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THIS paper reviews the research on highway bridge floors carried out at the Uni
versity of Illinois during the period from 1936 to 1954 under the sponsorship of the 
Illinois Division of Highways and the Bureau of Public Roads. 

The object of this research has been to determine the behavior of reinforced-con-
crete slabs subjected to vehicle wheel loads and to investigate the effects of the many 
variables encountered in different types of bridge-floor construction. The methods 
used have included a combination of mathematical analyses as well as extensive tests 
on scale-model bridges and on full-size elements of bridges. 

Two types of bridges have been studied: the simple-span solid-slab bridge with 
integral curbs and the I-beam bridge. Tests have been made on both right and skew 
bridges of both types, and on both simple-span and continuous I-beam bridges. Ex
tensive analytical and experimental studies of composite action in I-beam bridges 
have also been made. In addition to these studies of actual bridge tj'pes, there have 
been several analytical and experimental investigations of fundamental problems in
volved in the behavior of slabs subjected to concentrated loads. 

The paper includes brief descriptions of each phase of the investigation with refer
ences to the several publications in which the research methods and results have been 
reported in more detail. 

# A FEATURE common to nearly all the complexity of the problem is increased, 
highway bridges is the reinforced-concrete And, finally, since in many cases the slabs 
slab which serves as the bridge floor and carries are either skewed or continuous, or both, the 
directly the concentrated loads imposed b j ' problem of designing bridge floors is one 
vehicle wheels. In some simple structures the requiring the utmost in knowledge and under-
slab may be the principal load-carrying mem- standing of the behavior and strength of 
ber, transferring the wheel loads directly to reinforced-concrete slabs carrying concen-
the piers or abutments. This ideally simple trated loads. 
case is seldom realized in practice, however, The bridge floor problem is twofold: First, 
since the integrally-cast concrete curbs the slab itself must be designed to support 
usually provided act as edge beams which wheel loads safely and transmit them either 
stiffen the slab and themselves carry a portion to the piers or abutments or to the supporting 
of the load to the abutments. Even more beams or girders. And second, the loads 
complex in its behavior is the slab supported transmitted by the slab to the supporting 
directly on beams, as in the I-beam or con- members must be determined so that they, in 
crete-girder bridge, or in the floor systems of turn, may be designed. 
truss bridges. In an attempt to answer some of the more-

The behavior of even a simple reinforced- important questions concerning the design of 
concrete slab subjected to concentrated loads highway bridge floors, a program of systematic 
is fairly complex. I f the slab is supported and coordinated research was begun in 
either wholly or in part by flexible beams with September of 1936 at the University of Illinois 
which it must cooperate in carrying the loads, in cooperation with the Ilhnois Division of 
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Highways and the Bureau of Pubfic Roads. 
This research program was referred to as the 
"Concrete Slab Investigation." 

O B J E C T I V E S AND S C O P E 

The purpose of this research program, as 
set forth in the formal agreement between the 
cooperating organizations, was ". . . to make 
investigations and tests of reinforced concrete 
slabs to determine the beha\dor thereof under 
varying conditions and to develop information 
which will advance the art of concrete bridge 
building." Within the framework of this 
broadly stated directive, an extensive program 
of analj-tical and experimental research has 
been carried out during the past 18 years. 

This research can be classified broadly into 
four categories: (1) fundamental studies and 
exploratory tests concerned with various 
aspects of the behavior of reinforced-concrete 
slabs; (2) investigations of the simple-span 
solid-slab bridge having integrally cast con
crete curbs, both right and skew bridges being 
considered; (3) investigations of the slab-and-
girder type of bridge, including both right 
and skew simple-span bridges and continuous 
right bridges; and (4) investigations of com
posite construction for I-beam bridges, with 
special attention to the function and behavior 
of shear connectors. 

The results of these investigations were 
reported initially in 16 progress reports, 14 
master theses, and 2 doctorate theses. How
ever, complete and detailed reports covering 
practically all phases of the work have been 
made available in 16 bulletins of the Uni
versity of Illinois Engineering Experiment 
Station; in addition, the results relating to 
particular aspects of the program have been 
reported or summarized in seven papers 
appearing in technical journals (see refer
ences). 

Because of the scope of this research and in 
view of the many previous pubUcations, i t is 
neither desirable nor necessary to present a 
detailed report on this project in the present 
paper. Instead, it will be the purpose of this 
paper to review and discuss briefly each phase 
of the work, to outline the problems considered 
and the methods used to solve them, to 

! mention the variables considered and the 
nature and Umitations of the results, and to 
indicate where the interested reader may 
find more detailed discussions of the research 

techniques, the results obtained, and recom
mendations for design. 

M E T H O D S O F A P P R O A C H 

All of the problems studied in connection 
with the investigation were attacked by a com
bination of mathematical analyses and labora
tory tests, correlated wherever possible with 
the results of field observations, and compared 
with current design practices as reflected by 
existing specifications or data furnished by 
design offices. 

]^Iathematical analj'ses alone are not suffi
cient to describe correctly and completely the 
behavior of concrete slabs or highway bridges 
under the action of concentrated loads. They 
are fimited by the assumptions on which they 
are based and by the fact that they are usually 
appficable only in the "elastic" range. Labora
tory tests alone are also fimited, since the 
results obtained cannot be considered to 
apply beyond the range of conditions actually 
encountered in the specimens tested. In the 
case of complex structures, such as those 
considered in this investigation, limitations of 
time, space, and money make it almost im
possible to cover a sufficient range of variables 
by purely experimental means. 

The solution to these problems involved a 
combination of anabases and tests. Usually, 
the analyses were made first in an attempt to 
determine the significant variables affecting 
the behavior of the structure. Since mathe
matical calculations can almost alwaj's be 
made more cheaply and more rapidly than 
laboratory tests, it was possible to study 
analytically a great many structures having 
a wide range of variables. On the basis of these 
analytical studies, experiments were then 
designed: variables were selected, specimens 
designed, and decisions made regarding the 
nature and quantity of the observations which 
should be made during the tests. 

Laboratory tests were made on many types 
of specimens, but the most significant were 
those on small-scale or full-size models of 
highway-bridge structures or elements of 
such bridges. The tests on slab specimens or 
on bridge models were carried out to (1) 
determine the extent to which the theoretical 
anah'ses were applicable and establish, where 
necessary, the differences between the condi
tions of the test and those assumed in the 
analyses and (2) observe and measure the 
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behavior and strength of the test structures in 
the range beyond yielding, for which the 
analyses were not applicable. I f the results of 
the tests agreed wi th those obtained theoret-
icallj ' , the analyses could then be used to ex
tend the apphcability of the experimental 
findings over a wider range. I f disagreements 
were found between tests and theory, they 
could usuall}- be explained and the analyses 
revised or modified accordingh'. This process 
of continually checking tests against analyses, 
and vice versa, was usually productive of 
results that could be applied with a fair degree 
of confidence to most structures in the range 
of practical designs, even though the scope of 
the tests was much moi'e limited. 

The method of attack may be summarized 
as follows: First, analyses were made to 
establish the variables and to aid in the plan
ning of tests. Next, tests were made on labora
tory specimens, usually scale models of high
way bridges. And finall}-, recommendations 
for design were developed, based on the results 
of both the anah'tical and experimental 
studies. The design procedures proposed as a 
result of these investigations have usually 
been made as simple as possible. I n some eases 
they represent merely simphfi cations of the 
original analyses, justified by the correlations 
between theory and tests. I n other cases, the 
procedures have been based primarily on the 
experimental results but have been stated in a 
form derived from or rationally related to 
the theoretical analyses. 

FUNDAMENTAL STUDIES 

A t the beginning of this project, and also 
from time to time during the course of the 
work, several anah'tical or experimental 
studies were made which were essentially 
fundamental in nature. By this i t is meant 
that thej ' have application to many problems 
in addition to those related specifically to 
highway bridges. Most of these studies, but 
especially those involving theoretical analyses, 
provided the basis and background for sub
sequent work on specific bridge types. I n 
other cases, the studies in this category were 
made as corollary investigations to answer 
specific but fundamental questions which 
arose during the later stages of the work. 

Analytical Studies 

A t the beginning of the investigation, during 
the period 1936-1937, two puiely analA-tical 

studies were made of the moments in simply 
supported slabs loaded with concentrated as 
well as distributed loads. Both of these studies 
were based on the ordinary theory of flexure 
for medium-thick plates or slabs, as were all 
other analyses made in connection with this 
project. They differed from each other, 
however, both in the type of slab analyzed and 
in the manner of obtaining solutions for mo
ments in the slab or in the supporting beams. 

Bulletin SOS. The analyses reported in 
Bulletin 303 (1) were made by the classical 
procedure of obtaining a solution of Lagrange's 
differential equation for the deflections of a 
slab. Algebraic e.xpressions were derived for 
moments in the slab and in the supporting 
beams for a large number of cases involving 
slabs simply supported on two opposite edges. 
Solutions were obtained for the infinitely wide 
slab with a single rigid crossbeam, a single 
flexible crossbeam, or two flexible crossbeams, 
and loaded wi th a single concentrated load 
at various positions. Another case studied was 
the semi-infinite simply supported slab carry
ing a concentrated load and having the finite 
edge either simply supported, fixed, free, or 
supported by a flexible beam. 

The rectangular slab simply supported on 
two edges and supported by flexible beams on 
the other two edges was treated at length 
because of its relation to the simple-span 
slab bridge wi th integrally cast curbs. Ex
pressions were obtained for moments in the 
slab and in the beams for a single concentrated 
load at various points on the slab, for a uni
form load over the entire slab, and for a line 
load along each beam. Solutions were also 
obtained for the rectangular slab having a 
center stringer as well as beams along each 
edge, for the edge-stifTened slab with the 
supporting beams continuous over interior 
supports, and for the three-stringer bridge with 
a continuous transverse diaphragm at mid-
span. 

Although most of the solutions are given 
only in algebraic terms, numerical values were 
computed in certain cases, notably the in
finitely wide slab with a rigid crossbeam, and 
the three-stringer bridge with a transverse 
diaphragm. I n the latter case, the ratio of 
width to span and the relative stiffness of the 
beams and slab were the variables considei'ed. 

