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Turs paper deals with the composite bridge consisting of longitudinal steel I beams
supporting a reinforced-concrete slab connected to the beams in such a manner that
the bridge acts similarly to a monolithic structure. Three subjects are treated: 1) the
behavior of composite steel and conerete T beams, 2) the function and action of the
shear connection between the concrete slab and the steel I beams, and 3) the behavior
of composite I-beam bridges of both simple and continuous spans. Particular attention
is given to the differences between composite and noncomposite construction. It is
shown that the composite structure is tougher than its noncomposite counterpart
but that this greater toughness will be realized fully only if the shear connection is
capable of providing good interaction between the steel beams and the concrete slab
at all stages of loading up to the ultimate capacity of the structure. Criteria for the
design of such composite T beams and their shear connections are also discussed.

The material included in this paper is based primarily on the results of extensive
analytical and experimental studies made at the University of Illinois in codperation

with the Illinois Division of Highways and the Bureau of Public Roads.

@® ONE of the most-common types of high-
way bridges is the I-beam bridge with a rein-
forced-concrete slab as the roadway. Such a
structure may be built with the slab either
resting freely on the top flanges of the I-beams
or connected rigidly to them. The latter type,
the composite I-beam bridge, is a relatively
recent development, and its popularity has
been increasing steadily. The practical appliea-
tions of composite construction have raised
numerous problems which have heen the
object of several experimental investigations
both in this country and abroad. Among the
most extensive studies are those of Ro§ in
Switzerland (1), Maier-Leibnitz (2) and Graf
(3, 4) in Germany, Thomas and Short in
England (5), and the studies made at the
University of Illinois (6,7, 8, 9, 10). References
to other work on composite construction may
be found in a selective hibliography included in
Bulletin 405 of the University of Illinois
Engineering Experiment Station (9).

The results of experimental and analytical
studies have been reported in detail in the
references quoted above, but a general sum-
mary and discussion of the knowledge ob-
tained through these studies is lacking. It is
the purpose of this paper to fill this gap by
presenting a general picture of the behavior

of composite I-beam bridges. However, the
scope of the paper is limited to a diseussion
of those effects inherent to composite construc-
tion; it does not include such general aspects of
the behavior of I-beam bridges as the distribu-
tion of wheel loads. For a discussion of some
of those problems the reader is referred to a
paper by Siess and Veletsos (11).

A second objective of thi# paper is to dis-
cuss criteria for the design of composite I-beam
bridges. Whereas behavior is a question of
facts substantiated by experimental evidence,
design criteria are necessarily a combination
of facts and opinions, or in other words, an
interpretation of the experimental evidence
in the light of a design philosophy. For this
reason, the parts of this paper dealing with
criteria for design should be regarded as
representing to some extent the opinions of the
authors.

The paper is divided into three parts:
1) composite T beams, 2) shear connection,
and 3) composite I-beam bridges. The effects
of the composite action between the steel
I beams and the concrete slab may be illus-
trated best by discussing the behavior of a
composite T beam composed of a single I
beam with an isolated section of the slab:
the behavior of such structural members is
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dealt with in the first part. The shear connec-
‘tion between the beam and the slab is an
-essential part of a composite structure, and
it is discussed in the second part. Some aspects
of the behavior of composite I-beam bridges
depend on the interaction of all elements of
the bridge; for example, the effect of composite
action on the transverse distribution of load
in both simple-span and continuous bridges
and the ultimate load-carrying capacity of
I-beam bridges belong in this category. Prob-
lems of this nature are dealt with in the third

part.
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COMPOSITE T BEAMS

The I-beam bridge shown schematically in
cross section in Figure 1(a) may be thought
of as being made up of several conerete-and-
steel T beams, each consisting of one steel
I'heam and a portion of the slab. The deforma-
tions of the T beams are, of course, inter-
dependent. If a load is applied to one T beam,
a portion of the load is transferred by the
slab to the remaining beams; as a result, all
beams deform. Since the load-distributing
action of the slab complicates the behavior
of the bridge, it is simpler to consider at first
only the effects of composite action on the
behavior of an isolated composite T beam
instead of the whole bridge.

Degree of Composite Action

Three types of T beams mayv be distin-
guished according to the amount of interaction

between the slab «nd the beam: (1) noncom-
posite, (2) fully composite, and (3) partly
composite. In a noncomposite beamn the slab
rests freely on the top of the I beam; that is,
under the action of a load the bottom surface
of the slab and the beam deform independently
when loaded, and the distribution of flexural
stress is similar to that shown schematically
in Figure 1(b) for a noncomposite beam.
The only interdependence between the de-
formations of the slab and the beam ecan be
found in their deflections, which are approxi-
mately the same for both elements. The equal
deflections make it possible to determine the
proportion of the load carried by each of the
two elements: the total load is distributed to
the slab and to the beam roughly in proportion
of their stiffnesses. Since the stiffness of the
slab is small compared to that of the beam,
the load carried by the slab of a noncomposite
beam is only a small fraction of the total load
carried by the I beam and the slab. For
beams corresponding to those used in highway-
bridge construction, the slab may carry about
5 to 15 percent of the total load, as long as
the concrete of the slab does not crack in
tension. However, ordinarily the slab of a
noncomposite bridge eracks under the action
of working loads and the stiffness of the slab
is thus considerably reduced; this leads to a
reduction of the contribution of the slab to
the load-carrving capacity of the structure.
Therefore, in the design of noncomposite
I-beam bridges, it is reasonable to assume
that all of the load is carried by the steel
I beams alone.

In a fully composite T beam, the slab is
connected rigidly to the I beam and therefore
cannot slide along the beam. Consequently,
the deformations of the bottom surface of the
slab must be the same as the deformations of
the top surface of the I beam, and the stress
distribution is the same as in a monolithic
strueture (Fig. 1(b), composite beam). This
integral action requires the transfer of hori-
zontal shear between the slab and the beam
by some sort of shear connection located at the
contact surface between the slab and the
I beam.

In a partly composite T-beam the slab is
connected to the I-beam but the connection
permits some slip between the two elements.
Since the slip is smaller than in a noncomposite
T beam, a partly composite T beam is an
intermediate case hetween a noncomposite
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and a fully composite beam. Consequently,
the stress distribution for a partly composite
T beam, shown in Figure 1(b), is also inter-
nmediate between those for noncomposite and
fully composite beam. For a discussion of com-
posite beams with incomplete interaction the
reader is referred to a paper by Newmark,
Siess, and Viest (12) and to the appendix of
Bulletin 396 of the University of Illinois
Engineering Experiment Station (§).

The slab is usually connected to the I beam
by a number of individual steel shear con-
nectors welded to the beam and embedded in
the concrete slab. When transmitting the
horizontal shear from the beam to the slab,
the shear connectors exert pressure on the
surrounding concrete and the concrete de-
forms. Clonsequently some relative movement
or slip oceurs between the slab and the beam,
and the interaction is not complete. However,
it is possible to provide shear connectors of
such strength and stiffness that the degree of
interaction is very high, with the result that
composite T beams having properly designed
shear connectors may be designed as beams
with complete interaction. For this reason
the remainder of this paper deals primarily
with fully composite beams.

