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ABSTRACT

A new procedure for predicting the strains and deflec-
tlons of the beams in simple-span beam-and-slab bridges of
the usual proportions has been developed. It divides the
calculations into two primary steps:

l. Temporary reactions are assumed at the beams to prevent
deflections of the beams, and the loads are distributed to
these reactions by the slab acting as a continuous beam.

2. The temporary reactlons are removed and the consequent
offects on the beams are computed.

Since no deflections or moments are produced in the beams in

stop 1, the entire effect on the beams 1s found in step 2.

This effect on a boam 1s assumed to be that of a loading con-

gilsting of:

l. a concentrated or narrowly distributed force, the tempo-
rary reaction reversed, and

2. a widely dlstributed force produced by the reslstance of
the slab to deformation.

Part 2 of tho beam loading has been assumod to be sinusoildal,

but any other form could be assumed. For the bridges tested

the effects of part 2 are relatively small; so the precision
of the predictions of maximum strains and deflcctions is not
sensitive to changes in the form assumed.

It 1ls suggested that, pendin~ further study, the use of



the procedure be limited to bridges having a ratlo of span to
beam spacing of 2 or more, and also & ratio of beam to slab
stiffness, H, of 2 or more.,

To obtain checks on the predictions by the proposed pro-
cedure, by the present (1953) AASHO specifications, and by
the tentative revisions (T-15-50), four bridges were tosted.
Two are full-size bridges in use on a highway; their spans
are 41.25 rt and 71.25 ft, and their roadways are 30 ft wide.
The other two were bullt in a laboratory. They include
crown, curbs, and diaphragns; their spans are 10 ft and 25
ft, and thoir roadways are 10 ft wide. Each of the four
bridres has four beams oqually spaced, has the interior boams
larczor than the exterlor, and 1s of composite construction,
Among the four bridgos the span to spacing ratio varied (rom
3.1 to 7.8, and the boam stiffnoss to slab stiffness ratlo
varied from 3.0 to 10.7. The loads on the laboratory bridges
weore oclther slngle-axle or tandem-axle trucks; oithor one
truck, alone, or two sido by side. The loud on the hlghway
bridges was a single semi-trailer truck having tandem roar
axlos.

Strains and deflectlons were moasuwred at a numboer of
locations at each bridge for various positions of the loads.
Of these test results, those of most interest to deslgners

and those directly comparable to the predictions under the
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specifications are the maximum strains caused by a given load-
ing when 1t may be placed in any position. Comparing the
predicted maximum strains with those observed, the ranges in
percent of error for all the beams, both interior and
exterior, are:

proposed procedure +11 to -10

AASHO +87 to -8

T-15 +106 to +5.

It 1s concluded that the proposed procedure provides im-
nroved prredictlions under a much wider range of conditlions
than does elither specification method. To understand and use
it requires no special training, and the time required for
its use is only about one hour per analysis; so it should be
practical for practicing engineers to use it. It lends it-
self readlly to rofinement through further research, and a
number of subjects for further research are recommended.

It 1s further concluded that the present AASHO specifi-
cations provido what may be rogarded as acceptable predictions
of the effects of two trucks side by side, +30 to =8 percent
error, but may be grossly in error in prodicting the effects
of a slngle truck, +87 to +5 percent error. The tentative
revisionas are zrossly in error in predicting the maximum ef-
fects of two trucks on an exterlor beam, +106 to +51 percent,
as well as 1n predicting the effects of a single truck, +90

to +3l percent error.



I. INTRODUCTION

A. Description of the Type of Bridge Considered

Highway bridges composed of longltudinal steel beams or
stringers carryins a reinforced concrete slab are widely used
for individual spans, Ll, of from 20 to 100 ft as well as for
the floor systems of truss bridges of longer spans. In
these "beam-and=-slab bridces" the slab 1s supported by the
beams and is continuous across thome. It may, also, be sup-
ported at the ends by the abutmenta. The beams, in turn, are
supported at the abutments or at floor-beams transvorse to
the roadway. Tho beams are often essentlially simply sup-
ported, but may be continuous over several spans., Thoy may
in theory congist of the ateel soctions alone, assuming a
frictlonloss surface botween the stecl and conorete, lowever,
in practice 1t is found there 1s substantial bonding botweon
the steel and concrete even whon no speclal attompt 1s made
to secure it. This results in a composite boam composod of
the steel and of the concrete contiguous to the steel. 1In
many bridges "shear lugs" are provided at the common face to
insure the occurrence of this composite actlon, and the beams

are designed as composite sectlions.

lperinitions of symbols are repeated in the Glossary,
p. 190, for convenient reference.



The number and spacing of longltudinal beams in a brid;e
varies, of course. One cormon current (1956) practice is to
use a spacing of nearly 10 ft. The corresponding number of
beams for a two-lane roadway is three or four. 'any de-
sirners use a smaller spacing, down to about five ft, and a
correspondingly greater number of beams., Also, some of the
older bridmos still in service may be found to have even
smaller spacinzs. The spacing of the beams is ordinarily
the same throuzhout the width of the bridge., The edze beams
may bo smaller than the interlor beams or they may bo made
the same slize as the interlor ones.

The longitudinal beams are usually connected by cross-
boams, cormonly called "diaphragms", at the ends and at in-
termediate points. These are likely to bo of much smallor
soection than the longitudinal boams and the tops of the in-
torior diaphracms are often below the conorete; hence they
aro not composite beams. Tho end dlaphragms are likeoly to be
composite and much stronger than the intorlor ones, tho slab
being turned down at the ends and partially encasing the
steel, The dlaphragms are often provided primarily for tom-
porary use during construction. When they are left in place,
as they usually are, they also affect the behavior of the
bridge in use.