Bulletin S04. The work reported in Bulletin 
304 (S) is concerned with a broadly applicable 
method of analysis rather than with particular 
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solutions for various oases of loading or sup-
])ort. The method presented nvdj he ajjplied 
to any rectangular slab, simply supported on 
two opposite edges with any type of support 
on the other two edges, and continuous over 
any number and spacing of rigid or flexible 
simple beams extending transversely to the 
simply supported edges. The slab may have 
sections of different stiffnesses (owing to 
variations in thickness or modulus of elastic
i ty) provided that the stiffness is constant 
over each rectangular section of the slab 
bounded by the two simph- supported edges 
and transverse lines thereto. Under certain 
conditions, torsional restraint offered by the 
beams may also be taken into account. 

I n its essential features, the analj^sis is 
similar to and derived from the moment-
distribution method of analysis developed b̂ y 
Hardy Cross for continuous beams and frames. 
Solutions are found in the form of terms in an 
infinite series, each term being obtained by 
numerical calculations involving fixed-end 
moments, stiffnesses, and carry-over factors 
applied to an analogous continuous beam. Any 
desired degree of accuracy can be obtained by 
taking a sufficient number of terms in the 
series. 

Bulletin 304 contains tabulations of the re
quired moment-distribution constants includ
ing stiffnesses, carrj'-over factors, and fixed-
end moments for concentrated loads, uniform 
loads, and line loads. The moment-distribution 
procedure was used extensively in connection 
with the analyses of slab-and-girder highway 
bridges but may be used also for many other 
problems involving slabs supported on and 
continuous ovei' flexible beams. 

Orthogonally Nonisotropic Slabs. Anah'ses of 
slabs having different flexural stiffnesses in two 
directions at right angles to each other were 
made in 1938-1939 and reported in a thesis 
(23). Algebraic expressions in finite form were 
obtained for the principal moments in simply 
supported, infinitely wide slabs and in rec
tangular slabs simply supported on two oppo
site edges and either simply supported, free, 
or fixed at the other two edges. Both uniform 
and concentrated loads were considered in 
most cases. Numerical values of the moments 
were computed for various ratios of the stiff
nesses in the two directions foi- the infinitely 
wide slab and for the rectangular slab simply 
supported on two edges and free on the other 
edges. Algebraic solutions were obtained also 

for certain cases of circidar slabs with axially 
s>'mmetrical loadings. These solutions are of 
fundamental interest in the theory of plates 
but also have ap])licability to concrete slabs 
with different amounts of I'einforcement in the 
two directions and to certain extreme cases of 
slab-anfl-girder bridges in which the beams are 
closely spaced. 

Experimental Studies 

Plaster-Model Slabs. Analyses of slabs by 
means of the ordinary theory of flexui-e do not 
yield cori-ect values of the stresses in regions 
near a concentrated load. Although special 
theories have been developed for computing 
these stresses, solutions for many important 
cases were not available and could not readily 
be obtained by analytical means. For this 
reason, tests of model slabs made of pottery 
l)laster, a form of exi)erimental stress anal>'sis, 
were made in 1937-1938 and reported in 
Bulletin 313 (S). Such tests yielded the desired 
information regai'ding maximum stresses, 
since the type of plaster used [possesses ueai-ly 
linear stress-strain characteristics up to the 
point of failure, and failure seems to occur at 
a limiting tensile stress. For these reasons, the 
load causing failure of a plaster slab ma>' be 
taken as a measure of the maximum tensile 
stress. The slabs tested were generally 1-inch 
thick and of 12-inch span. The variables 
studied were the shape of the slab, the manner 
of supjwrt, and especially the size and shape 
of the loaded area and its location relative to 
the edge of the slab or to a suppoi-t. A l l loads 
were relatively concentrated as compared to 
the dimensions of the slab. Both circular and 
rectangular slabs were tested. Conclusions 
regarding the effects of size and shape of the 
loaded area, based on these tests and subse
quently confirmed by tests on reinforced con
crete slabs, were of considerable value in the 
planning of later tests on scale-model bridges. 

Ultimate Strength of Beams. Since ultimate 
strength was considered to be as important as 
behavior at working loads, the problem of 
determining the maximum load-carrying 
capacity of reinforced-concrete slabs was 
encountered at almost all stages of these 
investigations. I n the belief that a clear 
understanding of the behavior of beams must 
precede any attempt to explain the behavior 
of slabs, an extensive fundamental study of 
the ultimate strength of reinforced concrete 
beams was undertaken and the results re-
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ported in Bulletin 345 (8a) and elsewhere 
{8b). The results of numerous tests made by 
others were analyzed and a rational procedure 
was developed for predicting the ultimate 
moment-carrying capacity of beams rein
forced in tension only. The expressions 
obtained for ultimate moments were rational 
in form and derivation but involved empirical 
factors, derived from tests on beams, to 
describe and account for the inelastic proper
ties of concrete. Although other theories con
sidering inelastic behavior had been presented 
previously, the procedures presented in 
Bulletin 345 were of particular value, because 
of their general nature and their abiUty to 
predict the behavior and strength of beams 
having widely varying properties. 

Arrangement of Reinforcement in Slabs. I n 
1941-1942, tests were made on 15 reinforced-
concrete slabs to determine the effectiveness 
of various arrangements of reinforcement in 
which the bars were not parallel to the direc
tion of the principal moment. This problem 
arose primarily in connection wi th the tests of 
skew slab bridges, but the results are appli
cable to other problems in reinforced-concrete 
construction. The slabs tested were 5 inches 
thick and approximately 5 feet square, and 
were tested on a 5-foot span. They were 
simply supported on two opposite edges and 
loaded at the one-third points of the span on 
lines extending across the fu l l width of the 
slab parallel to the supported edges. Each slab 
was thus subjected to a constant moment over 
the middle third of its span. Reinforcement 
consisted of two sets of parallel bars in the 
bottom of the slab. The bars in the two sets 
were oriented at various angles to each other 
and at various angles to the direction of the 
span and principal moment. A l l reinforcement 
was M-inch deformed bars, but the spacing 
varied in the different slabs or in the two sets 
of bars in the same slab. The effectiveness of 
the various arrangements of reinforcement 
was evaluated in terms of both the ultimate 
moment capacities of the slabs and the ob
served relationships between moment and 
strains in the reinforcement or in the concrete. 
Rational expressions were developed for 
determining the moment-carrying capacity 
corresponding to any arrangement of rein
forcement and for predicting the strains in the 
reinforcement and the concrete. The results 

of these tests and analyses have not yet been 
pubUshed but were reported in a thesis (26). 

Continuous Slabs. I n 1950-1952 a series of 
tests was made to study the effects of varying 
the ratio of positive to negative reinforcement 
on the manner and degree of cracking and the 
ultimate load-carrying capacity of slabs con
tinuous over several supports. This problem 
arose chiefly because the degree of cracking at 
any location in a continuous slab is a function 
of the amount of reinforcement, as well as the 
moment at the location, while the magnitude 
of the moment depends on the relative stiff
nesses of the various sections of the slab, 
which in turn is a function of the degree of 
cracking. These conditions had been encoun
tered in the tests of I-beam bridges, and i t was 
felt that additional fundamental studies were 
required in order to evaluate the many vari
ables affecting the complex behavior involved. 
Tests were therefore made on reinforced-
concrete slabs 3}^ inches thick and 8 feet wide 
and continuous over five nondeflecting sup
ports spaced 3 feet on centers. Four specimens 
were tested, the only variable being the 
amount and distribution of the positive and 
negative reinforcement. I n three slabs the 
total amount of reinforcement was kept con
stant while the distribution between positive 
and negative moment regions was varied as 
follows: 1.33-0.67, 1.00-1.00, and 0.67-1.33. 
I n the fourth specimen, only two thirds as 
much total reinforcement was provided, 
divided evenly between the positive and 
negative moment sections. A l l tests were made 
wi th concentrated loads applied at various 
locations on the slabs, and strains were meas
ured in the reinforcement and on the concrete. 
Because of the complexity of the problem and 
the limited number of tests, no generally 
applicable conclusions can be presented. These 
studies, however, yielded much information 
contributing to a better understanding of the 
behavior of continuous slabs. The results of 
these tests have not been published but were 
reported in two theses (28, 29). The second 
thesis contains a complete report of the tests 
together with analyses of the results, com
parisons with theory, and a limited set of 
conclusions. 

EXPLORATORY TESTS 

Simply-Supported Wide Slabs. The first 
laboratory tests of the concrete-slab investi-
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gation were made in 1937-1938 on two simply 
supported rectangular slabs having a width 
large compared to their span. This type of 
slab was chosen because i t conformed closely 
to the infinitely wide slab for which extensive 
analyses had been made by H . M . Wester-
gaard (SI). The purpose of these tests was to 
establish the relationship between the theo
retical and actual behavior of slabs subjected 
to concentrated loads, for a reasonably simple 
set of conditions. The test slabs were Q}4 
inches thick and 20 feet wide and were tested 
on a span of 6 feet 8 inches. They were loaded 
wi th a single concentrated load applied 
through a 6-inch circular disk at various loca
tions, all of which were sufficiently far f rom a 
free edge to permit the analysis for the in 
finitely wide slab to be used.'J| 

The slabs were first tested in the uncracked 
state wi th loads small enough that cracking 
would not be produced. A t this stage, exten
sive measurements were made of deflections 
and of strains in the concrete and the rein
forcement, for comparison wi th those pre
dicted by Westergaard's analysis. The slabs 
were then cracked by loading successively at 
various locations, and the cracking loads as 
well as the effects of cracking on the observed 
load-strain relationships were recorded. Next, 
a single concentrated load was applied at 
various points on the well-cracked slab, and 
strains and deflections were measured and 
compared wi th the results of the analysis. 
Finally, the slab was tested to failure under a 
single concentrated load. Since failure occurred 
locally by punching out a cone of concrete, this 
test was repeated at several locations on each 
slab. 

The first slab tested was supported along 
one edge on a series of reaction rings, devices 
provided to measure reactions by the deflec
tion of elastic rings. The results obtained from 
these measurements differed f rom the com
puted reactions by an amount which could be 
accounted for by the fact that the reaction-
measuring devices, though quite stiff, were not 
entirely nondeflecting as required by the 
theory. No attempt was made to measure 
reactions on the second slab. 

