increment, a part of the iterative procedure
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for the correction of the midspan force, is needed in order

to reduce the computer time.

In this report unless otherwise specifically stated, the

theoretical solution refers to the results obtained using

this computer program.

4 . 2 Interface Slip

It was pointed out in section 3.3 that the growth of slip

is greatly affected by friction and bond resistance at the

interface of the slab and the steel beam. In order to

assess the actual slip which would develop in the absence

of these resistances, the theoretical end-slip curves based

on computer analysis, which does not take these into

account, are plotted for each test beam in figures 4.1, 4.2

and 4.3. In these figures the theoretical predictions are

indicated in lines and the experimental results in symbols

as described in the figures. In the case where the

iterative process did not converge uniquely within a

specified number of iterative cycles, the computer analysis

was terminated at that point and only the curve obtained to

that point is shown in the figures. It is evident from the

theoretical curves that if bond and friction resistance

were absent, end-slip would develop immediately upon loading
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and would increase gradually. This indicates that, in the

absence of bond and friction, slip is a gradual process

rather than the abrupt phenomenon which was seen in actual

tests. In tests a sudden increase in slip is seen when the

force in the concrete slab became sufficient to overcome

these resistances.

In order to see whether the experimental slip distribution

along the beam seen in section 3.3 could be predicted

analytically, theoretical slip distributions along the beam

are plotted in figures 4.4 through 4.9. For comparison,

experimentally observed slip distributions are also shown

in the same figures in broken lines. It is seen that, in

general, the computer solution predicts remarkably well the

magnitude and shape of the slip distribution up to a load

level of about 85 percent of ultimate load. However, at or

near ultimate load a considerable discrepancy exists between

the two because a small change in load results in a large

change in slip. This seems to imply that while at low loads

the load-slip relationship of studs in the beam can closely

be approximated by the one obtained from pushout tests, the

same correlation cannot be expected at high loads.
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4.3 Deflection

To examine the influence of the bond and friction resis-

tances on the load-deflection behavior, the theoretical load-

deflection curves of all six beams are plotted in figures

4.10, 4.11 and 4.12, together with the experimental points

and the elastic curves. The computational procedure of the

theoretical deflection curve is such that it includes the

effect of slip, but it does not include the effect of the

bond- and friction-resistance. Thus, any difference in the

deflection characteristics resulting from these resistances

could be detected from the theoretical curves.

It is seen that in the elastic range, the theoretical curves

indicate greater deflection than the respective linear

elastic curves based on full composite action and experimen-

tal results, except in beams 3G1 and 3U1. Thus, at any

given load level the theoretical deflection is about 20

percent greater than the corresponding value on the linear

elastic curve. It is also evident that at low loads the

theoretical curves departed earlier from straight line than

the experimental curves. Since both of these disagreements

are attributable to the loss of composite action due to the

interface slip, it can be said that in the elastic range
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bond and friction provide a sufficient resistance to warrant

a complete interaction between the concrete slab and the

steel beam.

When over-all deflection curves predicted by the theory are

compared with the experimental results, the theory tends to

indicate more ductile behavior than observed in tests. This

tendency was more pronounced in the G series beams than in

the U series beams. In tests of beams 4G1 and 5G1 the load

dropped sharply after attaining the ultimate load at a

deflection of about one inch, whereas the theoretical curves

show a gradual unloading after attaining the ultimate load

at a deflection of more than three inches.

Since the characteristics of a composite beam predicted by

computer analysis are dependent mainly upon the input of

the load-slip relationship of studs, any difference in the

deflection characteristics between the ones predicted by

computer analysis and experimental results can be attributed

to the behavior of studs in the beam which is known to

differ from that in the push out. It appears from a

comparison of the theoretical deflection curves to the

experimental results that studs behave stiffer in beams than

in push outs.
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4 . 4 Comparison of Test Results with Theories

0 x
Table 4.1 lists the ultimate test moments, , and four

reference moments. The reference moments include the

ultimate moment obtained using the computer program, M
,

the
t

ultimate moment based on incomplete composite action by
»

Slutter and Driscoll (18), M
,
the ultimate moment computed

in accordance with the 1969 AISC specification with a load

w
factor of 2.0, M , and the moment computed based on the

simple birectangular stress block, M . For comparison the

ratios of the experimental moments to the reference moments

are tabulated in columns (7), (8), (9) and (10) in the same

table

.

The ratios of the moments reveal that the Slutter-Dr iscol

1

theory gives an upper bound estimate (col. 9) and the AISC

method gives a lower bound (col. 10). The spread of the

ratios is about 7 to 9 percent on either side of the perfect

correlation, 1.0. It is worth noting that all ratios in

column 9 are less than 1.0 (the Slutter-Dr iscol 1 theory),

whereas all ratios in column 10 are more than 1.0. This

suggests that, on average, the AISC method would estimate

conservatively the ultimate strength of composite beams

such as the ones reported herein.
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When the three solutions are compared, the computer analysis

gives a closer esitmate than both the Slutter-Driscol

1

theory and the AISC method. An average deviation is only 2

percent from the perfect correlation. To obtain such a

reasonably accurate estimate, several runs were necessary

using the present computer program. Even for a user who is

proficient with the program, the author feels that a minimum

of two runs is needed to obtain a solution within 5 percent

of ultimate load. However, it should be realized that the

computer output yields not only the ultimate strength but

also provides such useful information as slip and deflection.