Behavior of Composite T' Beams

The behavior of a composite T beam may
be illustrated best by considering its load-
deformation characteristics. Two load-strain
curves are shown in Figure 2. Both curves
are for the same T beam, except that the values
for the lower line were computed for no inter-
action between the slab and the beam.

If a composite T beam is loaded with a con-
tinuously increasing load, the load-strain
relationship is at first linear. After exceeding
the yield point strain in the I beam, the strain
increases at an increasing rate until the slab
crushes. The crushing of the slab is accom-
panied by a permanent decrease of the load-
carrying capacity of the T beam. Thus, the
behavior of a composite T beam may be di-
vided into three stages: 1) elastic stage, before
vielding of the I beam, 2) inelastic stage,
between first yielding of the I beam and crush-
ing of the slab, and 3) after crushing of the
slab,

During the first stage of loading the be-
havior of a composite T beam is elastic. The
position of the neutral axis does not shift
until yvielding occurs in the steel beam. Or-
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dinarily, the neutral axis of the composite
cross section is either in the beam or slightly
above the bottom of the slab. Thus the slab
remains uncracked and the section properties
may be computed on the basis of the gross
area of the slab. If the behavior of a composite
T beam is compared with that of a correspond-
ing noncomposite T beam, it will be found that
the deformations of the composite beam are
smaller. For the beams of dimensions com-
monly encountered in highway-bridge con-
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Figure 2. Effect of composite action on bottom-flange
strains.

struction, the bottom flange stresses, which
govern the design, are decreased by about 10
to 30 percent through composite action. The
magnitude of the difference depends primarily
on the ratio of the slab and beam areas; an
increase in this ratio results in an increased
effectiveness of the composite action in redue-
ing the governing stresses. The midspan de-
flection of a simple-span, composite T beam
is ordinarily 20 to 60 percent smaller than that
of a similar noncomposite T beam. The effect
of composite action on the governing stresses
depends on the relative section moduli,
whereas the effect on deflections depends on
the relative moments of inertia. The section
moduli are directly proportional to the mo-
ments of inertia and inversely proportional
to the distance of the bottom flange of the
I beam from the neutral axis. Since both the
moment of inertia and the distance of the
bottom flange from the neutral axis are larger
for the composite section than for the non-
compostte one, the effects of composite action
tend to compensate and the difference between
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the section moduli is smaller than the differ-
ence between the moments of inertia. Conse-
quently, the effect of the composite action on
the governing stresses is less marked than the
effect on the deflections.

The first stage of behavior ends and the
second stage begins when the steel beam starts
to yield at the location of maximum stress,
which is usually the bottom flange at midspan.
Ordinarily, it is assumed that first yielding
oceurs when the eritical stress reaches the
vield-point value of the steel in the I beams
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of the web and the flanges. The magnitude
of these stresses may be significantly large;
for example, in the tests made at the Univer-
sity of Illinois (9) compressive stresses of over
30,000 psi. and tensile stresses of over 18,000
psi. have been observed in wide-flange I beams,
21 in. deep.

Whereas the residual stresses due to rolling
are independent of whether a T beam is com-
posite or noncomposite, the residual stresses
due to welding the shear connectors and due to
shrinkage of the slab are present only in com-
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Figure 3. Residual stresses in composite T beams,

as determined from usual coupon tests or
specifications. Actually this is not the case,
since the first occurrence of yielding is influ-
enced by residual stresses existing in the beam
before application of the load. Three types of
residual stresses, shown in Figure 3, may be
present in a composite T beam; namely, those
caused by 1) nonuniform cooling of the hot
rolled I-beam section, 2) welding the shear
connectors, and 3) shrinkage of the conerete
slab.

The residual stresses due to rolling are
present in all commercially rolled I beams.
They are distributed nonuniformly throughout
the section approximately in a manner similar
to that shown in Figure 3(a); as a rule, the
maximum compressive stresses are located at
the middepth of the web and the maximum
tensile stresses are located at the junctions

posite T beams. During welding of shear
connectors, the upper flange of the I beam
is heated above the annealing temperature at
the locations of the welds. At first, the heating
of the upper flange results in an elongation
of the upper flange and an upward deflection
of the I beam; however, since the temperature
of the heated spots exceeds the annealing
temperature, this elongation, as well as the
accompanying upward deflection, are relieved
during the welding operation. The subsequent
cooling of the metal causes a contraction of the
upper flange and a downward deflection of the
I beam. Thus, the welding of shear connectors
sets up residual stresses distributed approxi-
mately as shown in Figure 3(b). The stress in
the bottom flange is tension. The magnitude
of these stresses depends on the number of
the shear connectors, the size and length of
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the welds, the size of the I beam, and the
welding procedure. Ordinarily these stresses
will be small; in the tests mentioned above
they were on the order of 1,000 psi.

Finally, the conerete slab shrinks and exerts
pressure on the shear connectors. As the steel
I beam resists these forces, compressive
stresses are set up in the top flange and ten-
sile stresses in the bottom flange, as in Figure
3(¢). The magnitude of the residual stresses
due to shrinkage depends on the magnitude of
the unit shrinkage of the concrete, on the
amount of relief afforded by creep of the con-

Case I

—

upward into the web toward the top flange
and along the bottom flange toward both
supports. Inelastic action is not confined to
the steel alone; at some load during the second
stage, the stresses in the concrete also enter
the plastic range. For sections at which in-
elastic action has occurred, the stress distribu-
tion is nonlinear, and the shape of the stress-
distribution diagram changes with load. Con-
sequently, the location of the netural axis also
changes, usually traveling upward as the load
increases. Once the steel beam has begun to
yield, the deformations increase at an increas-
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Figure 4. Idealized distribution of stress in composite T beams at ultimate load.

crete, and on the size of the beam and the
slab; in the Illinois tests tensions of up to 3,000
psi. were measured in the bottom flange of the
I beam.

It can be seen from this discussion that all
three types of residual stresses set up tension
in the bottom flnage. The magnitude of the
total residual stress may be significantly large,
but its exact value is uncertain. For this
reason it is virtually impossible to predict the
occurrence of first yielding with any reason-
able degree of accuracy. Fortunately, as will
be shown later, the load-deformation char-
acteristics of a composite T beam during the
initial phases of the second stage of behavior
are such that the uncertainty regarding the
exact load at which first yielding occurs may
not be too important from a practical point
of view.