The procedures used and the results ob
tained in these tests have been reported in 
detail i n Bulletin 314 (4), and also have been 
discussed in Reference 14a. 

Square Slabs with Various Loaded Areas. 

Since the investigation was concerned prima
r i l y wi th the behavior of reinforced concrete 
slabs under the action of vehicle wheel loads, 
i t was planned to make all of the tests wi th 
loads representing the concentrations pro
duced by vehicle tires as far as possible. Be
cause tires vary in size and shape and because 
dual tires also had to be considered, a question 
was raised as to just how much the strains 
in a reinforced-concrete slab would be affected 
by variations in the size and shape of the 
loaded area. Tests were therefore made in 
1939 on 20 identical slabs, 6 inches thick, 5 
feet wide, and simply supported on a span of 
5 feet. The principal variable was the size and 
shape of the bearing block through which 
load was applied. The types used included: 
circular disks, 2, 6, 10 and 14 inches in diam
eter; circular rings, 1 inch wide and 6 or 14 
inches in diameter; and pairs of circular disks 
each 2 or 6 inches in diameter. The 6-inch disk 
was used wi th a layer of either sponge rubber 
or plaster of paris between the disk and the 
slab, while the sponge rubber was used in all 
of the other tests. 

The slabs were loaded at midspan and 
strains were measured in both the reinforce
ment and the concrete in the region immedi
ately beneath and adjacent to the load. The 
measured strains in the reinforcement under 
the load were practically the same for loaded 
areas ranging from 2 inches to 10 inches in 
diameter and including the 6-inch ring as well 
as the pair of 2-inch disks on 3-inch centers. 
For the larger loaded areas, including the 14-
inch disk and ring and a pair of 6-inch disks 
on 12-inch centers, the strains were generally 
smaller but again seemed to be independent 
of the actual shape of the loaded area. On the 
basis of these tests, i t was decided to use a 
circular disk bedded on sponge rubber in sub
sequent tests. The diameter was to be taken 
at 15 inches for the full-size structure and 
reduced as required in the tests of scale models. 

These tests have been described and the 
results reported in detail (4, Ha). 

Verification of Scale Models. The tests of 
wide slabs and of square slabs to determine the 
effect of the size of loaded area were made on 
full-size concrete slabs reinforced wi th 
standard-size deformed bars. Early in the test 
program, however, i t had become evident 
that much of the experimental work would 
have to be done with small-scale models, and 
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by 1939 the design of quarter-scale-model I -
Ijeani bridges had already begun. I n order to 
establish the reliability of such models as a 
means of representing the behavior of full-size 
slabs i t was decided to repeat the two series 
of tests just described, but using quarter-scale 
models. The dimensions of the model slabs 
were, in each case, exactly a fourth of those of 
the prototj'pe structures. The materials 
used were a sand-cement mortar for the slab 
and reinforcing bars consisting of 3'8-inch-
square, cold-rolled, SAE 1112 steel bars, pack 
annealed to lower their yield strength to about 
45,000 psi., and rusted in order to produce a 
surface capable of i)roviding good bond wi th 
the mortar. A total of 32 square slabs and four 
wide slabs were tested, duplicating the full-size 
tests in manner of support, size and shape of 
loaded area, location of loads, etc. Measure
ments included deflections, strains measured 
with a specially designed and constructed 
optical interferometer gage, yield loads, and 
punching loads. Because of occasional differ
ences in the properties of the materials, direct 
comparisons could not always be made be
tween the model and prototype slabs. How-
e '̂er, a careful comparison of the results 
showed that the scale models were capable of 
reproducing the behavior and strength 
characteristics of the full-size slabs quite 
closely. 

SIMPLE-SPAN SLAB BRIDGES WITH CURBS 

The simple-span bridge consisting of a 
solid, reinforced-concrete slab with integrally 
cast, reinforced-concrete curbs along each side 
of the roadway was studied both analytically 
and experimentally from 1936 to 1942. Both 
right and skew bridges wei-e studied. I n both 
cases, analyses were made first to determine 
the variables which had the greatest theoret
ical effect on the behavior of the bridges. 
Tests were then made on scale models of 
bridges i-epresentative of typical highway 
structures. The scale factors used ranged from 
a fifth to a half. On the basis of the analyses 
and tests, design procedures were developed 
for the simple-span light bridge wi t l i curbs. 

Right Bridges 

Analyses. Extensive analyses for moments 
in the simple-span, right slab bridge were 
reported in Bulletin 315 (5). These analyses 
were based on the algebraic solutions given in 

Bulletin 303 for the rectangular slab simjily 
supported on two opposite edges and sup
ported on the other two edges by flexible 
beams. I n the anah'tical treatment of this 
structure i t was assumed that the supporting 
beams exert only vertical forces on the slab, 
i.e., interaction between the slab and beam 
resulting f rom horizontal shearing forces, and 
forces exerted on the slab as a result of the 
torsional resistance of the beams are both 
neglected. The nature of this assumption is to 
create a considerable difference between the 
behavior of the structure analyzed and the 
actual bridge, particularly in the neighborhood 
of the curbs. Numerical values of the moments 
at various locations in the slab and in the curb 
beam are given in Bulletin 315 for a wide 
range of structures having various values of 
width to span and various ratios of beam to 
slab stiffness. The moments are given for a 
uniformly distributed load over the entire 
area of the slab, representing the dead load of 
the slab itself; for a line load distributed 
uniformly along each edge beam, rejjresenting 
the dead load of the curb; and for concentrated 
loads at various locations on the slab, repre
senting the forces exerted by truck wheels. 
Where truck loadings were considered, the 
span of the bridge was limited to 30 feet and 
the roadway width was limited to values 
corresponding to a two-lane bridge. 

Laboratory Tests. Since the analysis involved 
certain assumptions and approximations 
regarding the interaction of the'curb with the 
slab, i t was considered necessar}- to make 
tests of structures corresponding more nearly 
to typical slab bridges. During 1939-1941, 
tests were made on seven quarter-scale models 
and two half-scale models of bridges designed 
on the basis of the data given in Bulletin 315. 
The principal variables studied were the 
span length and the relative stiffness of the 
curb and slab. I n the prototype structures, the 
span varied from 10 to 30 feet. On one speci
men, handrails were included to determine 
their effect on the stiffness of the edge beam. 
A l l of the test specimens represented two-lane 
bridges with a 24-feet width of roadway. 

The quarter-scale models were divided into 
two groups. One group included span lengths, 
in terms of the prototype, of 10, 20, 25, and 
30 feet, each slab having curbs of ordinary 
proportions. I n the other group, the span was 
constant at 20 feet for the prototype, but the 
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stiffness of the curb was \-arie(l o\'er a faii'ly 
wide range from the slab with no curb to one 
with an ordinary curb stiffened tiy a rein-
forced-concrete handrail. The ])rincipal vari
able in the tests of the two half-scale models 
was tlie thickness of the slab, one slab being 
2 inches thinner (4 inches thinner foi' the 
prototype) than the other. Both had spans 
of 12.5 feet corresponding to 25 feet in the 
protot^-pe. 

The specimens were first tested in their 
initial uncracked condition, since at this stage 
the slabs conform more nearly to the homo
geneous and elastic conditions assumed in the 
theory. The slabs wei-e then s^'stematically 
cracked by apph'ing gi'oups of loads corre
sponding to the rear-wheel concentrations of 
two trucks at various locations on the bridge. 
I n general, influence lines for moments at 
critical locations were determined experi
mentally from the measui'ement of strains 
produced by loads placed at various locations 
on the structures, both before and after 
cracking. The bridges were next tested under 
groups of concentrated loads simulating the 
effects of one or two heavy axles. These loads 
were placed at various locations to produce 
maximum moments or sti'esses. The loads were 
increa.sed in increments and measurements 
made of strains at each increment in order to 
ol)tain information regarding the load-strain 
characteristics of the bridges. A l l bridges were 
eventually tested to failure under an added 
distributed load intended to make up the 
scale-model deficiency in dead load, together 
with a group of concentrated loads corre
sponding to the live load and placed so as to 
produce maximum moment at the center of 
the slab. 

The strains measured in the tests were 
compared with those computed from the 
analysis. Strains measured at the center of the 
slab in the principal (longitudinal) reinforce
ment, after cracking, were usually somewhat 
smaller than the calculated values, but the 
agi'eement seemed to improve as the span 
increased. The measured strains in the trans
verse reinforcement, howevei', were alwaj-s 
materially less than the calculated values. 
The measured compressive strains in the top 
of the curb at midspan were considerably 
larger than the calculated strains as a result 
of neglecting the interaction between the slab 
and the curb in the analyses. That such 

interaction was jiresent in the test bridges was 
indicated by a significant lowering of the 
neutral axis in the curb at midspan. 

The ultimate strength of these slabs, de
signed accoi'ding to tlie elastic theory, was 
shown to be quite high. I n most of the tests, 
the load producing first yielding of the longi
tudinal steel at midspan was equal to the 
dead load plus four to five live loads. I n 
addition, the structui-es usually possessed a 
reserve strength, beyond yielding, of about 
25 to 30 percent of the live load. 

The results of these tests have been pre
sented in Bulletin 346 (9). 

Recommendations for Design. Comparisons 
of the results of the tests with those predicted 
by the analyses indicated that the elastic 
analj'sis did not provide a suitable basis for 
design. For one thing, the moments carried by 
the curbs were found to be appreciable, and 
any design procedure for the curbs which 
neglected their interaction with the slab would 
lead to cross-sections and reinforcement 
which would be unsatisfactory in service. 
Moreover, designs based on maximum local
ized slab moments yielded structures having 
load-carrying capacities in terms of live load 
considerably in excess of those usually desired 
for highway bridges. The capacities of the 
test bridges seemed to be more closely related 
to the average moment across the width of the 
slab than to the maximum moment. 

On the basis of these findings from the tests, 
a modified method of design was evolved. This 
method is based partially on the analyses, 
since i t makes use of three empirical equations 
which were derived from the numerical results 
given in Bulletin 315. The principal features of 
this simplified method are that the structure 
is designed for a total resisting moment 
determined mainly by statics, i.e. a form of 
l imi t design, and the reinforcement in the 
curb is determined for a composite section 
which includes a portion of the slab acting as 
the lower flange of the curb beam. Both of 
these features were justified by comparisons 
with the results of the tests. The scope of the 
simplified design method was extended beyond 
the range considered in the analyses and tests 
to include bridges wi th unhke curbs, bridges 
having a center longitudinal joint with 
inverted curbs, spans up to 45 feet, and 
truck-trailer loadings. This design procedure 
is described in detail in Bulletin 346 (9) which 
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also contains comparisons between the results 
predicted by the simplified design procedure 
and those obtained in the tests of scale-model 
bridges. 