The reinforced concrete slab is from 6 to 10 in. thick,

elther uniform or variable in thickness. The use of a uniform



thiclkness requires the minimum amount of concrete; hence pro-
vides the minimum dead load on the structure. If the slab is
uniform in thickness, however, the transverse "crown" and
longitudinal "camber" of the roadway must be provided by
proper fabrication of the steel. Some designers, therefore,
provide crown and camber by using a minimum thickness of con-
crete at the corners and increasing the thickness in both
directions toward the center. BEven when this 1s done the
usual practice 1s to assume a uniform thickness equal to the
minimum in computing the strength of the slab or beam.

The concrete 1s usually reinforced by steel bars in both
directions near both faces of the slab. The primary rein-
forcement is perpendicular to the longitudinal beams and
provides for positive moment (tension in the bottom) in the
center portions of the panols botween beams and for negative
moment over the beams.

The general features described above are 1llustrated in
Fig. 1 which shows, in particular, the type of brildgo tested
as part of the project reported herein. Those are character-
ized by four equally spaced beams, by minimum curbs, by ex-
terior beams smaller than the interlor, by slab thicknesses
that vary so little they may be assumed to be uniform, and by

heavy end diaphragms.
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B. Loads

The vertical loads that must be considered in the design
of bridge floors are the weight of the structure itself, the
dead load; and the forces arising from the passage of highway
traffic, the live load and impact.

The determination of the magnitude of the total dead load
is relatively easy after a preliminary design has been set up
for analysis. Its effects on the individual beams, however,
are not readily determined because the construction procedure
is not the same for all bridges. One common construction pro-
cedure includes supporting the wet concrete on forms built up
from the bottom flanges of the steel sections. These forms
act as simple beams spanning between the longitudinal beams.
with the form for the curb cantilevered from the edge beanm.

In the construction of the shorter spans the concrete may be
placed in such a short time that the last of 1t ls placed be-
fore the first part placed has gained apprecliable strength.
Under these conditlions the dead loads carried by the beams are
often assumed to be simply the reactions of the simple-beam
forma. Also, under these conditions the dead load is asaumed
to be supported by the steel beams alone, with no composite
action possible because the concrete is wet. These assump-
tions would be entirely correct except for the subsequent ef-

fects of such things as shrinkage and plastic flow.



Alternate methods of construction involving partial or
complete shoring of the forms or placing the concrete in seg-
ments over a perliod of days or weeks would lead to much more
complicated behavior under dead load. Some designers
arbitrarily divide the total dead load equally among all the
beams to avold this complication. A study of the many possi-
bilities arisling under differing construction procedures 1is
beyond the scope of the project reported herein.

The actual 1live load occurring on bridges consists of a
mixture of vehlcles of various sizes and welghts, having dif-
ferent characteristics, traveling at different speeds at
variable spacings. The determination of the proper static and
dynamic loads to use on bridges of different spans is another
problem beyond the scope of the current project. Current de-
sign practice as established by the specifications of the
American Assoclation of State liphway Officials (AASHO) is to
design for either 1) a representative heavy truck in each
lane, or 2) an equivalent lane load consisting of a uniform
load plus a transverse line load in each lane (1,pp 159-163).

The individual design trucks can be regarded as composed
of pairs of wheel loads, each pair constltuting an axle load.
Thus, the three basic types of loading are: 1) axle loads,
2) uniform lane loads, and 3) transverse llne loads. Whatever
future changes may be made in the specified magnitudes, ar-

rangements, and combinations of these, it seems likely the



three basic types will remain. Hence, a generally useful
method of analysis must be adaptable to all three types.

Current specificatlons provide for two different arrange-
ments of axle loads in the individual design trucks and for a
cholce of magnitudes for each arrangement. The "HN,-L4i"
trucks consist of two axles 1} ft apart having a total weipht
of "N;" tons, of which .2N; tons are on the front axle and
.BN, tons are on the rear. The number, Uly, indicates the
year, 194li, in which this particular loading was first adopted.
The "HN;-SNp-Uli" trucks are the same, but they have another
axle load of Np=.8N; tons following thc rear axle. These are
shown diagrammatically in Figs. 2 and 3 for H10-l4}} and
H10-88<l; trucks, respectively. Trucks of other welights have
the same arrangements. The axle loads, moments, etc., are 1in-
creased proportionately as the total weight is lncreased.

In computing the maximum moment, M, caused in a simple
beam by these trucks the number of wheels on the span changes
as the span increases. The resulting maximum moment curve for
the "H10-44" loading 1s shown in Fig. 2, and that for the
"110-88-4L" loading is shown in Fig. 3. It will be noted
that the "equlvalent lane load" governs spans above 56 ft when
the "H" trucks are used. The equivalent lane load does not
govern until a span of 140 ft is reached when "H-8" trucks are
used.

Further consideration of Figs. 2 and 3 will reveal that
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the same maximum moment versus span diagrams could be obtained
by using a single axle-load at the center of the spans and
varylng the magnitude of this locad as the span varies. Formu-
las for this variable 1load, Py, are shown in the figures. The
use of such a variable "equivalent" concentrated load in place
of the currently specified axle arrangements would probably
simplify the work of the designer, particularly when rela-

tively complex analyses are undertaken.