During the second stage of behavior, the
steel beam continues to vield at the section
of maximum moment, and the yielding spreads

ing rate (Fig. 2). At first the rate of the in-
crease of deformations is not much different
from that observed during the first stage, but
as the zone of yielding approaches the upper
flange, a small increase of load is accompanied
by very large increases in deformation. The
load can be inecreased until the concrete of
the slab fails by crushing. The load at erushing
of the concrete, called in this paper the ulti-
mate load, is substantially in excess of the
load at first yielding and is reached only after
deformations several times in excess of the
elastic deformations take place. However, it is
important to note in Figure 2 that a consider-
able portion of this reserve capacity beyond
first yielding may be utilized while the plastic
deformations are still only slightly in excess of
the elastic deformations. It is for this reason
that the uncertainty regarding the exact load
at first yielding is not too significant.

The end of the second stage of behavior of
a composite T beam is reached when the con-
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crete of the slab crushes. At this load the neu-
tral axis of the composite section may be
located either in the slab or in the I beam, as
illustrated in Figure 4. The moment capacity
at this load, called the ultimate moment
capacity, may be evaluated with sufficient
accuracy from the assumptions shown in
Figure 4. When the neutral axis is loacted
in the slab, Case I, it is sufficiently accurate
to assume that the tensile stress in the steel
beam is uniformly distributed and equal to the
vield point stress of the steel, that the compres-
sive stress in the slab is also uniformly dis-
tributed and equal to the strength of concrete
determined by tests of 6- by 12-in. cylinders,
that the concrete is not capable of carrying
tension, and that the reinforcement of the
slab does not contribute to the load-carrying
capacity of the T heam. When the neutral
axis 18 located in the I beam, Case II, it is
sufficiently accurate to assume that both the
tensile and the compressive stresses in the
steel beam are uniformly distributed and equal
to the yield point stress of the steel, that the
compressive stress in the slab is distributed
uniformly and equal to the cylinder strength
of the concrete, and that the reinforcement of
the slab does not contribute to the load-carry-
ing capacity of the T beam. With these
assumptions, the position of the neutral axis
may be found from the equilibrium of hori-
zontal forces, and the ultimate moment ca-
pacity may be found from the equilibrium of
moments, as shown in Figure 4. Unlike the
load at first vielding, the ultimate moment
capacity, and therefore also the ultimate load
are unaffected by the residual stresses.

For the particular composite beam shown
in Figure 2, the ultimate load is 75 percent
greater than the load at first yielding; that is,
the reserve load eapacity beyond first yielding
is 43 percent of ultimate load. The similar
reserve capacity for the noncomposite counter-
part is only 14 percent. Furthermore, the ulti-
mate load on the composite beam is reached
only after deflections several times the maxi-
mum elastic deflections have occurred; in a
noncomposite beam the ultimate load is
reached at substantially smaller deflections.
Although these differences in the hehavior of
ultimate load of a composite and a noncom-
posite beam will be smaller for beams with a
relatively thin slab, it appears that the com-
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posite T beam is a considerably tougher strue-
ture than its noncomposite counterpart.

The third stage of behavior of a composite
T beam begins when the slab crushes. After
the slab has crushed, the load-carrying capae-
ity of the T beam is decreased considerably,
and from this point on the beam hehaves in
a manner similar to that of the same I beam
without the slab.

Effective Slab Width

In computing the section properties of a
composite T beam, it is usually assumed that
the slab is fully effective in carrying the com-
pressive stresses. This assumption is correct as
long as the stresses are distributed uniformly
throughout the full width of the slab. The
question of the stress distribution in the slab
of a composite T beam has been studied experi-
mentally (8, 9, 10). In these tests the width
of the slab of one specimen was approximately
11 times the slab thickness and one third of
the span length, in two other specimens it
was approximately 12 times the slab thickness
and one sixth of the span length. In all three
specimens the stress was distributed approxi-
mately uniformlyv over the full width of the
slab.

Effect of Shoring the Beam

A composite T beam may be built in either
of the two following ways: (1) the I beam is
placed on the piers, forms for the slab are
suspended from the I-beam, and the slab is
cast and (2) the I beam is placed on the piers
and is supported at intermediate points by
shoring, forms are built for the slab, the slab
is cast, and the shoring is removed only after
the slab has acquired the prescribed strength.
In the first case, that is, in a T beam bhuilt
without shoring, the weight of both the beam
and the slab is carried by the I beam alone;
only the live loads and that portion of the
dead load placed on the T beam after the slab
has hardened are carried by the composite
section. In the second case, i.e., in a T beam
built with shoring, the entire dead load as
well as the live load is carried by the composite
section. Thus it mayv be expected that the
hehavior of these two types of composite T
beams will differ. The AASHO Specifications
for Highway Bridges (13) recognize this dif-
ference and for shored beams allow the assign-
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ing of both the dead and live load to the com-
posite section.

The relative behavior of shored and un-
shored composite T heams is illustrated in
Figure 5. The three curves included in this
figure represent the load-strain curves (1) for
Beam 1 built with shores and shoring con-
sidered in the design, (2) for Beam 2 designed
and built without shoring, and (3) for Beam
3 designed without shoring but built with
shoring. Thus the dimensions of Beams 2 and
3 are identical, whereas Beam 1 is of smaller
size. All data included in Figure 5 were com-
puted for materials of similar properties
without regard to the creep of concrete.

It can be seen from Figure 5 that the govern-
ing strain or stress at the design live load is
equal for Beams 1 and 2, in spite of the smaller
dimensions of Beam 1, and smaller for Beam 3
even though its dimensions are the same as
those of Beam 2. Thus, at the design live
load, the shoring seems to have a beneficial
effeet on the behavior of a composite T beam.
However, the situation is different at first
vielding and at the ultimate load. Of the three
beams, Beam 1 vields at the lowest live load,
Beam 2 at a substantially higher live load,
and Beam 3 at a slightly higher live load than
Beam 2. A comparison of live loads correspond-
ing to the vield point strain for Beams 2 and
3 shows that some beneficial effect of shoring
may he observed at first yielding, although
percentage-wise this effect is much smaller
than at the design stress. And finally, the
ultimate load, not shown in Figure 5, is equal
for Beams 2 and 3 but substantially smaller
for Beam 1. Thus, shoring has no effect on the
ultimate load.

The magnitude of the effects of shoring
increases with increasing ratio of dead to live
load. Since the dead-load-to-live-load ratio is
larger for long spans than for short spans, the
magnitude of the effeets of shoring will gen-
erally increase with increasing span length.
At the design load, the dead-to-live-load
ratio may be as much as 1.0 or more; at first
vielding, however, this ratio will be only a
fraction of this value. Consequently, the effect
of shoring at the yield load will be much
smaller than at the design load. If then one
heam is designed with shoring and another
without shoring according to the provisions
of the AASHO Specifications for Highway
Bridges (13), the factor of safety against first

AND BIESS: COMPOSITE

BRIDGES 167
vielding will be larger for the unshored than
for the shored beam. The same is true for the
factors of safety against ultimate failure, ex-
cept that the difference between the factors of
safety for the shored and the unshored beams
is greater at ultimate than at vield loads.