Skew Bridges 

Analyses. Analyses of skew-slab bridges wi th 
edge beams were made by means of difference 
equations. The difference-equation expressions 
for various networks of points suitable for 
use in connection wi th bridges having different 
angles of skew together wi th numerical solu
tions for moments in certain slabs, were 
presented in Bulletin 332 (6). The numerical 
solutions presented in this bulletin are for the 
unifornily loaded slab, simply supported on 
four edges and having skew angles of 0, 30, 
45, and 60 deg.; the uniformly loaded slab, 
simplj- supported on two edges and having 
skew angles of 0, 30, 45, and 60 deg.; and the 
45-deg. skew simple-span slab bridge wi th 
curbs. The latter structure was analyzed for a 
number of different loading conditions includ
ing both uniform and concentrated loads. 

More-extensive analyses of simple-span 
skew-slab bridges wi th curbs were reported 
in Bulletin 369 (13). Detailed analyses for 
moments in the slab and curbs for various 
combinations of dead and live load were made 
for ten bridges having angles of skew varying 
f rom 30 to 60 deg., normal span lengths 
ranging from approximately 12 to 36 feet, and 
a clear width of roadway of 24 feet in all cases. 
The stiffness of the curb relative to that of the 
slab was also varied. The variation of dead and 
live load moments in both the slab and the 
curbs was studied as a function of the angle of 
skew, and extensive comparisons were made 
between moments in skew and right bridges. 

Two assumptions made in the analyses of 
skew bridges were believed to require further 
study. First, the interaction between the 
curb and the slab was neglected, as was done 
also in the case of the right bridge; and second, 
i t was assumed that the slab remained in 
contact wi th the supports at all points, 
whereas actually a tendency for the acute 
corners to l i f t f rom the supports would be 
expected in some cases. These effects were 
studied in 1940-1941 by tests on plaster-
model skew slabs wi th curbs, similar in most 
respects to those described elsewhere in this 
paper (S). Since simple tests to fracture would 
not yield the desired information, strains were 

measured in the plaster slabs by means of a 
sensitive optical-interferometer strain gage. 
Influence values for strains at various locations 
on the slab were compared wi th the corre
sponding influence values for moments de
termined analytically. I n general, the agree
ment was excellent, although some differences 
owing to interaction between the curb and 
slab or to hft ing of the corners were observed. 
The test techniques have been described and 
the results presented in a thesis (SS). 

Laboratory Tests. Since the theoretical 
analyses of skew-slab bridges involved the 
same assumptions as the analyses of right 
bridges, tests were considered necessary in 
order to determine the extent to which the 
behavior of actual bridges corresponded to 
that predicted by the analyses. Tests were 
made on three half-scale models of 45-deg. 
skew bridges in 1941-1942, and on one fifth-
scale model bridge having a skew of 60 deg. 
in 1941-1942. The results of these tests have 
been reported in Bulletin 386 (IS). The three 
half-scale model bridges had iclentical overall 
dimensions and the same 45-deg. angle of 
skew. They differed only in the amount of 
reinforcement in the curb.s and in the amount 
and direction of the spanwise reinforcement 
in the slab. I n two of the bridges this slab 
reinforcement extended in the skew direction 
parallel to the curbs; in the other bridge, i t 
was placed perpendicular to the supports. The 
fifth-scale 60-deg.-skew bridge was tested 
primarily to determine the effects of an ex
tremely large angle of skew. Al l of the bridges 
were tested first in the uncracked condition 
and then were cracked systematically by 
applying at numerous locations a pair of loads 
representing the rear axle of a truck. Influence 
lines for critical strains were determined for 
both the cracked and uncracked condition, 
and subsequent tests were made wi th increas
ing increments of live loads representing one 
or two heavy truck axles. The final test in 
each case was a test to failure under an added 
distributed load plus a group of concentrated 
loads representing wheel-load concentrations. 
Tests to failure usually were made first wi th 
the concentrated loads placed to produce 
failure of the slab; a second test was then 
made wi th the loads placed to produce failure 
of a curb. 

The results of the tests indicated that tlie 
theory presented in Bulletin 369 gives a 
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Figure 1. Test of a half-scale model of a 45-deg.-skew slab bridge with curbs. The model has a span of 9.75 feet 
and a clear roadway width of 13 feet. Four loads representing two heavy asles are being applied in the midspan 

region. 

reasonably good qualitative picture of the 
behavior of a skew-slab bridge wi th curbs: 
The theory was found to predict wi th fair 
accuracy the location and direction of the 
maximura strains as well as the load positions 
for which these strains were critical. The 
relation between measured and computed 
strains in the skew bridges were generally 
comparable to those found in the tests of right 
bridges. Similarly, the ultimate strengths of 
bridges designed according to the elastic 
theory were found to be quite high, ranging 
f rom dead load plus 3.5 to 4.0 live loads for 
the 45-deg.-skew bridges to as much as 6.5 
Hve loads for the 60-deg.-skew bridge. 

Recommendations for Design. Because of the 
large number of variables encountered in the 
skew bridges and the limited range of both the 
analj'ses and the tests, no generally applicable 
recommendations for design have been de
veloped on the basis of these studies. I t was 
concluded tentatively, however, that two-lane 

bridges having skews not greater than 45 
deg. may safely be designed for moments in the 
slab and curbs corresponding to those in a 
comparable right bridge, i.e., a bridge which 
has a span length, roadway width, slab thick
ness, and curb detail identical to those of the 
skew bridge, the span length in both bridges 
being measured normal to the supports. Skew 
bridges designed in this manner may have 
ultimate load-carrying capacities or factors 
of safety somewhat higher than those of right 
bridges designed by the simplified procedure 
given in Bulletin 346. Although the 60-deg.-
skew bridge, designed on the basis of the 
theoretical analyses, was found to have a 
factor of safety considerably in excess of that 
usually desired in highway bridges, i t has not 
yet been possible to recommend modifications 
to the theoretical analysis because the com
plex behavior of structures wi th large angles 
of skew has not been fuUy explored, especially 
beyond the elastic range. 
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SLAB-AND-GIRDER BRIDGES 

Basic Analytical Studies 

For the purpose of analysis, the slab-and-
girder bridge was assumed to consist of a 
rectangular slab simply supported on two 
edges and supported by a series of parallel 
flexible beams. A l l analyses for this type of 
structure were made by means of the moment 
distribution procedure described in Bulletin 
304. For the three-girder bridge, the solution 
presented in Bulletin 303 may also be used 
but was not employed in any of the analyses 
made in connection with this investigation. 

I n actual highway bridges of the slab-and-
girder type, the supporting beams may consist 
of steel I-beams acting independently, steel 
I-beams acting compositely with the slab, 
or concrete beams cast integrally and acting 
compositely with the slab. Since the analysis 
involves the assumption that only vertical 
forces act between the beams and the slab, no 
distinction was made analytically among these 
various types of beams; the differences in 
beam stiffness produced hy composite action 
in I-beam bridges or by the use of concrete 
beams in place of steel l)eams were taken into 
account only by considering the increased 
stiffness of the beam. Torsional restraints 
offered by the beams or horiz<mtal shearing 
forces between the beams and the slab were 
not considered in the basic analyses for mo
ments in the slab and beams. The importance 
of these neglected factors was studied by 
means of the test program, which included 
only tests of I-beam bridges, however. The 
scope of the laboratoi'y test program included 
both right and skew, simple-span, I-beam 
bridges and continuous, l ight I-beam bridges 
of two spans. I n all cases, both composite and 
noncomposite bridges were investigated. 

Simple-Span, Right, I-Beam Bridges 

Analyses. The principal variables considei'ed 
in the analj'ses of I-beam bridges were the 
number and spacing of the beams, the ratio of 
beam spacing to span, and the relative stiff
nesses of the beams and the slab. I n all of the 
analyses made in connection with this investi
gation, the beams were assumed to be equally 
spaced. Analyses for bridges with either three 
or five equally spaced beams were made in 
1938-1939 and imported in a thesis (24). The 
analyses for the fi\'e-girder biidge were 

extended and refined, and reported in detail in 
Bulletin 336 (7). This bulletin contains tables 
giving influence values for moments in the 
slab and in the beams for 20 simple-span, right 
bridges having various ratios of beam spacing 
to span and various ratios of beam to slab 
stiffness. Influence values are given also for 
deflections of the beams. I n addition, maxi
mum live-load moments due to standard 
truck loadings were presented for 52 bridges 
having various span lengths, beam spacings, 
and ratios of beam to slab stiffness. 

Laboratory Tests. Tests were made during 
1939-1944 on 15 quarter-scale models of 
simple-span, right, I-beam bridges having 
fi\'e beams, and the results reported in Bulle
t in 363 ( / / ) . The principal variables were the 
span length, the amount of reinforcement in 
the slab, and the presence of shear connectors 
to provide interaction between the slab and 
the beams. The sj^an lengths of the model 
bridges were 5 feet in nine cases and 15 feet in 
the other six, corresponding to prototype span 
lengths of 20 and 60 feet, respectively. The 
five supporting beams were spaced at 18 inches 
in all cases. The slab was made from sand-
cement mortar i-einforced with annealed 
inch-square, cokl-roUed bars and was IJ4 
inches thick in all bridges. The beams of the 
short-span bridges consisted of 3-inch I-sec-
tions while those of the longer span structures 
were either 8- or 10-inch Junior Beams. 
Shear connectors, where used, consisted of 
short sections of 1-inch bar channel welded to 
the top flange of the steel beam and embedded 
in the concrete slab. 

I n general, the bridges were tested in pairs, 
i.e., two companion specimens embodying 
each set of variables were tested. This was 
done in order to determine the reliability of the 
experimental techniques as measured by the 
reproducibility of the test results. 