4 . 5 Effect of Shear Connector Distribution on Ultimate

Strength

The difference in the ultimate strength as affected by the

distribution of shear connectors can be examined by plotting

the ratios of the maximun moments of two beams having the

same length of shear span but having different distribution

of connectors. A plot of such ratios of moments versus the

shear-span ratio (a/L) is shown in figure 4.13. In this

figure, because the strength of each beam was affected by

concrete strength, the maxium experimental moment of each

beam was divided by its own ful 1 - compos i tc ultimate moment

before taking the moment ratios. The ratios so obtained are

U Gdesignated as K"/K in the figure.
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For comparison, the ratios of moments predicted by various

theories are also plotted in this figure together with the

experimental results. It can be seen that theoretical

moment ratios range from about 0.8 to 0.9 for shear-span

ratios between 0.15 and 0.25. The test result, on the other

hand, shows a greater increase in the moment ratio from a

shear span ratio of 0.15 to 0.20. At 0.20 the difference

in the experimental ultimate moments of the two beams, one

having uniform spacing of studs and the other group spacing,

is only about 3 percent. As the shear-span ratio increased

to 0.25, the moment ratio remained nearly constant at about

0.98. Although a specific inference can not be be drawn to

such a substantial increase in the moment ratio at a/L = 0.2,

the experimental results indicate that the loss of ultimate

strength due to uniform spacing of studs, as compared with

spacing of studs within the shear span, is not as great as

the theories predict.

4 . 6 Distribution of the Interface Shear Force on Connectors

s

It was pointed out in section 3.1 that the removal of the

slab from the steel beam after testing revealed that the

failure of studs was not confined only to the shear span

but also extended into the constant moment region. This

experimental evidence indicates that not only those studs
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in the shear span were resisting the shear force but also

studs in the constant moment region participated in resist-

ing the shear force. From this reasoning it follows that

the horizontal shear force at the interface between points

of maximum and zero moment had been greater than the sum of

the shear force provided by the connectors in the shear

span. Therefore, the excess shear force must had been

transferred to the studs in the constant bending moment

zone

.

To gain an insight into this shear force redistribution,

the analytical distribution of the force in studs along the

beam at ultimate load for each beam is plotted in figure

4.14 and 4.15 together with the corresponding analytical

slip distribution. These plots indicate that although shear

ceases to exist beyond the load point (see figure 2.1) the

studs in the constant bending moment region do participate

in carrying the shear force. The amount of shear force

carried by individual connectors is proportional to relative

positions of connectors to the position of the applied load.

The closer the position of connector to the load, the

greater the force it carries.

In order for the above described redistribution of shear

force to be valid, a mechanical means of transferring the
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force is needed, since the concrete alone is not able to

carry a large tensile force. The task of such force transfer

can only be assigned to the longitudinal reinforcement in

the slab.

At present, knowledge is limited to answer the question of

such shear transfer. A research program specifically

designed to study the effect of the longitudinal reinforce-

ment on the carrying capacity of composite beams is being

undertaken at the National Bureau of Standards.
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5. SUMMARY AND CONCLUSION

5 . 1 Summary

This report has described an experimental study of the be-

havior and strength of concrete-on- steel composite beams as

affected by shear connector spacing. As a primary variable,

two types of shear connector arrangements were investi-

gated: spacing of connectors according to shear diagram

and spacing uniformly over the entire beam span.

A total of six simply-supported beams was tested under two

symmetrically placed concentrated loads about midspan. As

the second variable, the position of the loads was varied

to study the effect of the shear-span ratio.

Tests were performed on composite beams comprising a

4 x 48 in concrete slab and a W12x27 steel beam of ASTM A36

steel. The slab and steel beam were interconnected by

1/2 x 3 in long headed studs. In addition to beam tests,

three pushout tests were made to evaluate the load-slip

relationship of the studs used in the beams.

Data procured consisted of vertical deflection measurements,

slip at specific points along the beam and cross-sectional

strain readings at midspan.
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Test results were analyzed and compared with existing

theories including the method given in the 1969 AISC

Specification

.

5.2 Conclusion

Based on the experimental results obtained and analytical

studies presented herein, the following conclusions can be

stated

:

1) Variation in shear connector arrangement has little
effect on the magnitude and distribution of slip
below working load level. However, in the post-
working-load range, the test results show that
placing shear connectors according to the shear
diagram is more effective in resisting slip
than having the same number of shear connectors
spaced uniformly over the entire beam span.