C. Design and Analysis Problems

For complex structures a direct design procedure is not
to be expected. Instead, it is customary to arrive at a final
design by a series of successive trials. A trial design 1is
set up, analyzed to find the critical stresses and stress dis-
tribution, and revised in the light of these stresses. Analy-
sis and revision are repeated until satisfactory stress
patterns are obtained. Thus, 1if methods for analyzing the
structure are available, a design ls possible. The remalnder
of this dlscussion will, therefore, be concerned only with
analysis, with the understanding it is to be used as part of
the design procedure.

In the analysis of simple span beam-and~slab brldges the
oritical stresses are normally those in the bottom flanges of

the beams at or near the centerline. The variation of stress
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along the beams is of interest only If the size of the beams
is to be varied; as with cover plates. The maximum shear
stress in the web of the beam near the supports must be in-
vestigated, but experlence teaches that it seldom controls the
design, particularly when steel stringers are used. Similarly,
the maximum compressive stresses in the concrete are of some
interest but are seldom critical.

As indicated in the discussion of loads, the usual de-
sign loading consists of a truck or lane loading in each lane.
The basic problem in analysis 1s to find the maximum stresses
caused as these loads are moved laterally and longiltudinally
on the bridge.

In addition to determining the effects of the standard
loading 1t 1s often necessary to determine the effects of a
single non-standard vehicle; in particular, of an overweight
one. These do occur, even though illegal, and it must be as-
sumed thoy will pass through the positions at which their ef-
fects will be greatest. There are, also, the legal "permit"
loads operating under controlled conditlions. They can be re-
quired to cross bridges in the most favorable lateral positlon;

for instance, along the centerline.

D. Present Methods of Analysis

In the analysis of beam-and-slab bridges it has been the
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convenient practice to consider the slab and the beams as
separate members even though the material of the slab may also
be part of the material of the beams. When composite action
is assumed, each beam 1s consldered to be composed of a steel
section and of the contiguous concrete within specified limits
(1, p. 250). Curbs and sidewalks may or may not be included
as part of exterior beams depending on their dimensions, the
construction procedure, and the judgment of the designer. Ac-
tually, of course, the structure acts monolithically with no
division into parts as assumed. !lowever, analysis as a
monolith seems to be a desirable goal beyond practical reach
at present. Therefore, the practice of referring to the "beams"
and the "slab" as though thoy were discrete entities is con-
tinued herein. Assuming such separate action, the basic
problem in the analysis of a beam becomes tihat of deter-
mining the load that will be carried by the beam or of deter-
mining some equivalent load known to cause essentlally the
same effects as the true load. Once the load 1s determined;
the moments, stresses, and other effects can be computed by
ordinary methods.

When a load is applied to one of these bridges the slab
distributes most of it to the beams but may carry part of it
directly to the abutments. As the load 1s distributed to the
beams it 1s spread longitudinally as well as laterally so that

the effect on a beam becomes that of a non-uniform distributed
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load even when the applied load is uniformly distributed or
1s concentrated. Under the assumption of separate slab and
beam action, the loads on the beams are the reactions of the
gslab. The divislon of the total load among the beams and the
distribution along the beams would seem to depend on many
different variables. Among these are the:

arrangement of the applied loads,

longitudinal location of the applied loads,

lateral location of the applied loads,

span of the beams,

number of beams,

spacing of the beams

elastic constants, EI, of the beams,

variation of these constants along the beams,

thickness of the slab,

variation of slab tnlckness, if any,

elastic properties of the materials used in the slab,

width of the roadway,

number of lanes of traffic assumed,

dimenslons of the curb, and

size, spacing, and manner of connecting the dlaphragms.

In spite of the many variables involved, the current
AASHO specifications provide for determining the loads on
beams by greatly simplified procedures. Both interior and ex-

terior beams are to be loaded with concentrated loads in the
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same longltudinal pattern as those in the standard trucks.

For interior beams the amounts of these loads are specified as
3/5 times the standard truck wheel load if two or more lanes
of traffic are acting, S being the average beam spacing in
feet. If only one lane is acting, the formula 1s changed to
S/6. For exterior beams the amounts are to be determined as
the reactions of the slab when it is assumed to be simply sup-
ported by the beams and longitudinal bending in the slab 1s
ignored. No provision is made for unusual loadings, for loads
restricted to a particular lateral position, for changes in the
relative size of the beams, or for variations in the slad
thickness. Nothing is said about the position of the curd
vith respect to the outer beam.

It seems that little is gained by having different rules
for the interior and exterior beams. As shown in Fig. L the
S/5 formula gives results that differ only slightly from those
that would be obtained by assuming simple beam action for the
interior beams, as 1s done for the exterlor.

No dlscussion of the reasons for either of the regula-
tions 1is given 1n the specifications. Presumably the simple-
beam provision for exterlor beams follows the old rule that if
something is designed as though statlically determinate and then
built continuous it will be safe. Presumably, also, the 3/5
provision recognizes that in a fully loaded bridge of infinite
width the averaée load per beam would be S/5 wheel loads
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because the average lateral spacing of wheels of the standard
trucks is 5 ft. This, of course, ignores longitudinal bend-
ing and torsion in the slab.,

Applying the AASHO provisions to bridces having the di-
mensions of those tested (Figs. 1l and 15) results in design-
ing the exterior beams for approximately 55 percent as ruch
live load as that for which the interlor onos are designed. A
recently proposed revision of the specifications (unpublished)
would require that the exterior beams be desiined for at least
as much live load as aro the interior ones. The required size
of the exterior beams would thoreby be increased without a
compensating decrease in the slze of the interior ones.