The test specimens were not directly scaled 
down from full-size bridges but were them
selves designed, using H-20 truck loadings re
duced in accordance wi th the scale relations 
for the models. Moments used in design were 
based in part on the theoretical analyses and 
in part on standard designs then in use by the 
Illinois Division of Highways. Some bridges 
in the test series were not actually designed 
but were simply modifications of types pre
viously tested. I n the series of short-span 
biidges, one pair was tested with the natural 
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bond between the beam flanges and the slab 
mtentionally destroj-ed, another pair with this 
bond left in its natural state, and a third 
pair with shear connectors used to provide a 
ixisitive mechanic;d bond and thus pi'oduce 
composite action between the slab and the 
beams. A similar pattern was followed in the 
case of the long-span bridges. Two were 
provided only with natural bond between the 
slab and the beams, another paiv of bridges 
were identical wi th the first pair but with 
shear connectors added to provide a positive 
mechanical bond. The third pair of long-span 
bridges also had shear connectors, but in this 
case the size of the beams was reduced to take 
ach'antage of the resulting composite action. 
Three other short-span bridges were tested 
with the only variable being the amount of 
longitudinal reinforcement (parallel to the 
beams) pro\'ided in the slab. This varied from 
a relatively hirge percentage of such reinforce
ment to only a small amount. 

The procedure for testing these bridges was 
similar in practically all respects to that 
described in connection wi th the tests of slab 
bridges. The first tests were made on the 
uncracked structure and usually consisted of 
the detei-mination of influence lines for strains 
in the slab and in the beams for a single con
centrated load placed at various locations on 
the structure. The slabs were then cracked by 
the systematic appHcation of a pair of loads at 
various locations. After ciaeking, the influ
ence line tests were usually repeated. Tests 
were then made with concentrated loads 
i-epresenting truck wheels placed at critical 
locations on the structui-e to produce maxi
mum moments in either the beams or the slab. 
The load was increased in increments in these 
live-load tests, and strains and deflections were 
measured at each increment. The final test 
was a test to failure, usually wi th two loads 
placed to produce maximum moments in the 
slab. This test was carried unti l the slab failed 
bj - punching. 

A principal object of the test was to deter
mine whether the theoretical analysis, limited 
as i t was hy numei'ous assumptions, could be 
used to predict the behavior of the slab and 
beams in an I-beam bildge. The results were 
encouraging. Although measured and com
puted strains in the slab reinforcement were 
usually in relatively poor agreement, the 
discrepancies could be explained partly in 

terms of the usual differences between meas
ured and computed strains in reinforced-
concrete members and partly as the result of 
special conditions encountered in the tests. 
Outstanding among the latter was the redis
tribution of moment between cracked and 
uncracked sections of the continuous slab, a 
phenomenon which was investigated further 
in the tests described in another portion of 
this paper (38, 29). The distribution of mo
ments to the several beams as determinetl from 
measui'ed strains was in excellent agreement 
wi th the distribution predicted by the anal\'sis. 
The effects of composite action on the be
havior of the bridges was jiredicted quite 
closely by the theoretical analyses uivolving 
only simple assumjjtions regarding the in
creased stiffness of the beams. 

Another objective of the tests was to 
obtain data on the ultimate strengths of 
t j 'pical I-beam bridges, an aspect of behavior 
which could not be predicted solely on the 
basis of analysis. I n terms of applied live 
loads, the capacities of the slabs before 
yielding of the reinforcement i-anged from 
2.4 to 3.3 live loads for the short-span bridges 
without composite action and from 5.0 to 6.0 
live loads for the long-span bridges and for the 
short-span bridges wi th composite action. 
Ultimate failui« of the slabs was in all cases by 
punching, at loads averaging about 80 percent 
greater than those producing first yielding in 
the reinfoi-cement. The capacities of the beams 
in bridges representing typical designs were 
equal to about 3.3 live loads as measured bj -
the beginning of yielding. 

Recommendations for Design. Recommenda
tions for the design of simple-span, right, I -
beam biidges were develoi^ed primarily on the 
basis of the theoretical analj'sis, since its 
general validiti.- had been demonstrated by 
comparison with the test results and since a 
greater range of variables could be studied 
analytically than had been considered in the 
experimental program. Expressions were 
developed for the controlling moments in the 
slab and in the beams. These expressions 
involved originally all of the vaiiables known 
to affect the behavior and strength of I-beam 
bridges. However, the number and range of 
variables was reduced and the design equa
tions simplified by making designs for a large 
numbei- of typical structures under various 
types of loading and determining the range of 



42 DESIGN 

variables over which they needed to be con
sidered. The resulting recommendations for 
design have been presented in two papers (10, 
l l f i ) . A discussion of the variables which affect 
the behavior of I-beam bridges and of the 
many factors which must be considered in 
design, particularly in connection wi th the 
distribution of loads to the girders, has been 
presented also in Reference 19. 

Simple-Span, Skew, I-Beavi Bridges 

Analyses. No analyses of the skew I-beam 
bridge were made at the time this phase of the 
project was undertaken. Consideration was 
given to the use of difference equations in the 
manner utilized in connection with analyses 
of skew slab bridges with curbs, but the large 
number of solutions required and the number 
of simultaneous equations that would have to 
be solved in connection with each solution 
rendered such an attempt prohibitively 
costly in terms of both time and money. I t 
was necessary, therefore, to plan and under
take a series of tests on skew I-beam bridges 
of such a nature that the results could be 
compared directly with those from the tests of 
right bridges and the effects of skew could 
thereby be evaluated. 

Analyses were made in 1953 for moments 
in a number of skew I-beam bridges having 
five beams and having angles of skew of 30, 
45, and 60 deg. Other variables included the 
ratio of beam spacing to span and the relative 
stiffness of the beams and slab. Influence 
coefficients were, computed for moments in the 
beams at five locations at or near midspan, for 
transverse moments in the slab at four loca
tions at midspan, and for deflections of the 
center beam at midspan. These solutions by 
means of difference equations were made 
possible by utilizing I L L I A C (the University 
of Illinois' electronic digital computer) for the 
solution of the simultaneous equations. The 
results of these analyses have been presented 
in a thesis {SO). 

Laboratory Tests. I n 1940-1941, tests were 
made on five I-beam bridges having angles 
of skew of 30 and 60 deg. and the results re
ported in Bulletin 375 {IS). The structures 
tested were quarter-scale models of simple-
span bridges and, except for the skew, were 
similar in all respects to the long-span, right, 
I-beam bridges described in Bulletin 363. One 
bridge wi th each angle of skew was constructed 

without composite action and corresponded to 
one of the right bridges similarly constructed. 
I n the same manner, the 15-foot-span right 
bridge wi th composite action was represented 
in these tests by similar structures with 30-
deg. and 60-deg. angles of skew. The fifth skew 
bridge was also provided wi th composite 
action, but the beam size used was the same as 
that used in the noncomposite bridges. This 
bridge was constructed only wi th a skew 
angle of 30 deg. and i t too corresponded to one 
of the right bridges tested previously. 

The tests made on these bridges were similar 
in most respects to those described in connec
tion with the right I-beam bridges. However, 
instead of influence line tests in which a load 
was moved along a single line across the 
bridge, influence surfaces were obtained by 
applying a single load at a greater number of 
points extending in both directions f rom the 
point at which the influence was to be ob
served. This procedure was made necessary by 
the absence of a theoretical analysis. The 
influence surfaces thus obtained served as a 
guide to the proper location of the wheel loads 
in subsequent tests under simulated live loads 
and in the tests to failure. 

The results obtained in these tests were 
compared in every case wi th the correspond
ing results f rom the tests on similar right 
bridges. I n this way, the effect of skew over 
the range of 0 to 60 deg. could be evaluated. 
Strains in the beams were found to decrease 
as the angle of skew increased; the effect was 
quite small at an angle of 30 deg. and was on 
the order of 15 to 20 percent at an angle of 
60 deg. The favorable effect of skew on the 
behavior of the beams is due primarilj^ to a 
decrease in the total statical moment of the 
live loads resulting from a reduction in the 
right span length. This effect, however, is 
partially counteracted by the more-nonuni-
form distribution of moment to the beams in 
the skew bridges. Transverse strains in the 
slab reinforcement under a load at the middle 
of a panel between beams were increased as 
the angle of skew increased. These effects 
amounted to as much as 65 percent in the 
noncomposite bridges with a 60-deg. angle of 
skew. Transverse strains in the slab reinforce
ment over the beams, resulting f rom negative 
moments, were decreased as the angle of skew 
increased. This behavior was consistent wi th 
the increase in positive moment strain. 
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Strains in the slab reinforcement parallel to 
the beams increased wi th angle of skew for 
the noncomposite bridges and decreased 
appreciably for the composite bridges. The 
effect of skew on the ultimate strength of the 
bridge as measured by yielding of the beams 
could not be determined accurately, because 
of the presence of large I'esidual stresses of 
unknown magnitudes in the beams. The u l t i 
mate capacities of the slabs as measured by 
the loads required to produce punching were 
practically unchanged from those obtained in 
the tests of right bridges. 

Recommendations for Design. Because no 
analyses were made and because the tests were 
limited in scope, no generally applicable 
procedures for designing skew I-beam bridges 
could be developed on the basis of these 
investigations alone. However, a rational an
alysis for the effect of skew on the moments in 
the beams has been presented {Hb). Although 
the measured strains in the slab reinforcement 
were often appreciably greater in the skew 
bridges than in the corresponding right 
bridges, in no case w êre they greater than the 
strains computed on the basis of the theoreti
cal analyses for the right bridges. For this 
reason, i t was felt that the design moments 
recommended for the right bridge, and based 
almost entirely on the results of the analyses, 
could be used also for the skew bridges. 

Continuous Right I-Beam Bridges 

The studies of continuous right I-beam 
bridges were intended to: (1) compare the ac
tion of both the beams and the slab in the 
positive moment region of the continuous 
bridge wi th the behavior previously deter
mined from the tests and analyses of simple-
span bridges; (2) determine the behavior of 
the beams and the slab in the negative moment 
region of the bridge and compare the magni
tudes and distribution of the strains in the 
beams and slab in this region wi th those in the 
region of positive moment; and (3) determine 
the effects of composite action on the behavior 
of continuous I-beam bridges and compare the 
behavior of composite bridges both with and 
without shear connectors provided in the re
gion of negative moments. 