The curves in Figure 5 were computed
without consideration of the creep of concrete.
In a composite beam built without shoring,
the creep presents no problem, since all or
most of the sustained load, the dead load, is
carried by the steel beam. The slab assists
only in carrying the live load which, in a
highway bridge, is usually of short duration.
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Figure 5. Effect of shoring on strains in composite T
beams.

Thus, in such a beam the slab is not subjected
to a permanent stress which will cause creep
of the concrete. On the other hand, in a com-
posite T beam built with shores, the slab
is subjected to a permanent compression
caused by the dead load. This permanent
stress will result in creep, or more correetly,
in relaxation of the conerete, which is followed
by a redistribution of stress in the T beam.
The change in the distribution of stress is
shown schematically in Figure 6. It can be
seen that the stress in the slab decreases,
the neutral axis of the composite section
moves downward toward the centroidal axis
of the I beam, and the governing stress in the
bottom flange of the I beam increases. In
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other words, creep results in a decrease of the

contribution of the slab to the resisting capac-
ity of the seetion and, consequently, de-
creases the beneficial effect of shoring on the
governing stresses. The decrease of the slab
stresses due to creep is approximately pro-
portional to the magnitude of the initial slab
stresses. Consequently, the effects of creep will
be relatively large in composite T beams with
high initial permanent stresses in the slab.

It may be stated in summary that, although
shoring has a favorable effect on the behavior
of a composite T-beam, the effects are fairly
large only at the design load; they are small
at the vield load, and the ultimate load is
not affected at all. Furthermore, the beneficial
effect of shoring is partly offset by creep of
the concrete. If, then, a design is based on
working load conditions, the factors of safety
both against first yielding and against ultimate
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failure are smaller for the shored than for the
unshored beams. If, on the other hand, shor-
ing is used but its effects are disregarded in
the design, the factor of safety against first
vielding is slightly greater for. the shored
beam, while the factor of safety against ulti-
mate failure is the same for both the unshored
and shored beams.

Criteria for Design

It has been shown that a composite T beam
is a tougher structure than a noncomposite
T beam. However, the full benefit of composite
action is realized only if the interaction is
complete at all stages of loading, up to the
ultimate load. Since the degree of interaction
depends on the shear connection, the shear
connection of a composite T beam should be
made strong enough to transfer practically all
of the horizontal shear from the slab to the
I beam at all stages of loading up to the ulti-
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mate. How this can be done will be discussed
in the next section.

A composite T beam with complete inter-
action may be designed as a homogeneous
beam. In computing the moment of inertia
of its cross section, the transformed area of
the slab should be considered, that is the area
should be divided by the modular ratio n. An
example of the design of a composite T beam
may be found in a paper by Newmark and
Siess (14).

The choice of the effective width of the slab
cooperating with the steel I beam depends on
the spacing of the I beams in the bridge, the
length of the span of the I beams, and the
thickness of the slab. Although only a few
tests are available on this subject, it seems
that the provision of the AASHO Specifica-
tions for Highway Bridges (13) for the effective
width of the slab of composite beams may
reasonably be expected to apply. This provi-
sion requires that the effective width shall
not be greater than: 1) the spacing of the I
beams, 2) one fourth of the span length; or
3) twelve times the minimum thickness of
the slab,

Composite beams built without shoring
should be designed as noncomposite for dead
load and as composite for live load. Composite
beams built with shoring should ordinarily
be designed in the same manner. In exceptional
cases when the effect of shoring is large, hoth
the dead and the live loads may be assigned
to the composite section; however, it is im-
portant in such case that the design be made
not for working stresses but for stresses at
first vielding and that the effect of creep be
taken into account. The creep may be ac-
counted for by taking a modular ratio n
equal to 20 to 30 in the computation of stresses
due to dead load.

SHEAR CONNECTION
Purpose and Types

The concrete slab and the steel I beam of a
composite T beam are interconnected by
means of a shear connection. The purpose of
the shear connection is twofold: 1) to pre-
vent relative movement between the beam
and the slab and 2) to transfer horizontal
shear from the slab to the beam. The relative
movement between the slab and the I beam
may be either horizontal or vertical. Therefore
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the shear connection should be capable of
anchoring the slab in both directions.

The shear connection may be continuous

intermittent; an intermittent connection
ties the slab to the beam at several locations
spaced at regular or variable intervals. A
continuous shear connection strong enough
to transfer all of the horizontal shear and to
prevent vertical separation of the slab from
the beam at all loads up to the ultimate
would be an ideal connection. However, ac-
cording to existing knowledge, such an ideal
connection cannot be built. On the other
hand, as long as certain rules are observed,
ail intermittent connection is practicable
which provides such a high degree of interac-
tion that, for all practical purposes, it may be
considered as perfectly rigid. Beams with such
a shear connection may then be considered as
composite beams with complete interaction.

The only kind of the continuous type of
shear connection known at present is that
provided by bond between the slab and the
I beam. This type of connection is called, in
this paper, a bond connection. An intermittent
shear connection is provided by individual
shear connectors and is called a mechanical
shear connection. The functioning, advan-
tages, and disadvantages of the mechanical
connection and of the bond connection are
discussed in the following sections.

Mechanical Shear Connection

A mechanical shear connection is composed
of individual shear connectors attached to the
top flange of the steel I beam at constant or
-ariable spacing. It has been pointed out in
the previous paragraphs that such a connee-
tion cannot provide absolutely perfect inter-
action between the slab and the beam but
that it is a simple matter to design the shear
connectors so strong that the degree of inter-
action is practically complete at all stages of
loading up to and including the ultimate
load.

The individual shear connectors are usually
short pieces of steel, welded on the top surface
of the steel I beam and embecded in the con-
crete of the slah. The shape of the connectors
may easily be chosen such that the connectors
provide mechanical anchorage in the hori-
zontal as well as in the vertical direction. If,
then, the individual connectors are spaced
close together, the independent vertical move-
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ments of the slab are also substantially pre-
vented.

The numerous shear connectors proposed
and used may be grouped into three types
according to their behavior when loaded:
1) stiff connectors, 2) flexible connectors, and
3) bond connectors. Although the behavior
and design of the three types of connectors
differs, this difference will affect only the de-
sign of the individual shear connectors, but
not the design of the shear connection as a
whole or of the composite T beam. The de-
sign criteria for the shear connection should

(a) StiFF Connectors

Square Bar Angle on End
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Figure 7. Types of mechanical shear connectors.

be the same, irrespective of the type of
connectors used. Unfortunately, as a result
of an insufficient knowledge of the behavior
of the individual shear connectors, the various
existing tyvpes are not designed on a common
basis, and the resulting T beams do not have
the same factors of safety against the failure of
their shear connection. It is extremely difficult,
therefore, to make an objective comparison
of the efliciencies of the various types of con-
nectors.