As an alternative to the simplified analysls provided by
the specifications the general differential oquations of
flexure of elastic slabs and beams are available, As dis-
cussed in more detall in the chapter roviewlinsg the llterature,
solutions of these equations for some partlcular conditions
are avallable, These solutions, in penoral, yield results 1ln
the form of equations that are complex and cumborsome even
though simplifying assumptlions are made in thelr derlvation.

A general method for obtaining numerical solutions to particu-
lar problems is also avallable. It, also, seems to be too
cumbersome for ordinary use in that it has not been adopted
in engineering practice or even to any great extent as a re-

search tool.
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E. Objectives of the Project

As indicated in the foregoing discussion there is not
avallable at present a generally satlsfactory method of analy-
sls for the beams of beam-and-slab bridges. A method is needed
that is simple and brief enough for understanding and use by
busy practicing engineers having no special training and that
ylelds results with a precision consistent with that of the
loads, dimenslions, and the properties of the materials. Ideal-
ly the method should be capable of taking into account most of
the variables found in these bridges without undue complica-
tion. It should permit refinement through increased time and
labor in calculations and as experience, Jjudgment, or future
research provide added information concerning the effects of
any assumptions made.

The primary objective of the project reported herein was
to discover such a method of analysis. Since no truly exact
method of analysis i1s avallable as a standard, the value of a
suggested method or procedure must be declded on the basis of
comparisons between predicted strains and deflections and
those actually observed in tests. Such teats, then, became a
necessary part of the project, and were made.

A secondary objective was to determine through tests
whether or not bridges of the particular type tested are safe

and well proportioned when designed according to the current
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AASHO specifications. Another secondary objective was to de-

termine whether or not the proposed revisions of the specifica-

tions would provide a better prediction of the behavior of

these bridges than do the current specifications.

F. Outline of the iroject

The accomplishment of these objectives has been attempted

through the following main steps that were, in jeneral, not

distinct and separate.

1.
2.

6.

T
8.

A review of the pertinent literature.

T.ie development and refinement of the proposed

new analysis procedure.

Applications of the method in analyses of the bridges
tested.

Field tests of highway bridges 30 £t wide.

Laboratory tosts of bridges 10 ft wide.

An analysis of theo data from the tests.

Comparisons between predicted and measured results.

The preparation of this report of these activities.

The report developed in the subsequent pages will be seen

to consist of the following principal divisions.

1.
2.
3.

A review of the literature.

The proposed analysis procedurs.

A description of the tests made.
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The results of these tests including comparlsons
between predicted and measured values.

The conclusions that may be drawn from the foregoing.
Recommendations for further research.

A 1list of references.
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II. REVIEW OF LITERATURE

The investigation of load distribution to the beams sup-
porting a slab constitutes a part of the overall study of slab
behavior. This study 1s sald to have begun with Euler around
1766, and to have been advanced by such savants as Lagrange,
Navier, and Poisson. The history of this early development of
the subject has been reported by various writers including
Todhunter and Pearson (2), and Love (3). It was sumnarized in
1921 by destergaard (i) as part of a paper in which further ad-
vances were also presented. Study of the latter reference
reveals that at the time of its publication the status of the
problem was briefly as follows.

l. A theoretical foundation had been developed.

2. The general slab equations had been applied in a
limited number of specific cases and solutions yleld-
numerical results obtained.

3. A limited amount of physical testing had beon carried
on to ylold ompirical equations for use in analyzing
slabs of the partlcular types tested.

While the development of the subject had not yet progresscd
to the point where results useful to the present study were ob-
tained, Westergaard did point out the limltations of the theory
(4, p. 423). These limitatlions are equally applicable to the
results obtained up to 1921 and to those that have been ob-
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tained since or may be obtained in the future. They are, in
brief, as follows.
1. The plates are medium-thick, that is, they are not so
thiock in proportion to the span that vertical
gtresses (shears, tensions, and compressions) absorb
an appreciable part of the energy of deformation,
nor so thin that the tension and compression in the
middle plane are significant.
2. The plates are homogoneous and of uniform thickness.
3., Hooke's law applios to the horizontal strailns, and
the modulus of elasticity is the same for tension
and compreoession.
i, A straight line drawn vertically through the plate
before bending remains stralght after bending.
Following the discussion of the theory summarized above,
Hostergaard and Slater (li) prosented numorical results ob-
tained from tho theory as appliod to slabs supported on four
aides and to slabs supported on column capitals. Thoy also ro-
ported and analyzed extensivo load tests of such slabs. While
none of the detalled results reported is directly related to
the present subject, one observatlon made 1s of genoral inter-
est in slab analysis and testing, as follows (L, p. 512):
The tests of slabs supported on four sides
indicate that when the deformations lncrease,
certain redistributions of moments and stresses

take place with the result, in general, that the
larger coefficients of moments are roduced. The
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ultimate load is found to be, ln general, larger,

and in some cases much larger, than would be es-

timated on the basis of the theoretical moment

coefficlents and the known strength of beams with

the same ratio of steel.