Although the continuous, right, I-beam 
bridge could be analyzed by the methods de
scribed in Bulletin 304, the amount of time 
and effort required would have been several 

times greater than that required for the com
parable analyses of simple-span bridges re
ported in Bulletin 336. I t was decided, there
fore, to rely primarih ' on laboratorj- tests in 
order to investigate the behavior of continuous 
bridges as compared wi th that of right bridges. 
The lack of theoretical data, except for the 
limited analyses mentioned subsequently, did 
not repi'esent a serious deficiency, since the 
comparison between the action of the continu
ous bridge in the region of positive moment 
and the previously observed behavior of the 
simple-span bridge could be made more easily 
and more directly by experiment than by 
analyses. Moreover, the investigation of the 
effects of composite action and the presence or 
absence of shear connectors in the region of 
negative moment could be made only by 
means of tests. 

These investigations were confined to two-
span bridges. Although i t was realized that 
most highway structures are of the three-span 
type, i t was felt that the simpler, two-span 
structure involved all of the new variables 
resulting f rom the introduction of continuity 
and offered certain advantages in connection 
with the space required for the laboratory tests 
and the choice of model dimensions. 

Analyses. As a guide in the planning of the 
tests, analyses were made for two bridges hav
ing five beams and continuous over two equal 
spans. The particular structures selected for 
analysis were chosen so as to permit the use of 
moment and deflection coefficients tabulated 
in Bulletin 336. Although the bridges analyzed 
were not representative of the structures 
tested, study of the results obtained permitted 
the development of a simplified method of 
analysis which gave results in good agreement 
with the more exact theory. This simplified 
method was used to make preliminary analyses 
of the test bridges. For the bridges wdth com
posite action, consideration had to be given to 
the fact that the moments of inertia of the 
beams were different in the regions of positive 
and negative moment. I n the positive moment 
regions, the slab of the composite beam is 
placed in compression and can act, therefore, 
as a top flange, which appreciably increases 
the stiffness of the beam. I n the negative-
moment regions, the slab is placed i n tension 
and contributes li t t le to the stiffness of the 
structure after the slab has cracked. This vari
ation in stiffness and its effect on the distribu-
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t ion of moments between positive and negative 
regions was taken into account approximately 
in the preliminary analyses of the bridges 
tested. 

The theoretical analyses of both the exact 
and simplified method are described in the 
appendix to Bulletin 416 (20). 

Laboratory Tests. During 1945-1948, three 
continuous I-beam bridges were tested and the 
results have been reported in Bulletin 416 (20). 
The test specimens were quarter-scale models 
of two-span continuous bridges; each span in 
the model was 15 feet. The other dimensions 
of the bridges, slab thickness, beam spacing, 
etc., were similar to those of the simple-span 
bridges discussed previously. The sizes of the 
beams, however, in the continuous bridges 
were determined from designs of prototype 
structures for H-20 lane loadings. The bridges 
differed primarily in provisions for composite 
action; one bridge was entirely noncomposite, 
one was provided wi th shear connectors 

throughout the entire length of the bridge, 
while the third was provided with shear con
nectors only in the positive-moment regions. 
I n addition, slightlj ' smaller beams were used 
and somewhat less transverse slab reinforce
ment was provided in the bridges with compos
ite action. The test procedures were generally 
similar to those described in connection wi th 
the other tests of I-beam bridges. A note
worthy feature of these tests, however, was 
the extremely large number of strain measure
ments that were required in order to give a 
complete picture of the behavior of these 
bridges. Strains in both the beams and the slab 
reinforcement were measured by means of 
SR-4 electrical-resistance strain gages. A total 
of about 330 gages were used on each of the 
model bridges. 

Strains in the slab reinforcement in the posi
tive-moment regions of the continuous bridges 
were usually comparable to those observed in 
the tests of simple-span bridges. Strains meas-

Figure 2. Test of a quarter-scale-model, continuous, I-beam bridge having two spans of 15 feet each. Loads repre
senting heavy axles In both lanes are being applied near the middle of each span. 
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dred in the beams for vai'ious loading condi
tions indicated that tlie distribution of mo
ment to the beams in the region of i)ositive 
moment was essentiallj- the same as that foi' a 
simple-span bridge having a span length 
equivalent to the span between points of con-
traflexure in the structures tested. The tests 
also demonstrated, in complete agreement 
with the results of ])reliminar\- analyses, that 
the distribution of moment to the beams in the 
region of negati\-e moment over tlie center pier 
was, for all practical purposes, the same as the 
distribution of positi\-e moments. I n the re
gion over and adjacent to the center \nev, the 
measured strains in the top trans\-erse slab i-e-
inforcement were usually significantly greater 
than the strains in the bottom or |)ositive-
moment reinforcement. This relationship be
tween strains in the top and bottom of the 
slab was exactly opposite that obtained for the 
simple-span bridges and in the positive-mo
ment regions of the continuous bridges. The 
difference is explained b\- the fact that the 
suppoi'ting beams wei'e jjractically noiuleflect-
ing in the region adjacent to the pier. The 
longitudinal-slab reinforcement in the region 
over the center pier was subject to relatively 
high participation stresses in the bridges with 
composite action, but little difference was ob
served between the magnitudes of these strains 
in the bridges with and without shear con
nectors in the region of negative moment. The 
results of the tests bore out the assumption 
made in the anal\-sis that the slab contributed 
little by way of composite action in the i-egions 
of negative moment. The presence or absence 
of .shear connectors in this region had rela
tively li t t le effect. 

Recommendations for Design. The relation 
of the test results to design has been discussed 
in Bulletin 416, and more-detailed recommen
dations for the design of continuous I-beam 
bridges have been given (/.^fe). The results of 
both the analyses and the tests indicate that 
the beams can be designed for the same pro
portion of a wheel load as that proposed for use 
in connection with simple-span bridges and 
that the slab in the regions of positive moment 
in the bridge may be similarly designed using 
the expressions foi- moment recommended for 
use with simple-span bridges. I n both eases the 
span length of the simple-span bridge usetl in 
these calculations should correspond to the 
poi'tion of the continuous bridge between 

points of contraflexure. The distribution of 
moment to the beams may be considered the 
same in regions of positive and negative mo
ment, but in composite bridges the variation 
in stiffness of the beams must be considered 
in apportioning the moment to the positive-
and negative-moment regions. I t has been 
recommended further that the amount of 
trans\ erse reinforcement in the top of the slab 
should be increased in regions o\-er or adjacent 
to the piers. The tests revealed no significant 
differences in the behavior of continuous 
bridges with or without shear connectors in 
the region of negative moments. The question 
of composite construction in continuous 
I-beam bridges has been discussed also in Ref
erence 21. 

Concrete Girder Bridges 

Bridges wi th concrete girders differ f rom 
those with steel I-beams principalh' in that the 
stiffness of the beams relative to the slab is 
much higher. No tests were made of this type 
of bridge in connection wi th the concrete-slab 
investigation. However, analytical studies 
similar to those reported for I-beam bridges 
in Bulletin 336 were made for a number of 
typical concrete-girder bridges. Beam stiff
nesses were computed for a T-section including 
a portion of the slab having a width equal to 
the spacing between beams. On the basis of 
these studies, tentative recommendations for 
the design of the slabs and beams in concrete 
girder bridges have been presented {10). Cer
tain aspects of the behavior of concrete giitler 
bridges as compared to I-beam Iji-idges liave 
been discussed also in Reference 19. 

Intermediate Transverse Diaphragms in Slab-
and-Girder Bridges 

Analyses. The effects of intermediate trans
verse diaphragms on the distribution of mo
ment to the beams in slab-and-girder bridges 
was studied analytically in 1947-1951 and the 
results presented in a thesis {S7). X\l of the 
analyses were made for bridges having five 
equally spaced and equally stiff beams, and 
only live loads represented by groups of con
centrated loads were considered. The variables 
studied included the ratio of beam spacing to 
span, the relative stiffnesses of the beams and 
slab, the relative stiffnesses of the diaphragms 
and beams, and the number and location of the 
diaphragms in the structure. The results of 
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these analyses showed clearly that the effect 
on load distribution of the slab and diaphragm 
acting together was not necessarily the same 
as, and might be appreciably less than, the sum 
of their effects acting separately. The addi
tional load distribution provided bj- dia
phragms was usually small, unless the dia
phragms were very stiff as compared to the 
beams or the slab was initially incapable of 
providing much distribution as a result of its 
stiffness being small compared to the stiffness 
of the beams. This latter condition is l ike l j ' to 
occur in the case of concrete-girder bridges 
and, to a lesser extent, in the case of composite 
I-beam bridges. 

Laboratory Tests. The effects of diaphragms 
were investigated in the tests of both right and 
skew, simple-span, I-beam bridges (reported 
in Bulletins 363 and 375, respectively). The 
diaphragms used, however, were relatively 
light, having stiffnesses only 2 to 5 percent of 
the stiffness of the beams, and the results of 
tests made before and after the diaphragms 
were welded into place showed no detectable 
effect on the behavior of the bridge. These 
results are in agreement wi th the findings of 
the analyses. 

Recommendations for Design. The analytical 
studies demonstrated that the behavior of 
slab-and-girder bridges wi th transverse dia
phragms is exceedingly complex. Conse
quently, i t has not been possible to formulate 
simple rules for the design of bridges wi th dia
phragms or for the design of the diaphragms 
themselves. The effects of diaphragms on the 
distribution of loads to the girders has been 
qualitatively discussed (19). Generallj% i t can 
be stated that diaphragms to be most effective 
must be relatively stiff, as compared to the 
beams, and they wi l l have their greatest ef
fects in bridges for which the ratio of beam to 
slab stiffness is high, viz., in concrete-girder 
bridges. I t has been pointed out further that 
the use of stiff diaphragms may not always 
prove beneficial insofar as their effect on maxi
mum beam moments is concerned. For five 
loads placed on the bridge in such a manner 
that their center of gravity is located eccen
trically wi th respect to the longitudinal center 
line of the bridge, the use of stiff diaphragms 
may increase appreciably the moment in the 
outside beam on the side of the bridge toward 
which the loads are shifted. 