Two representative connectors of each type
are shown in Figure 7. The stiff connectors
are represented by a square steel bar with a
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loop made of a round steel bar and by a rolled-
steel angle placed on end with a steel bar
welded across the upper end, the steel bars
being provided for the purpose of vertical
anchorage. The first of these two connectors
has been used in Germany, and its behavior
was studied by Graf (3). The second connector
has been used in this country, and a few
small-scale laboratory experiments with this
type of connector (but without the bar for
vertical anchorage) were carried out at the
Untversity of Illinois (8).

The flexible connectors are represented in
Figure 7 by a steel plate and by a rolled-steel
channel placed on one flange. Both of these
connectors were tested at the University of
Illinois; these tests included a few small-scale
tests of the plate connectors (§) and extensive
investigations of the behavior of the channel
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Figure 8. Flexible channel connector, pressure dis-
tribution.

connector (8, 9). The channel connector is
used extensively in this country,

The bond connectors are represented by a
steellhook formed from a steel bar, and by a
helix made from a round steel bar. The first
type has been used in Europe and Australia
and was tested by Ro$ (1) and Maier-Leib-
nitz (2). The helix was one of the earliest
types of shear connectors developed and has
been used extensively both in this country
and in Europe. It has been investigated by
Ro§ (17); however, these tests were limited
in scope and the behavior of this type of con-
nector is still not well understood.

Behavior of Mechanical Connectors

Flexible Connectors. A flexible shear con-
nector is characterized by its low flexural
stiffness. If loaded, flexural stresses of sig-
nificant magnitude occeur in the connector,
the connector deflects, and the pressure ex-
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erted by the connector on the surrounding
concrete is distributed nonuniformly. Since
the connector is embedded in the concrete,
its behavior is similar to that of a dowel em-
bedded in an elastic medium and having one
end fixed against rotation and the other float-
ing freely in the surrounding medium. How-
ever, if various relative dimensions of the
connector do not exceed certain limits, the
height of the connector does not affect its
behavior, and the behavior of the connector
is similar to that of a long dowel fixed at one
end and embedded in an elastic medium.
Accordingly, the pressure on the concrete
is highest at the fixed end, decreases rapidly
with the distance from this end, and at some
distance changes direction; in other words,

it forms a wave of pressure alternating in

direction and diminishing in magnitude. The
stresses in the connector form a similar wave
and are highest also at the fixed end. Further-
more, several types of flexible connectors,
such as the channel connector, have a rela-
tively stiff, nondeflecting part at the fixed
end. If this is the case, the distribution of the
pressure on the concrete is modified in that
the maximum pressure at the fixed end is
approximately constant throughout the stiff
part of the connector and begins to decrease
sharply at the junction of the stiff and flexible
parts; the maximum stress in the connector
oceurs at this junction.

A good example of the flexible connector
with a stiff flange and a flexible web is the
channel shear connector shown in cross section
in Figure 8. This type of connector has been
the subject of extensive investigations at the
University of Illinois (8, 9), and its behavior
and design have been discussed in a separate
paper (18). The behavior of other types of
flexible shear connectors is similar to that of
a channel connector; however, the supporting
experimental evidence for various other flexible
connectors is insufficient to permit formulation
of any definite criteria for design.

A flexible-channel shear connector is a
short piece of rolled-steel channel with one
flange welded to the top flange of the I heam.
The welded flange is stiff and represents the
stiff part of the connector, whereas the web is
the flexible part. Connectors of practical sizes
made of channels rolled in this country have
such relative dimensions that the upper
flange of the channel does not influence the
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behavior of the connector. The actual dis-
tribution of the pressure exerted by this type
of connector on the surrounding concrete is
shown in Figure 8 as a dashed line. As de-
seribed above, this bearing pressure is uniform
adjacent to the stiff flange and nonuniform
adjacent to the web. The maximum bearing
pressure occurs adjacent to the stiff flange,
while the maximum steel stress in the channel
occurs at the junction of the stiff flange with
the web, that is at the height 2 from the welded
end (Fig. 8).

Since the purpose of the shear connector is
to transfer horizontal shear without permitting
any substantial movement between the slab
and the I beam, the deflections of the connec-
tor, when loaded, must be small. It can be
shown that this condition will be satisfied
as long as the stresses in the channel do not
exceed the yield point stress of the steel. For
channels of usual dimensions and concretes
of eylinder strength greater than about 2,000
psi., the pressure on the concrete is not critical
although it may be quite large, even exceeding
the cylinder strength of the concrete. The
reason for this phenomenon lies in the state
of stress in the concrete adjacent to the chan-
nel. Only a small portion of the slab area is
subject to high stress; therefore the surround-
ing concrete offers a considerable restraint to
the highly stressed portion and a triaxial
state of stress is present. It is known that
under such conditions concrete is able to
withstand stresses several times greater than
its unconfined compressive strength as deter-
mined from tests of control cylinders.

The critical stress in a flexible-channel
shear connector is the maximum stress in the
channel, which can be determined from semi-
empirical design formulas presented elsewhere
(18) or from the idealized pressure distribu-
tion diagram shown in Figure 8 as full line.
In other flexible connectors having ratios of
the height of the stiff part to the thickness
of the flexible web similar to those encoun-
tered in channel connectors, the design will
undoubtedly be governed also by the steel
stress. The steel stress might govern also the
design of flexible connectors having no stiff
part. If, however, the flexible connector has
a very high stiff portion, the pressure on the
concrete may become the governing factor, as
in a stiff connector.

Stiff Connectors. As the name of this type
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of mechanical shear connector indicates, the
stiffness of a stiff connector is large; when
loaded, the bending stresses in a stiff con-
nector are insignificant, and the distribution
of the pressure exerted by the connector on the
surrounding conerete is approximately uni-
form. However, this uniform distribution
exists only if the connector or any part of it
does not deflect. In some connectors, a portion
of the connector may deflect locally, although
the connector as a whole does not deflect; for
example, in an angle welded on one end (Fig. 7)
the relatively thin wings may be locally dis-
torted. Other connectors may be quite stiff,
if short, but if their height is large in compari-
son with the dimensions of the cross section,
bending and, therefore, a nonuniform distribu-
tion of pressure may result.

The stresses in a stiff shear connector are
low; thus the governing factor is the magnitude
of the pressure exerted on the concrete. If
the design of the shear connection is based
on the requirement that practically full com-
posite action be retained up to the ultimate
flexural capacity of the composite T beam,
a pressure corresponding to a certain limiting
deformation of the surrounding concrete might
be the criterion for the design of a stiff con-
nector. The upper limit of this governing pres-
sure is that pressure which causes crushing
of the conerete. The question of whether crush-
ing of the concrete or some limiting deforma-
tion of the concrete should govern the design
of stiff connectors has not been answered by
the investigations of this type of connector.
However, the work of Ro$ (1) and of Graf (4)
suggests that an allowable working stress of
about two thirds of the compressive strength
of concrete cylinders is a satisfactory value
for the design of stiff connectors.