Although the preliminary theoretical developments had
been made, many years were to pass before application of the
theory to the solution of the present problem was attempted.
Moanwhile, however, physical testin; of bridge floors for the
purpose of obtaining some immedlate ansawers of practical value
had begun. Probably the {irst tests to determine load distri-
bution to the strinpers of bridge floors were reported by Armn
and Nichols of Iowa State Collecze in 1919 (5). These tests
wore conducted on bridsges having steel stringers but having
timber floors loaded with flat steol whoels. They are, thore-
fore, primarily of historical interest. The detailed results
are of little value now, but the testing procedures and
analysos of the data set tho pattorn for subsequont test
programs,

Strains were measured along the lower flancos of the
stoel boans for varlous positions of the loads. The stralns
were converted to cquivalent moments, and the moments were
converted to equivalent numbers of wheel loads per stringer.
This was probably the rirst time the load carried by a stringer
was oxpressed in this way. One interesting observation was

that the straln increased uniformly from the ends of a beam

toward the load as it would in a theoreticel simple beam. It
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was, thus, concluded that the longitudinal distribution of the
load was negligible. It will be shown subsequently that the
assumption of negligible longitudinal distribution has been
carried in specifications to the present, and it 1s continued
as & first approximation in the method of analysis later
presented herein,

The project at Iowa State College was continued under the
direction of Fuller, Caughey, and others (6, 7). Full-scale
bridges were tested with the primary objective of determining
impact factors for the various components of then typical
bridses. As a part of the overall project, a study of the
static load distribution to the stringers was made, also.

The brlidges tested had either timber or reinforced con-
crete floors supported on steel stringers. Among those having
concrete floors the stringer spacing was constant within each
bridge, and was either 28.5, 29.5, 30, or 36 inches. The
spans were 1l £t to 32 £t 8 in., and the alab thickness was
elther 6 in. or 8 in. Some spans had intorilor and exterior
stringers of the same size; others had exterior strinjers
somewhat smaller than the interlor onocs.

Various loads were used, but among them was a loaded
truck closely approximating an "H15-4li" standard truck. The
results from tests in which 1t was used are of the reatest
present lnterest. The trucks used had hard rubber tires and

were different in other ways from modern trucks. While these
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differences probably had a major effect In the impact tests,
it seems likely they wore of little significance in the static
load tests.

Strains were measured with an assortment of mechanical
zages and with a then newly developed electrical telemeter
tnat had been reported by McCollum, Burton, and Peters (8).
One mochanical gage, the West extensometer, ard the telemeter
wore judged most useful and adopted for the major portion of
the work. It is of interest to note that the operation of the
telemeter depended on tiie variations in resistance of a pile
of carbon plates. Tihls variation was measured by means of a
Wheatstone bridze circuit. Thus, this telemeter can be re-
garded as the predecessor of the now widely used electrical
resistance strain gages.

The observed :tralns were converted to equivalent stresses
by means of an assumed modulus of elastlcity of 29,000,000
psi. Tho rosulting stross data were then summed up by means
of diagrams similar to the onos reproduced herein as Fig. 5.

The particular diagrams shown in Fige. 5 are for the 32 ft
8 in. span. In this bridge all nine stringers were of the
same size (15 in., 43 1b I-boama) but the amount of concrete
acting with the exterlor beams was smaller than that acting
with the interior ones. Thus, the composite exterior boams
had smaller moments of lnertia and section modull than did

the interior ones. Fig. 5 shows, a) a typical stress
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distribution curve when one truck was near a side of the road-
way, b) a typlcal curve when one truck was at the center, c)
the maximum stresses (strains) observed in sach beam as one
truck was moved laterally across the bridge, and d) the maxi-
mum stresses (strains) observed when two trucks side by side
were moved laterally across the bridge.

These typlcal diagrams show that when two trucks side by
side were moved laterally across the roadway the maximum
stresses in all the interior beams were essentially the same,
Fig. 5d. The maximum stresses developed in the exterior beams
were substantially smaller than ln the interior ones. They
also show that the maximum stress caused by one truck was sub-
stantially smaller than the maximum caused by two trucks. 1In
addition, if the one truck could be kept near the centerline,
the maximum was reduced still more.

Further conclusions were respect to static load distridbu-
tion to tho stringers were as follows. In the bridges having
concrete floors, with two trucks side by side on the span, the
maximum observed stress (strain) varied from 0.60 to 0.69
times the total observed stress attributable to a single wheel
load. The 0.60 value was the average when the stringer
spacing, S, was 28.5 in., and the 0.69 value was for the 36
in. spacing. These values are seen to be somewhat higher than
the current AASIO specificatlion of S/5 (8, p. 168) would yield.
By this specificatlion the values would be 0.48 and 0.60,
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respectively. However, it was further stated that the ob-
served stresses were far below those predicted by "usual"
methods. Various reasons for this difference were suggested,
but data were not available for substantiating the hypotheses.

Another historically important observation was that the
steel beams and concrete slab did act together as composite
"T-beams" even though no special provision had been made to
insure such action.

It 19 believed the tests described above formed the basis
for the firat formal specification as to distrlbution of wheel
loads to stringers. This was indicated by Fuller in one of
several papers reporting new tests on tine same bridges after
25 years of service (9, 10, 11). He stated that "The present
AASHO distribution of load is changed slightly from the
original wnich (as far as the author knows) first appeared in
the 1923 specifications of the Iowa iHighway Commission." (9,
p. 8). During this perlod thore were, of course, many changes
in the trucks in common uso and in the type of bridge commonly
built; thus, more extensive changes in the specifications might
have been expected.

In the 1948 tests rourhly the same procedures were fol-
lowed as in the earlier ones except that relatively few data
were takon. A modern truck having dual pneumatic tires and
tandem axles was used, as were modern strain measuring instru-

ments. The thickness of the slab had been lncreased from
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6 in. in 1922 to 9 in. in 1948. Both visual observation and
test results indicated that in 1948 the 32 ft 8 in. approach
span still retained full composite action but that the shorter
span, part of the floor system of a truss bridge, had lost
practically all composite action.