COMPOSITE CONSTRUCTION FOB 
I-BEAM BRIDGES 

Introduction 

A major portion of the concrete-slab inves
tigation has been devoted to studies of I-beam 
bridges in which a shear connection has been 
provided between the slab and the beams in 
order to make these elements act compositeh'. 
The advantages of composite construction and 
the economies which may be brought about by 
its use have been discussed in Reference 14c. 

The effects of composite action on the over
all behavior of I-beam bridges was studied 
both analytically and experimentally in con
nection with the work on I-beam bridges de
scribed in an earlier portion of this paper. I n 
the analyses i t was assumed that the presence 
of composite action could be taken into ac
count by considering only the increase in stiff
ness of the beams relative to the slab. The 
inclusion of bridges wi th composite action in 
the extensive test program on quarter-scale 
models provided a means for checking this 
assumption and furnished additional data re
garding the effects of composite action on the 
ultimate load-carrying capacities of the 
bridges. Comparisons of the results of tests and 
analyses showed that the distribution of mo
ment to the beams was more nonuniform for 
the bridges wi th composite action because of 
the greater relative stiffness of the beams. 
This finding was in excellent agreement with 
the results of analyses. Similarly, the effects 
of composite action on the moments in the slab 
were in general conformity with the analytical 
solutions. There was some indication, how
ever, in the results of the tests, that greater 
restraints to rotation of the slab over the 
beams were present when the slab was at
tached to the beams by means of shear connec
tors. One effect of this added restraint was to 
decrease slightly the positive moments in the 
slab and to increase correspondingly the 
negative moments. A further consequence of 
these changes in slab moments was an increase 
in resistance of the slab to punching observed 
in the bridges wi th composite construction. 
The tests to failure also showed clearly that 
the toughness and reserve capacity of the 
I-beam bridges tested were increased markedly 
in the presence of composite action. 

The studies of composite action in I-beam 
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bridges, mentioned in the foregoing paragraph, 
provided adequate information for the design 
of such bridges, insofar as the moments in the 
slab and beams were concerned. However, ad
ditional studies were required to provide infor
mation needed in connection wi th the design 
and proportioning of the composite beams 
themselves. Investigations were made, there
fore, to determine the strength and behavior of 
(1) the sheai- connectors themselves and (2) 
the isolated composite beam consisting of a 
single steel I beam and a narrow strip of con
crete slab. 

Shear Connectors for I-Beam Bridges 

Laboratory Tests. The behavior of shear con
nectors was investigated during 1942-1950 by 
a relatively large number of static and fatigue 
tests on small-scale models and by a somewhat 
smaller number of static tests on full-size 
specimens. The small-scale tests have been 
described and the results presented {He, 17), 
while results of the full-size tests are included 
in Bulletin 405 {18). 

Since the early tests were intended to be pri
marily exploratory in nature, small-scale 
models were used in order that a large number 
of variables could be studied wi th the most-
economical expenditure of time and money. 
The first tests were made on 64 pushout-type 
specimens, each consisting of a short length 
of steel I beam and two cement-mortar slabs, 
one attached to each flange of the beam by 
means of a single shear connector. I n the tests, 
the I beam was loaded so as to produce a shear 
on the two connectors, and slips between the 
beam and the slab were measured at each 
increment of load. Several types of shear con
nectors were included in the tests: channels, 
plates bent to a leaning Z shape, straight 
plates, angles, and tees. The variables included 
both the width and thickness of the connec
tors, as well as the strength of the mortar slab 
and the nature of the bond between the mortar 
and the beam flange or the shear connector 
itself. 

The types of shear connectors tested can be 
divided into two categories: rigid connectors, 
consisting of channels, angles, or tees placed 
on end; and flexible connectors, consisting of 
plates or of channels with one flange welded to 
the beam. Although the load-slip characteris
tics of the rigid connectors were noticeably 

supeiior to those of the flexible type, the differ
ences were much smaller than would be ex
pected from the relatively great differences in 
stiffnesses of the two types. Furthermore, i t 
was observed that moderately large variations 
in the thickness of the webs of the flexible 
connectors had only a small effect on their be
havior. These observations led to the concept 
that flexible connectors acted much like a 
dowel embedded in an elastic medium and that 
the bearing pressures exerted by the mortar 
are nonuniformly distributed on the back of 
the connector, wi th the highest pressures at 
points close to the beam where a channel con
nector, for example, is stiffened by the flange 
and by the weld. This concept of dowel-Hke 
action led to two important conclusions: (1) 
The bending moments in the webs of the chan
nel shear connectors were relatively small 
because of the low bearing pressures on the 
upper portions of the connector, and the mag
nitudes of these moments would be a function 
of the relative stiffnesses of the connector and 
the concrete. (2) The bearing pressures would 
be quite high on the lower portions of the con
nectors. 

Further studies were made during 1944-48 
to investigate the behavior of flexible channel 
shear connectors in fatigue. A need for studies 
of this nature was indicated in part by the fact 
that shear connectors in I-beam bridges acting 
compositely for live load only ma j ' be sub
jected to a great many cycles of stress ranging 
from zero to a maximum, or even to reversals 
of stress. Fatigue tests were also expected to 
determine whether the high concentration of 
bearing pressure at the bottom of the connec
tor would lead to failure of the concrete in fa
tigue; in addition, the fatigue tests would 
provide some measure of the bending stresses 
in the channel web. These tests were made 
only with channel shear connectors of the 
flexible type, and again recourse was had to 
scale-model specimens. Since pushout speci
mens could not be tested conveniently in 
fatigue, the shear connectors to be tested were 
incorporated in a composite beam consisting 
of a 3-inch, steel I beam and a lM-by-18-inch 
mortar slab. These beams were loaded at the 
center of a 5-foot span. A total of 85 beams 
were tested, involving as principal variables 
the thickness of the channel web, the thickness 
of the flange welded to the beam, and the 
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strength of the mortal- slab. The beams were 
first loaded statically to the load to be used in 
the fatigue test in order to break the bond be
tween the beam and the slab and measure
ments made of strains, deflections, and slip for 
each increment of api)lied load. They were 
then tested in fatigue imder a loading varying 
from near zero to a maximum value, which was 
different for otherwise siniilai' beams. Failure 
was considered to occur when a slip of 0.01 
inch was observed at the end of the beam. 
Special studies indicated that a slip of this 
magnitude corresponded in all cases to a con
siderable decrease in composite action brought 
about by the failure of sevei-al shear connec
tors. A t the conclusion of the fatigue tests, 
each beam was tested to failure under static 
load applied in inci-ements, and strains, deflec
tions, and slips were observed. I n general, the 
tests were stopped after 2 million cycles, if 
failure had not occurred previously. However, 
a few tests were continued beyond this point, 
and failure was obser\'ed after as many as 9 
million cycles. 

Although the results of the fatigue tests f rom 
small-scale models were not entirely conclusive 
and could not be ajjplied directly to predict 
the behavior of full-size structures under 
similar conditions, they yielded, nevertheless, 
a certain amount of quantitative data and pro
vided considerable insight into the behavior 
of channel shear connectors. I n general, the 
results of the fatigue tests confirmed qualita
tively the concept of dowel-like action of 
flexible shear connectors. Although this con
cept would indicate the presence of exception
ally high compressive stresses in the mortar 
slab adjacent to the bottom of the connector, 
no failures of the slab in compression were ob
served, except in a few cases where the 
strength of the mortar was quite low. I n all 
other cases, the channel shear connectors failed 
by a fracture of the web on a line through the 
fillet between the web and the flange closest to 
the beam. An increase in thickness of the 
channel web pi-oduced an increase in the fa
tigue strength, but the magnitude of this 
increase was much less than the change in 
section modulus of the web. Similarly, an 
increase in compressive strength of the mortar 
produced a corresponding increase in fatigue 
strength of the test beams, but this effect was 
smaller for high strengths than for low 
strengths. Although the principal emphasis in 

these tests was placed on the strength and be
havior of the shear connectors themselves, 
some information regarding the behavior of 
composite beams was obtained. The fatigue 
failure of the shear connection in these beams 
was progressive, beginning at the ends of the 
beam and progressing toward the load point. 
A significant decrease in the degree of inter
action between the slab and the beam took 
place only after several of the shear connectors 
had failed. 

As is frequently the case in exploratory tests, 
somewhat more questions were raised than 
were answered by the tests on small-scale 
models. Further study of stresses in the chan
nel webs and of the disti-ibution of bearing 
pressure on the back of the channel was re
quired before a complete jjicture of the beha
vior of channel shear connectors could be 
drawn. For these purposes, static tests were 
made in 1947-1950 on 43 full-size pushout 
specimens, similar in all respects to the small-
scale specimens but approximately four times 
as large. I n addition to slip measurements, 
strains on the webs of the channels were meas
ured by means of strain gages attached to the 
web and protected from the concrete by means 
of a waterproof coating. The principal varia
bles in these tests were the concrete strength 
and the dimensions of the channel shear con
nectors, including web thickness, flange 
thickness, height, and width. Both measured 
slips and web strains were used to evaluate the 
effects of these variables on the behavior and 
strength of the channel shear connectors. I n 
addition, the distributions of strain along the 
height of the web were utilized to compute 
distributions of bearing pressure over the 
height of the connector. 

The results of these tests confirmed those 
obtained from the tests with small-scale mod
els, insofar as the effects of variations in web 
thickness or concrete strength were concerned. 
I n addition, quantitative information was ob
tained regarding the effect of variations in the 
thickness of the channel flange attached to the 
beam. The effect of varj-ing the width of the 
connector was linear, as would be expected, 
and the effect of varying the height of the 
channel above the surface of the beam was 
negligible over the range considered in these 
tests. This latter finding, as well as the ob
served strains and derived pressure distribu
tions, confirmed ful ly the dowel concept. The 
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quantitative data obtained from slip and 
strain measurements were utilized subse
quently in the development of analytical pro
cedures and design criteria as described below. 

Analyses. A relatively crude analysis for 
channel shear connectors was pi-esented in Re-
fei-ence 14e. I n accordance with the dowel con
cept, the pressure distribution on the back of 
the channel was assumed to be a function of 
the relative stiffness of the connector and the 
concrete. Expressions were derived for sti-esses 
in the concrete and in the channel web. Subse
quent tests on full-size channel shear connec
tors, however, showed this analysis to be 
unduly conservative, although qualitatively 
i t served fairly well to account for the effects 
of some of the major variables. 