Most of the stiff connectors have such shape
that they do not provide mechanical anchorage
in the vertical direction. For this reason hooks
or loops welded to the connector itself are
provided for the purpose of vertical anchor-
age. According to Ro§ (1) and Graf (4) these
hooks have little or no effect on the behavior
of the connector at working loads, but increase
the ultimate capacity of the connector. Both
Ro§ and Graf propose that in the design
of stiff connectors with additional wvertical
anchorages a certain portion of the total de-
sign load be assigned to these vertical an-
chorages.
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Bond Connectors. This category includes
connectors made of steel bars, usually round
or square, formed either into individual hooks
or loops, or into a continuous helix, or so-
called spiral. Connectors of this type can
transfer the horizontal shear by: 1) bearing
through the stiff part of the bar at locations
adjacent to the weld attaching the bar to
the beam, 2) bearing of the flexible bar at
sections away from the welds (at these loca-
tions the pressure is distributed nonuniformly),
and 3) bond between the bar and the concrete.

The limiting factor for the stiff part is the
pressure on the concrete which causes either
crushing of the concrete or an excessive slip;
the limiting factor for the flexible portion is
probably vielding of the steel at the point of
maximum stress; and the limiting value for
the bond is either the bond strength or
yielding of the steel in direct tension. For the
connector, as a whole, the strength of the
welds is an additional factor. Which of these
factors, or combination of them, should govern
the design of bond connectors has not been
answered by the investigations of this type of
connector (1, 2, 17).

Vertical Anchorage

It has been mentioned that the shear con-
nection should prevent vertical as well as
horizontal movement between the I beam and
the slab. The purpose of this requirement is
to insure the monolithic action of the com-
posite I beam and to insure a proper func-
tioning of the shear connection. If the shear
connection is furnished totally or partly by
bond on horizontal surfaces, it is obvious that
vertical separation of the slab from the beam
would destroy the bond and thus the shear
connection. If mechanical shear connectors
are used, their capacity may be greatly di-
minished if vertical separation can take place.
Although the concrete under any shear con-
nector is subjected to relatively high pressures
even at working loads, these high pressures
have no detrimental effect, because of the
restraint offered to the highly stressed concrete
by the surrounding less-stressed conerete and
by the flange of the I beam. However, in case
of vertical separation of the slab from the
beam, the restraint offered by the upper flange
of the I beam would be removed, and exces-
sive deformation or crushing of concrete might
result. Furthermore, vertical separation would
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cause redistribution of the pressures adjacent
to the connector and would thus change the
stress conditions in the connector itself.

Since the strength of bond in tension is
very small, the bond cannot be relied on for
vertical anchorage and mechanical vertical
anchorage is necessary. Some connectors,
such as a flexible-channel connector or a
helix, are of such shape that they provide the
needed vertical as well as horizontal anchor-
age (Fig. 7). Others, however, provide only
the horizontal anchorage. In such case, a
special vertical anchorage must be provided.

To insure monolithic action of a composite
T beam, it is important that vertical sepa-
ration be prevented as nearly as possible
throughout the length of the beam. Thus it
is important that the vertical anchorages
be spaced at small intervals.

Bond Connection

When a concrete slab is cast on the top of
a steel I beam, bond is established between
the concrete and the steel at the contact
surfaces during the hardening of the concrete.
If such a beam is subjected to a load smaller
than that at which the bond would break,
it acts as a composite structure, since the
bond provides the shear connection necessary
for the interaction between the beam and the
slab. Both laboratory and field tests have
shown that bond, if present, is an effective
shear connection (8, 9, 15, 16).

However, bond has some weaknesses which
make it an unreliable shear connection. In
the first place, although it is verv effective
at low loads, its strength is probably not suffi-
cient to maintain full interaction up to the
ultimate load. If a composite beam is loaded
beyond first yielding of the steel I beam,
large inelastic deformations take place in the
beam and the magnitude of the horizontal
shear increases in the vicinity of the sections
that have vielded. Although no experimental
evidence known to the writers is available, it
seems unlikely that bond would be sufficient
to transmit the shear in such regions. After
the bond has broken in one place, a progressive
bond failure may follow; consequently the
shear connection may be lost throughout the
full length of the beam as a result of local bond
failures in regions that have vielded. Further-
more, bond is very weak in tension so that its
ability to prevent relative movement of the
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slab in the vertical direetion is very limited.
Therefore, shrinkage and warping of the
slab as well as dynamie loading may destroy
the bond even at working loads. Failures of
bond have been observed both in the labora-
tory and in field tests (8, 9, 15, 16).

Whatever the cause of bond failure, it is
important to realize that once the bond is
broken it is broken forever. If reliance is
placed solely on bond, and the bond breaks,
the T beam changes from a composite struc-
ture to a noncomposite one, with a consequent
decrease in load-carrying ecapacity and in-
crease in deflection. Since some of the factors
which may cause the failure of bond cannot
be controlled by the designer, bond should
be considered as an unreliable shear connec-
tion.

Combination of Mechanical Connectors and
Bond

It has heen explained that bond is an un-
reliable shear connection, because it does not
have sufficient strength in tension to prevent
vertical separation of the slab from the beam
and because it is not probable that it would
be able to resist large deformational stresses
after the steel beam has vielded at some sec-
tions and probably cannot insure composite
action up to the ultimate load. However, if
bond were combined with good mechanical
vertical anchorage the first objection to reli-
ance on bond for shear connection would be
removed. Furthermore, it is possible, although
not very probable, that if bond is combined
with mechanical shear connectors, the bond
might exist up to the ultimate load. If this
were the case, considerably lighter shear con-
nectors could be used than is customary at
present. However, there is no experimental
evidence available which would support this
supposition. Therefore, until and unless such
evidence is available, the mechanical shear
connectors should be designed for full static
load, as will be explained in the section on the
criteria for the design of a shear connection.

Repeated Loading

The shear connection of a composite hridge
beam must withstand a large number of repe-
titions of the design loads as well as a few
overloads. Thus both static and fatigue
strength must be considered in the design.
The static strength of a shear connection and
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of individual shear connectors has been dis-
cussed in the preceding paragraphs. The fa-
tigue strength of a mechanical shear connec-
tion is discussed in this section.

It has been shown by tests that mechaniecal
shear connectors, as well as a shear connection
composed of such connectors, have no en-
durance limit within a reasonable number of
repetitions of the design load (7, 8). Thus,
the eonnection must be designed in such a
manner that it will withstand a certain num-
ber of repetitions of the design load before a
fatigue failure will probably occur. The design
procedures proposed by various investigators
usually provide a sufficient margin of safety
against a fatigue failure (7, 18).