Because of these various changes the observed load dis-
tribution factors (maximum fraction of a wheel load carried by
one stringer) changed between 1923 and 1948. However, it
seems significant that the change was essentially the same for
both spans even though one had retained full composite action
and one had been reduced, very nearly, to separate beam and
slab action. As a specific example, for the side position of

the loads (W and YY) the averages were as shown in Table 1

(90 Pe 7)0

Table 1. Load distribution factors measured in 1925 and 19h8

Distribution faoctor in

Bridge 1925 1948
West approach (32 ft 8 in.)
(Composite throughout) 2l .19
West panel (18 ft 9 in.)
(Compoalte-noncomposite) 245 .185

This 1s interpreted as an indication that the distribu-
tion factor 1s not sensitlive to the presence or absence of

composite action, hence, 1s not sensitive to the absolute size
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of the beams. As iIn 1923, the observed stresses were substan-
tially lower than predicted by "usual" methods.

It should perhaps be emphaslized that the procedure used
in determining the foregoing factors was simply to divide the
observed stress for a beam by the total of the observed
stresses for all the beams. This, in effect, assumed that the

longitudinal distribution of the load, hence of the moment and

stress, was the same for every beam. This assumption undoubted-
ly introduced errors which could have been evaluated only by
much more elaborate experimentation.

It was emphasized in the reports that "Practically all
of the available information on the behavior of bridge floors
has been obtained in situations where the load was inadequate
to develop stresses which even approached design values."

(9, p. It), and that "Although these deductions may reflect
correctly the small unit stresses developed by the available
live load, no information is avalilable for extending the re-
sults to fully loaded structures." (10, p. 402). This 1s a
limitation that usually applios to present-day test results,
also.

Another early testing project of some ilnterest was des-
cribed by Davis in 1927 (12). He reported extensive testing
of two slabs simulating the then proposed floor for the
Delaware River Brldge at Philadelphia. 1In these tests the be-

havior of the slab was the primary concern, but some deflec-
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tion and strain measurements on the steel beams were made.
The reactions of the steel beams were measured, also.

There were no shear connectors between the steel beams
and the concrete; the only diaphragms were at the ends of the
spans, and they were relatively flexible. Loading was limlted
to a single semi-concentrated load and only two positions of

the load were studied. A feature of the tests was the repeat-
ed application of impact loads of various magnitudes. This
impact loading caused, among other things, changes in the
properties of the structures that were attributed to the break-
ing of the bond between the slab and beams with a consequent
decrease in tiie T~beam action. Thls was in contrast with the
behavior of one of the Iowa bridges re-tested after 25 years

of service and found to have retained ilts composite action

(9, 10, 11).

While the tests served the purpose for whlch they were
intended, that 1is, to determine 1f the bridge floor was ade-
quato as designed; they wero too limited to support general
conclusions, and no such conclusions wore drawn. Conslderable

ploneer work was required in instrumenting the tests to obtain
tho data desired, and thls work has undoubtedly benefitted sub-

sequent investigators. Also, the recognition of the problems
created by temperature changes, lapsed time during loading,
and rotation of the steel beams about their longitudinal axes

must have been helpful in later research.
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The analytical study of bridge floors was advanced by
Westergaard in 1930 (13). IHis paper included, azain, the
derivation of Lagrange's fundamental equation for slabs, and
went on to develop formulas for various arrangements of con-
centrated loads or of loads uniformly distributed over small
circular areas. In general his analyses were for single span,
infinitely long slabs simply supported on rigid supports. His
analyses were directed primarily at the determination of

moments In the slab and of "eflective widths" for moment. He

did, however, include the derivation of a formula for the dls-
tribution of the reaction alony a supporting boam. It was
shown that this theoretical distributlon took the form of a
sharply peaked bell shaped curve. The position of the result-

ant of one half of this curve was shown to vary only slightly
as the position of the load varied, remaining near 0.2 times

the span of the slab from the peak. If this conditlion can be
taken as qualitatively indicative of the distrlbution whon the
slab is continuous over several beams, it providos some
further indication that the error introduced by dlsregarding
longitudinal distribution alon; the boam is small.

The analytical study was continued by Holl, who presented
formulas in complex infinlite series form for slabs of finite
width having free edges (1l4). Except for the width, the con-
ditions of his analyses were the same as for those of

Westergaard. The indicated distribution of the reaction pres-
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sure remains essentially the same as that described above.
An experimental investigation of the reaction distribu-
tion has been reported by Spangler (15, 16). The slabs tested

were simply supported, had free edges, and were of finite
width. They ran:ed in thickness from 2-1/2 to 12 in., in

span from 3-1/2 to 10 ft, and in width from 5 to 20 ft. The
distribution of the reaction was measured for many different
positions and magnitudes of applied load, and for a varlety of
sizes and types of contact area. The measurements lndlcated
the same type of peaked reaction distribution indicated by
theory. Uf the conclusions reached, the one of present in-
terest is that the effective wldth for shear at the edges
(distribution of the reaction) is essentially the same for
loads in all positions along a line peorpendicular to the sup-
ports. Th!: 1s, also, in accord with Westergaard's work des-
cribed above.

Similar, more oxtensive tests conducted at the University
of Illinois and including reaction measurements gave reaction
distributions of the same general type (17). lowover, these
results were not regarded as satisfactory bocause of excessive
deflections within the reaction-measuring supports. It was
shown both by the tests and by theory that this distribution
1s extremely sensitive to slight defloctions of the slab sup-
port (17, p. 68). Spangler's tests mentioned above were less

subject to this error because of his methods of measurement.
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On the other hand, the slab support in bridge floors is pro-
vided by relatively flexible beams, so the results of tests
on rigid supports can only be qualitatively useful, at best.