The strain measurements on the full-size 
connectors and the pressure distributions de
rived from them provided the basis for a 
much-more-accurate (but also more-comple.x) 
analysis which was capable of predicting satis
factorily the behavior of channel shear connec
tors. This analysis was partly rational, in that 
i t was based on the conventional expressions 
for a dowel embedded in an elastic medium, 
but i t involved also a number of empirical 
coefficients evaluated on the basis of the 
available test data. For this reason, i t is limited 
in applicability to channel shear connectors of 
the sizes and types tested. Expressions for 
computing the distribution of bearing pressure, 
the stress in the channel web, and the magni
tude of the slip have been presented in Bulletin 
405 and the results compared with those ob
tained in the tests. Since these expressions 
were rather complicated, simplified formulas 
for pressures, stresses, and slips were devel
oped. These are given also in Bulletin 405 and 
compared with the test data and with the 
results obtained from the more exact theory. 

Recommendations for Design. A rather com
plete discussion of the factors which must be 
considered in the design of channel shear con
nectors for composite I-beam bridges has been 
presented in Reference 21, and detailed 
recommendations for design, including the 
necessary formulas and an example illustrat
ing their use, have been presented in Reference 
22. Although the design formulas given are 
based on the theoretical analysis, the criteria 
for design were influenced to a considerable ex
tent by observations of the behavior of chan
nel shear connectors in the tests of full-size 

composite beams described subsequently. De
sign features covered in Reference 22 include: 
allowable loads, ultimate capacity, repeated 
loading, spacing, cover, and the design of 
welds. 

Composite Beams 

Analyses. The analysis of a composite steel 
and conci-ete beam by means of the usual 
transformed area method is satisfactory only 
if both materials remain elastic and if the inter
action between them is perfect, that is, there 
is no slip. A t the level of stress usually associ
ated with working loads, the condition of elas
t ic i ty wi l l usually be satisfied, except for the 
possible pi'esence of creep in the concrete if i t 
is subjected to sustained stresses. Creep wil l 
occur if the composite beam is shored in order 
to carry dead load on the composite section, 
or if added dead load in the form of curbs, 
hand rails, or wearing surface is placed on the 
bridge after the slab has been cast. The effects 
of creep, however, are seldom important, ex
cept in the case of shored beams. As the beam 
ajjproaches its ultimate capacity, inelastic 
action wil l be present in both the steel and the 
concrete, and the transformed-area method 
cannot be used. Unless the bond between the 
slab and the beam is still intact, some slip wil l 
occur at all levels of loading. The result is a 
beam with incomplete interaction, and the 
transformed-area method of analysis wi l l be in 
error, unless the slip is quite small. Analyses 
have therefore been made of composite beams 
under two conditions for which the trans
formed area method is inapplicable: (1) for 
the beam with incomplete interaction and (2) 
for the ultimate capacity. The effects of creep 
have been discussed briefly (i^c, ^1). 

A method of analysis for composite beams 
wi th incomplete interaction has been pre
sented in a previous paper (16) and in the 
appendix to Bulletin 396. This analysis in
volves cei'tain simplifying assumptions regard
ing the manner in which the shear connection 
is distributed along the length of the beam and 
requires a knowledge of the load-slip relation
ship for the shear connection. Expressions are 
derived in Bulletin 396 for stresses and deflec
tion of the beam, loads on the shear connec
tors, and slip, in terms of the load-slip char
acteristics of the shear connectors. The 
theoretical analysis is compared wi th the 
results of tests, using load-slip relations for 
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the shear connectors derived f rom the tests 
(16). An expression is given in Appendix B of 
Bulletin 405 for the load-slip characteristics of 
a channel shear connector in terms of its phj'si-
cal characteristics. 

A simple method of computing the ultimate 
moment-carrying capacity of a composite 
steel and concrete beam wi th fu l l interaction 
was developed and has been described (SI). 
This anah'sis involves the following assump
tions: (1) hnear distribution of strain, (2) no 
tension in the concrete, (3) a rectangular com
pressive stress block in the concrete at failure, 
(4) failure of concrete at a l imiting compressive 
strain, and (5) fu l l yielding across the steel 
beam section at failure. 

Laboratory Tests. Laboratory tests on three, 
quarter-scale model composite T-beams were 
made in 1943 and the results reported in Bul
letin 396. More-extensive tests on four fu l l -
size beams were made during 1948-1950 and 
reported in Bulletin 405. 

The quarter-scale model beams were identi
cal wi th those used for the fatigue tests of shear 
connectors. Only two variables were consid
ered: the compressive strength of the mortar 
slab and the stiffness of the shear connectors. 
A number of load tests were made on each 
beam, the last test being carried to failure. A t 
each increment of load, measurements were 
made of strains in the I-beam and the slab, 
deflection of the beam, and slip between the 
slab and the beam at various points along the 
span. The results of these tests showed con-
clusiveh- that some slip was present at even 
the smallest loads; however, the measured 
strains and deflections agreed well with those 
computed for a beam wi th incomplete inter
action. I t was observed also that the load-slip 
characteristics of the shear connectors in the 
beams compared satisfactorily wi th those ob
served in the pushout tests. 

The full-size composite beams consisted of 
a 21- or 24-inch wide-flange beam and con
crete slab 6 inches thick and 6 feet wide, tied 
together wi th shear connectors made from 
4-inch channels. The beams were tested on a 
span of 37.5 feet. The first beam tested was 
made wi th a 24-inch wide-flange section and 
was constructed without shores, that is, the 
dead load of the beam and slab was resisted b j ' 
the steel beam alone and composite action was 
effective only for added Uve load. The second 
beam was identical with the first, except that a 

shore was placed at midspan and not removed 
unti l the concrete had hardened; in this case, 
the moments resulting from the removal of 
the shore were carried by the composite sec
tion, and the stresses under dead load were 
smaller than those in the first beam. The third 
beam was also constructed with a shore at 
midspan, but a 21 -inch wide-flange section was 
used in order to take advantage of the reduced 
dead load stresses. The fourth beam also used 
a 21-inch section but was constructed without 
shoi'es and the shear connection provided was 
extremely weak, consisting of 4-inch lengths 
of 4-inch channels at a spacing of 3 feet. The 
bond between the steel beam and the slab was 
destroyed in all except the last beam where 
"natural" bond was permitted to develop. The 
beams were tested under a single concentrated 
load applied at midspan, at the quarter-point 
of the span, or near one support. Measurement 
was made of deflection, strains in the beam 
and slab, slip, and strains in the shear connec
tor webs in a manner similar to that used in 
the pushout tests. 

The results of these tests demonstrated 
clearly the great toughness and reserve of 
strength and deflection after yielding possessed 
by composite beams in which the shear con
nection was adequate to provide almost fu l l 
composite action to failure. I n the beam pro
vided with a weak shear connection, the con
nectors yielded simultaneously wi th the steel 
beam, and the consequent decrease in inter
action reduced appreciably the maximum 
load-carrying capacity of this beam. I n all of 
the tests, the behavior of the beams, both at 
working load and at ultimate, was in good 
agreement wi th the predictions of the theo
retical analysis. The behavior of the shear 
connectors in the composite beams compared 
closely wi th that observed in the pushout 
tests. 

A major objective of these tests was to com
pare the behavior of beams constructed wi th 
and without shores. A t working loads the 
stresses were in good agreement wi th those 
predicted by the transformed area method 
assuming complete interaction, that is, the 
dead-load stresses in the bottom flange of the 
steel beams were reduced and the loads causing 
yielding were slightly increased in the beam 
wi th shores as compared to a similar beam 
without shores. However, the ultimate 
strengths of these two beams were practically 
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identical. On the other hand, comparisons of 
beams with and without shores, but liaving 
diffei-ent size steel beams in order to jjroduce 
equal stresses at woi'king loads, showed that 
both the yield and the ultimate loads were ap
preciably less for the lighter beam designed 
for use wi th shores. These findings are in agree
ment with the analysis for ultimate strength 
whitih considers inelastic behavior after yield
ing and thus yields strengths which are inde
pendent of the differences in "elastic" stress 
distributions resulting from the use of shores. 
Even in the elastic range, however, the effect of 
using shores was found to be small as the yield 
load was approached, since only the dead-load 
stresses were affected by the method of con
struction, and the behavior of the beams under 
the added live load was the same in both 
cases. 

Recommendations for Design. Some of the 
factors that must be considered in the design 
of composite beams for I-beam bridges have 
been discussed briefly mc). Included were the 
effects of slip on the degree of interaction, the 
effective width of slab to be used as the 
T-beam flange, the value of the modular ratio 
to be used in computing properties of the 
transformed section, the effects of creep, and 
methods for proportioning beams utilizing 
unsymmetrical steel sections. 

A more-complete discussion of design crite
ria, based on the results of the test programs 
as well as on the theoretical anal3-ses, appears 
in Reference 21. These studies have shown 
that the transformed-area method may be 
used for jiroportioning composite lieams i f care 
is taken to provide an adequate shear connec
tor. However, the tests have shown further 
that the great toughness of composite beams 
can be obtained only if the shear connection is 
strong enough to provide fu l l interaction up to 
the maximum load-carrying capacity of the 
composite beam. I n order to accomplish this, 
i t is necessary to provide shear connectors that 
wi l l not yield or otherwise permit large slips 
unt i l the ultimate capacity of the beam is 
reached. Shear connectors having the same 
factor of safety as the beam wil l not prove 
satisfactory in this respect, since they wil l 
y ie ld at the same time as the beam and the de
gree of interaction wi l l decrease in the poten
tial ly large range between yield and maximum 
load. Other recommendations have been given 
for the effective width of slab to be considered 

as acting with the steel beam, and for proce-
dui-es to be used in the design of beams con
structed with shores. 

I t has been pointed out in several places 
mc, 17, 18, 21) that bond between the slab 
aiul the beam may provide an effective shear 
connection so long as i t is present. However, 
the results of both laboratory tests and field 
expeiience have shown conclusively that bond 
cannot be relied on as a permanent shear con
nection under service conditions and that i t 
wi l l almost inevitably be broken before the 
ultimate loacl-cari-ying capacity of the beam 
is reached. For these reasons, i t has been 
recommended most strongly that a positive 
mechanical-shear connection be provided in 
all beams designed for composite action. 
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