An additional factor of safety against fatigue
failure is provided by bond. Although it is
known that bond is present in most composite
structures, at least for some time, it is not
considered in the design. However, as long
as bond is present, the shear connectors will
be required to transfer only a negligible propor-
tion of the shear; it may be expected that as
long as bond is present, the shear connectors
will not fail in fatigue. This hypothesis wus
substantiated by the results of tests made at
the University of Illinois (8). In these tests
all specimens were constructed with flexible-
channel shear connectors, and in most of the
specimens the bond between the steel beam
and the concrete slab was deliberately broken
before the tests were begun so that all of the
horizontal shear would be carried by the shear
connectors. However, in a few specimens
the bond was not broken before the fatigue
test was begun but failed during the course of
the tests, and in two specimens the bond re-
mained unbroken throughout the tests. The
specimens with initial bond withstood more
repetitions of load than the corresponding
specimens without bond, and the two speci-
mens in which the bond did not break at all
withstood over 2 million repetitions of load
without any signs of damage. Since it is
probable that bond exists in actual structures
at least for some portion of the life of the
structure, those design requirements which
are based on consideration of fatigue may not
be entirely applicable to shear eonnectors.

Criteria for Design

A composite T beam should be designed
with mechanical shear connectors to provide
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for the interaction between the beam and the
slab. The shear connection should be strong
enough to retain practically full interaction
at all stages of loading, up to the ultimate
flexural capacity of the composite T beam.
In order to achieve this goal, the shear con-
nection should be capable of transferring all
of the horizontal shear resulting from the
ultimate load without permitting any appre-
ciable slip to take place between the slab and
the beam.

The capacity of an individual shear con-
nector is governed either by the maximum
stress in the connector or by the maximum
pressure on the concrete, depending on the
type of connector. Some of the flexible con-
nectors, such as channel connectors, are
governed by the maximum steel stress. For
such connectors the maximum steel stress at
ultimate load should not exceed the yield
point stress for steel.

The load on an individual connector is
equal to the product of the spacing of the
connectors and the horizontal shear at the
contact surfaces of the beam and the slab.
The capacity of the individual connector
should be equal to the load acting on the con-
nector when the T beam is loaded for maxi-
mum shear with that load which causes the
beam to fail in flexure (the load correspond-
ing to the ultimate flexural capacity of the
beam).

A design procedure based on the criteria
outlined above is an ultimate design procedure
and as such requires a knowledge of the ulti-
mate capacity of the T beam. Since the pres-
ent design procedures for I-beam bridges are
based on working load rather than on ulti-
mate load conditions, it may be desirable to
design shear connectors also for working load.
This may be done by the use of certain con-
version factors as has been illustrated in a
paper on the design of channel shear connec-
tors (I8) or by the use of allowable stresses
with sufficiently large factors of safety as was
proposed for the design of stiff connectors by
Ros (1) and Graf (4).

COMPOSITE I-BEAM BRIDGES

Sitmple-Span Bridges

The distribution of load to the girders in
an I-beam bridge depends on the relative
stiffness of the T beams to the slab (71). If
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the stiffness of the I beams is high relatively
to that of the slab, the transverse distribution
of the load is small. In the elastic range of
stresses the stiffness of a beam section may
be expressed as the product of the moment
of inertia and the modulus of elasticity;
since the moment of inertia of a composite
section is substantially higher than the mo-
ment of inertia of a noncomposite section of
the same dimensions and since the stiffness
of the slab is approximately the same for both
structures, the relative stiffness is substantially
higher for the composite structure. Thus, in
the composite bridge there will be less trans-
verse distribution of load than in a similar
noncomposite bridge, as long as the stresses
are elastic.

It has been shown in the discussion of com-
posite T beams that their reserve capacity
beyond first vielding is substantially greater
than that of their noncomposite counter-
parts. Accordingly, the composite action
results in an increase of the reserve capacity
of an I-beam bridge. Furthermore, the reserve
capacity of the bridge bevond first yielding
is influenced also by the transverse redistribu-
tion of the load; if the redistribution in one
bridge is such that all T beams are stressed
to their full capacity, whereas in another
similar bridge the failure occurs after only
a few T beams have reached their full capac-
ity, the reserve capacity is higher in the
first bridge than in the second. Laboratory
tests of model bridges made at the University
of Illinois have demonstrated that in a non-
composite structure the I beams may fail by
torsional buckling, since the torsional restraint
offered to the top flange of the I beams is
only that offered by friction between the
slab and the beam. Thus, this type of bridge
may fail long before a substantial part of the
load has been redistributed to the remaining
beams. In a composite structure, however,
the shear connectors offer a substantial tor-
sional restraint to the I beams; as a result, a
premature torsional failure is not probable,
and a larger portion of the ultimate capacity
of all T beams is developed before the ulti-
mate capacity of the bridge has been reached.

The greater reserve capacity and greater
toughness of the composite I-beam bridge may
be considered to offset the unfavorable effect
of the greater beam stiffness on the wheel-load
distribution of elastic conditions. Although
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theoretically the maximum beam moments
at working loads should be about 8 percent
greater for a composite I-beam bridge than
for a similar noncomposite structure (10), the
AASHO Specifications for Highway Bridges
permit the same wheel-load distribution to be
used in both cases. This may be considered
as tacit recognition of the greater toughness
and reserve strength of the composite bridge.

Continuous Bridges

In composite, simple-span I-heam bridges
the concrete slab is in compression. In a
continuous bridge, however, some portions
of the bridge are subjected to negative mo-
ments and the slab in these regions is in ten-
sion. Since concrete is inherently strong in
compression hut weak in tension, it is impor-
tant to know how this difference in the proper-
ties of concrete influences the behavior of a
continuous bridge in the regions of negative
moments. Furthermore, the question arises
as to whether the behavior in the positive
moment region of a continuous bridge is the
same as the behavior of a simple-span bridge
and how the distribution of moments in the
negative moment regions compares with the
distribution of moments in the positive mo-
ment regions.

A continuous, composite I-beam bridge
may be built with shear connectors provided
either throughout the full length of the bridge
or only in the positive moment region. If
shear connectors are provided throughout
the full length of the bridge, interaction be-
tween the slab and the T beam will be present
in the regions of both positive and negative
moments. However, in the negative-moment
regions, the slab of a composite bridge is
stressed in tension, and since the concrete
can resist only tensions of magnitudes con-
siderably smaller than those which are caused
by the working loads, the slab will erack and
the reinforcement of the slab will be the only
element acting compositely with the I beams
in the regions of negative moments.

If the shear connectors are provided only
in the positive-moment regions, there is no
composite action between the slab and the
beams in the regions of negative moment.
Nevertheless, the slab still offers some degree
of restraint to the I beams, since it is an-
chored to the beams in the regions of positive
moment. In this case, as in a bridge with
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shear connectors in the negative-moment
regions, the slab is in tension; thus, the con-
crete cracks and only the slab reinforcement
contributes resisting capacity to the negative
moments. The stresses in the reinforcement
at the section of critical negative moment
are smaller than in a similar bridge with shear
connectors throughout; thus, the assistance
offered by the slab in resisting the ecritical
negative moment will be smaller if the shear
connectors are provided only in the positive-
moment regions. However, since the area of
the slab reinforcement is usually quite small
in comparison with the area of the I heams,
the resisting capacity of both types of com-
posite bridges to negative moments will be
only a few percent higher than that of the
I beams alone. Thus from the standpoint of
composite action it makes little difference
whether the shear connectors are provided
or left out in the negative-moment regions.