2) Within the working load range, all beams behaved
as if there were complete interaction. Thus,
the predicted deflections by elastic theory using
a transformed section were very close to the
experimental results. Deflections observed in
the post -working - load range, however, indicate
that a greater deflection will occur in a

beam with studs spaced uniformly over the beam
span than in a beam with studs spaced according to
the shear diagram.

3) The design procedure given in the 1969 AISC
specification gives a lower bound ultimate strength
and the incomplete - interaction theory by Slutter
and Driscoll gives an upper bound. For the test
results reported herein, the computer analysis
predicted the ultimate strength better than the
above two solutions.

4) Test results show that the provision given in
the 1963 AISC specification on the spacing of
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shear connector is acceptable without impairing
the ultimate strength for most loading conditions
including the one reported herein, provide the
ratio of the length of the concentrated shear
span to the length of beam is greater than 0.2.
Reduction of the ultimate strength due to
uniform spacing of shear connectors appears to be
less than 5 percent for the shear-span ratio of
0.2 or greater.
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8. APPENDIX II NOTATION

The following symbols are used in this paper:

f
c

M'
u
c

u
ex
u
G
u

th
u

u
u

w
u

p
c

u
ex
u
th
u

w

Q

Y

length of shear span;

average compressive strength of 6 in. x 12 in. concrete
cylinder

;

length of beam (support to support)

;

ultimate moment based on incomplete interaction theory;

ultimate moment by computer analysis;

experimental ultimate moment;

ultimate moment of a beam with studs spaced according
to shear diagram;

ultimate moment based on birectangular stress block
(complete interaction)

;

ultimate moment of a beam with studs spaced uniformly
over the beam span;

ultimate moment corresponding to the working load;

applied load;

load corresponding to plastic moment;

load corresponding to M ;

experimental ultimate load;

ultimate load corresponding to M**
1

;

working load based on the 1969 AISC Specification;

theoretical first yield load of tension flange;

load on shear connector;

slip;
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= flange yield strain of steel beam

A £
= midspan deflection,

Gy = yield strength of steel beam; and

y = micro (0.000001).
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9. TABLES AND FIGURES
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Type
of

Specimen

No. of
Tests

Yield*
Strength
(ksi)

Static Yield
Stress
(ksi)

Tensile
Strength
(ksi)

Flange 4 - 31.71 59.24

Web 4 - 38.51 64.47

1/2 in.

Stud
3 54.57 - 68.00

*Based on 0.2 percent offset strain

TABLE 2.1 Material Properties of Steel

Beam No. of*
Tests

Age
(Days)

Compressive
Strength
f '

c
(psi)

Splitting
Tensile
Strength

f,
sp

(P si)

Computed**
Modulus of

Elasticity
E
c

(psi)

3G1 3/3 7 2900 360 3,103,000 9.54

4G1 3/3 7 5280 475 4,187,000 7.07

5G1 3/3 9 4370 420 3,809,000 7.77

3U1 3/3 6 4490 430 3,861,000 7.67

4U1 3/3 8 5000 400 4,070,000 7.27

5U1 3/3 6 4260 400 3,760,000 7.87

* 3 tests for f' and 3 tests for f gp
** W = 145 lb per cubic ft. was assumed
*** Based on E

gt = 29,600,000 psi

TABLE 2.2 Properties of Concrete





Specimen p
ex
u

P
w

P
P

P
y

P
th

u
p
c

u

3G1 53.3* 23.4 34.4 44.8 65.6 54.6

4G1 39.4 18.8 25.8 34.4 52.1 41.9

5G1 29.7 14.7 20.6 27.3 41.0 33.4

3U1 47.9 21.7 34.4 45.6 68 .

6

46.5

4U1 38.8 16.8 25.8 34.3 51.9 36.4

5U1 29.3 13.6 20.6 27.3 41.0 30.1

*A11 loads are in kip

sx
P = Experimental ultimate load,
u

= Working load according to the 1969 AISC specification.

Pp = Load corresponding to the plastic moment of the steel beam alone.

P = Load corresponding to initial yielding of the tension flange
^ for the composite beam.

P
t^ = Theoretical ultimate load based on birectangular stress

block assuming full composite action.

c
P = Theoretical ultimate load based on computer program

solution.

TABLE 3.1 Experimental and Reference Loads
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SHEAR

MOMENT

FIGURE 1.1 Shear and Moment Diagrams for a Beam with

Distributed and Heavy Concentrated Loads
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FIGURE 2.1 Test Loading Condition
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SECTION A-A

FIGURE 2.2 Dimensions and Details

of Test Specimens
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FIGURE 2.3 Loading Arrangements and

Shear Connector Spacing
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FIGURE 2.4 Form and Reinforcement

for Beam 3G-1
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FIGURE 2.6 Location of Instrumentation
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FIGURE 3.26 Details of Pushout Specimen
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FIGURE 4.1 Theoretical Load-End Slip Curves

for Beams 3G1 and 3U1
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