A relatively extensive, long-range program of investiga-
tion of the behavior of slabs in general, including slabs sup-
ported by steel beams, was undertaken at the Unlversity of
Illinois in 1936. It has been continued intermittently to the
present (1956). Various phases of this program have been re-
ported in one or more of a number of papers, to one of waich
roforence has already been made (17). Those most pertinent to
the present discussion are reviewed as follows.

In a paper (18) discusaing all the work done to that time

(1954) Newmarli and Siess summarized the joneral method of at-

tack thus: "First, analyses were made to establish the vari-
ables and to ald in the planning of tests. Next, tosts were
made on laboratory specimens, usually scale models of highway
bridges. And finally, recommendations for design were devel-
oped, based on tne results of both the analytical and experi-
mental studies." (18, p. 32).

In the first analytical study reported, by Jensen, analy-
ses were made by the classical procedure of obtaining solutions
of Lagrange's differential equatlion for the deflection of a
slab (19). Solutions for a number of special cases were de-
rived. Of these the most complex was a symmetrical system

composed of a slab and of threc beams. The solution for this
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system might be used directly in the desisn of such a bridge.
The solutions were, in general, presented in alzebraic forms
consisting of infinite serles of varying complexity. Lven

thousgh the cases studied were not extended to include struc-

"

tures of the usual complexity, it was stated that, "... by
their very cumbersomeness, (they) indicate that other methods
of analysis should be applied ...."; and that, "... the formu-
las are not suitable for direct use in design ...." (19, p. 3).

In the next paper in the series, Newmark described a
broadly applicable method of analysls primarily useful for ob-
taining numerical results in particular problems rather than
general forrmlas (20). "The essontial foatures of the
procedure are similar to, and derived from, the moment-
distribution method of analysis ..." (20, p. 8). And, "The
procodure ... bears somewnat the same rolation to other pro-
cedures and the formulas derived thereby as the momont-
distribution procedure for continuous frames bears to the
slope-deflection method ..." (20, p. 8).

In this procedure the first step ls to divide the design
load into components varylng sinusoidally along the longltudl-
nal axis, that 1is, to express it as a Fourler series. It was
shown that each component, each term of the series, can be
handled separately and 1ts effects found. The total effect,
moment, reaction, or other functlon is, then, thoe sum of the

component effects; as many components must be treated as 1s
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necessary to obtain the desired precision. The method is not
applicable if the beams vary in section or if the slab thick-
ness varles between beams.

The determination of the effects of cach component is ac-
complished through a distribution procedure using factors
resemblinz conventional stiffnesses, carry-over factors, and
fixed-end moments. Derivations of these constants by applica-
tion of ordinary slab theory to a single panel were presented,
as were oxtensive tables of such constants for panels of vari-
ous proportions. In each distribution procedure the number of
"stiffness factors" needed for each panel is four, the number
of "carry-over factors" needed 1s three. The paper lncluded a
detalled desacription of the procedure and numerical examples
of its application.

A useful jeneral relations:ip emphasized in the develop-
ment of the method 1s that each sinusoidal load component pro-
duces moments, reactlons, and deflections of the same
sinusoidal form (20, p. 15).

In spite of tho great ingenuity of the method described
abovo and in spite of 1ts potential value as a ressarci tool,
it does not seem to bo suited to ;eneral use. This concluslon
is indicated by the fact no instances of 1ts applicatlion have
been reported except in connection with the University of
Illinols project. As part of the Illinois project 1t was used
in the analysis of a series of 20 baslcally different bridges,
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as reported by Newmark and Siess (21). Even thoush the method
remains subject to the usual 1limiting assumptions, it was
stated that:

The detailed calculations for the effect of
concentrated loads in I-beam bridges are long and
tedious, and would serve no useful purpose if
given here, The calculations were made by means
of infinite trigonometric series, with as many
as 16 terms belng considered for some of the
structures analyzed ... In certain cases the
slow convergence of the series made 1t necessary
to estimate the effect of the terms in the serles
that were neglected. (21, p. 9).

The bridges studied by Newmark and Siess were all alike
in that thoy had five beams of the samo size equally spaced,
and in that the slabs were of uniform thickness. Beam spacing
to span ratios of 0.1, 0.2, and 0.3 were used, and for each of
these ratios seveoral beam to slab stiffness ratios were analy-
zed. Moments wero determined for each combination for many
positions of a unit load, providing data for the "influence
surface’ for each moment. These influence values were then
used to determine the maximum values of the various moments
caused in cach of over 50 structures each havins a particular
span and width and subject to the standard hlghway truck load-
ing. The resulting maximum values wore plotted and the plots
used in arriving at simplified recommnendations for design
use. The influence of Iinterior diaphragms between the beams
was neglected. The edze beams were assumed to be at the edge

of the slab, and the effects of curbs, slidewalks, and hand-

ralls were nezlected.
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A significant condition of the analyses was that the
faces of the curbs were assumed to be at the edse beams,
though some supplementary calculations were made with the
curbs 2 ft outside of the edze beams. This gave recognition
to a variable that seems highly influential in determining
tnhe loads carried by the edge beams. Among the maximum
moments calculated, none was found to occur in an edge beam
unless the face of the curb was 2 ft outside the edse bean,
i.0., unless tho outermost wheel load could be placed directly
over the edse beam (21, pp. 38, 39).

Moments were computed at midspan instead of at the
theoretical point of maximum moment, l.l} £t from midspan, and
it was pointed out that the error thus introduced was negli-
gible (21, p. 41). An important conclusion reached was that
Poisson's ratio could be disrezarded without serlous error
(21, p. 14).