A possible reason for providing shear con-
nectors throughout the entire length of the
bridge might be for the purpose of vertical
tie-down of the slab. However, it should be
noted that the lengths of the negative-mo-
ment regions are relatively short, and further-
more, in these regions the curvature of the
deflected structure is the reverse of that at
midspan, so the slab tends to exert pressure
on the I heams instead of pulling away when
loaded.

The slab of a composite bridge is restrained
against shrinkage deformations, and the dan-
ger of cracking due to shrinkage is present.
It such eracking occurs in the positive-moment
regions, the cracks close under the action of
loads, since the slab is in compression. Thus
eracking will affect the behavior of the bridge
only at low loads. However, where the slab
is in tension, the shrinkage cracks open under
the action of loads and may be objectionable.
Although such cracks will not influence the
behavior of the bridge at working loads (the
concrete of the slab does not contribute to
the composite action), they may decrease the
resistance of the slab to punching, as will be
described later. However, it makes little dif-
ference whether shear connectors are present
in the negative-moment regions or not, since
the slab is restrained against shrinkage in
both cases.

In the negative-moment regions of a com-
posite, continuous I-beam bridge, the upper
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stress shown in Figure 4. How many of the
several beams in a bridge reach the fully
plastic stage depends on the type and position
of loading applied to the bridge. If a live
load is applied across the full width of the
bridge, the ultimate ecapacity corresponds
to a fully plastie state of stress in all beams.
However, if only a few concentrated loads
are placed on the bridge, especially if the
loads are placed eccentrically with respect
to the longitudinal axis of svmmetry of the
bridge, some beams will reach the fully plastic
state of stress, while others may not even
have vielded when the failure occurs. In
continuous bridges the situation at ultimate
load is more complicated, because in such
structures the ultimate capacity is reached
only after vielding occurs at two or more
sections, The phenomena of the ultimate
capacity of I-beam bridges through general
yielding are not well understood, and addi-
tional experimental and theoretical studies
of this question are needed.

From the standpoint of design, the mini-
mum ultimate capacity is important; that is,
the lowest load at which one of the possible
failures oceurs. However, in order to be able to
predict this minimum ultimate load, it is
necessary to understand all types of possible
failures. If such knowledge were attained, it
would he possible to base the design of com-
posite I-hbeam bridges on the ultimate instead
of on the working load behavior. A design
based on the ultimate capacity would have
two advantages as compared to present meth-
ods based on the elastic behavior. First, the
designer would have a clearer picture of the
actual factor of safety of the structure.
Second, it is probable that a design procedure
based on ultimate capaeity would be simpler
than one based on the elastic analysis.

Criteria for Design

Composite I-beam bridges should be de-
signed for complete interaction between the
slab and the steel beams. This requires that
the sheur connections be strong enough to
insure complete interaction up to the ultimate
capacity of the bridge. How this goal may
be achieved has been discussed in other parts
of thix paper.

Mechanieal shear connectors are a necessity
in the region of positive moment, i.e., through-
out the full length of simple span bridges
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and between the points of contraflexure in
continuous bridges. They may be omitted
in the regions of negative moment in continu-
ous bridges.

The portion of the wheel load assigned to
one beam may be the same for a continuous
bridge as for an equivalent simple-span bridge
and the same for the negative-moment regions
as for the positive-moment regions.

In designing a continuous, composite I-beam
bridge, composite action should be considered
in the regions of positive moment but may be
neglected in the regions of negative moment.
Actually, some composite action will be pres-
ent also in the negative-moment regions, but
since the reinforcement is the only compo-
nent of the slab which contributes to the resist-
ing capacity of the section in these regions,
disregarding composite action in the region
of negative moments will have no appreciable
effect on the behavior of the resulting struc-
ture.

SUMMARY

This paper has been concerned with com-
posite construction for I-beam highway
bridges. It is based principally on numerous
experimental and theoretical studies.

It has been shown that a composite bridge
structure consisting of several steel I beams
and a reinforced-concrete slab rigidly econ-
nected to the steel beams is generally superior
to a similar structure having no connection
between the beams and the slab. It has also
been shown that, in order to secure all of the
advantages of composite action between the
beams and the slab, the shear connection
should be strong enough to provide a prac-
ticallv complete interaction at all stages of
loading, up to the ultimate load, and must be
effective in preventing movements in hoth the
horizontal and vertical directions.

The shear connection should be provided
by mechanical shear connectors. Mechanical
shear connectors provide a reliable anchorage,
and although they always permit some relative
movement between the beams and the slab,
properly designed mechanical shear connectors
insure practically complete interaction at all
stages of loading. Natural bond between the
slab and the I beams is also capable of trans-
mitting horizontal shear but is an unreliable
shear connection, since it is weak in tension
and can easily be broken if the slab tends to
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separate from the beams. Furthermore, it is
questionable whether bond would remain
unbroken if the beam were loaded up to its
ultimate capacity.

Stiff, flexible, and bond types of mechanical
connectors are used at present. The hehavior
of these three types of connectors differs, but
all of them are capable of providing an ade-
quate connection. Design procedures for
several particular connectors have been pro-
posed and may be found in the literature.

Since the bond is unreliable and may break
during the life of the structure, it is recom-
mended that mechanical shear connectors
be designed for the full horizontal shear.

In the design of continuous, composite
I-beam bridges with shear connectors, the
designer may choose to place the shear con-
nectors throughout the full length of the bridge
or only in the regions of positive moments.
It has been pointed out that the presence or
absence of shear connectors in the regions of
negative moments has no appreciable influ-
ence on the static behavior of a composite
bridge, but that from the standpoint of the
fatigue strength of the I beams, it may be
undesirable to attach the shear connectors to
the I beams in the negative-moment regions.

The elastic distribution of moments to the
individual beams is approximately the same
at the sections of maximum positive and nega-
tive moments of a continuous bridge; it is
also approximately the same as in a simple-
span bridge of equal cross section but with a
span length equal to the distance between the
points of contraflexure. Thus, the beams of a
continuous, composite I-beam bridge may be
designed for the same proportion of a wheel
load as for a simple-span bridge.

In general, existing knowledge of the be-
havior of composite T heams, their shear
connection, and of composite I-heam bridges
is sufficient to permit safe and economical
structures to be designed and built. Never-
theless, further advances in the design of
structures of this type will require further
studies. The number of types of shear con-
nectors whose behavior is well known quan-
titatively is small and further research in this
direction would give the designer a wider
choice. And if it is desired to make it possible
to predict the ultimate load-carrying capacity
of the composite I-beam bridges, additional

DESIGN

experimental and theoretical studies arc

needed.
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