The resulting deslgn recommendatlons neglocted tho portion
of the load that might bo carried directly to the abutments by
the slab, and were as follows. The fraction, k, of a wheel
load to be carried by one boam when two or more lanes of
traffic are present should be, when the outer load is:

more than 2 ft inside the edge beam

K = 3 , (1)
Lo + JLer/(0 Vi)
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less than 2 ft inside the edge beam,

k (2)

- S
Lo +.21L/(10 V')

In these equatlons,

S = beam spacing in feet,

L beam span in feet,

EI

H = ratio of beam to slab stiffness, s
LEgIg

E = modulus of elasticity of the beams, 1lb. per in.a,

I = moment of inertia of the beams, 1n.u,

2

E, = modulus of olastioity of the slab, 1lb. per in.“,

s

Ig = moment of inertia of a one foot wide strip of the

slab, 1n.h per ft

These recommendations were based on the assumption that
all the beams, compositoe or otherwise, would be of the same
slze. They also included the assumption that in T-beam struc-
tures the EI value for a beam would be determined from the
transformed section consisting of the steel beam plus a full
panel width of the conorete. It was emphasized that the EI
values for both the slab and beams, but particularly for the
slab are uncertain because of the usual variability of the
modulus of concrete, because of the lack of homogeneity in a
reinforced slab, and, in particular, because of the effect of
hair cracks in the slab.

To supplement the analytical investlgation, an extensive

series of tests of model bridges was performed and reported
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by Newmark, Siess, and Penman (22). "A principal object of
the tests was to determine whether the theoretical analysis,
limited as it was by numerous assumptions, could be used to
predict the behavior of the slab and beams in an I-beam
bridge." (18, p. 41). Fifteen quarter-scale models were
tested, the span being either S or 15 ft, the beam spacing 18

in., and the slab thickness 1-3/h in. Shear connectors were

used in some, omitted in others, and the natural bond was
deliberately broken in still others. The diaphragms used were
small compared to those in the bridges reported on herein. No
orown wns provided in the roadway. The edge of the slab was

located at the outer edge of the flange of the outer beam, and

no curb was provided. Thus, the amount of concrete acting as
part of an edgze composite beam was considerably smaller than
that acting as part of an interior beam.

The loads were applied through steel disks cushioned by
sponge rubber. Strains and deflections were measured both be-
fore and after cracking, the stralns of most lnterest ln the
present discussion beingz the longltudinal atrains along the
bottoms of the ateel beams. These were compared with tnose
predicted by the analytical method, and it was found that
"The distribution of moments to the several beams as deter-
mined from measured strains was in excellent agreement with
the distribution predicted by the analysis." (18, p. 41).

The actual measured strains, however, were up to 39 percent
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greater than the computed (22, p. 115). These discrepancies
were largely attributed to unpredictable cracking of the slab
and to the fact that in composite bridges the calculations
assumed beams of equal size whereas they were actually not
equal, as noted above.

Cracking of the slab was found to have only a small ef-
fect on the distribution of the loads to the beams. And it
was found that the effects of composite action were quite
closely predicted using only the simple assumption that the
beam stiffnesses were lincreased to those of the tranaformed
areas.

The principal conclusions and, in particular, the design
recommendations from the Illinois project have been repeated
in several other papers (23, 24, 25, 26). 1In one, the design
recommnondation previously given, Eq. 1, was further simplified
to

k = 8/5.5 (3)

for both interior and exterlor beams in composlite bridges ln
which the outer wheel 1s assumed to come no closer than 2 ft
from the edge beam (23, p. 160). In another, Newmark reviewed
the project and emphasized several points of present interest
(24). One of these was that the slab acts as a very effective
diaphragm, so that it is unnecessary to provide additional
diaphragms, except for construction purposes (2, p. 1002).

Another was that the agreement between measured and computed
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beam strains was much closer for the 15 ft models than for
the 5 ft ones (24, p. 1003).

Also presented by Newmark was a discussion of the nature
of the loading on each bsam when a concentrated load, P, is
placed over one beam. As shown in Fig. 6, the total load on
the beam directly under the load consists of the concentrated

load and an upward distributed load. Tne load on the other
beams is distrlibuted, only. It was stated that all the dls-

tributed loads are approximately sine ourves (2}, p. 1001).

Anothor papor reviowed the program with particular
emphasis on the changes in the behavior of the bridges as
their proportions were changed (25), and still another parti-
cularly emphasized the design of the composite type structure
(26).

During the time since the University of Illinols project
was started, a fow limited investijgations have boen reported
by others. IiHindman and Vandegrift reported measurements of
the deflooctions, only, of some full-scale bridges that were not
typical of the type under discussion (27). They did emphasize
the dirficulties caused by temperature changes in actual
bridges exposed to the vagaries of the weather.

Lin and Horonjeff in one paper (28) and Clough and
Schaffey in another (29) reported tests on a full-scale three-
girder bridge in walch a center span was suspended from canti-

levered side spans. This bridge was unusual in that when the
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outer wheel was placed 2 ft from the curd it was actually 1 ft
outside the edge beam instead of 2 ft inside it as assumed in
the University of Illinols recommendations. Diaphragms were
relatively small and were not in contact with the concrete
slab.

Difficulties in determining the modulus of elasticity of
the concrete were reported because it changed with the weather.
Rapid changes of air temperature and changes in the radiant
heating effects of the sun were found drastically to influence
strain and deflection measurements so that it was necessary to
take "no-load" and "load" readings within a few minutes of
each other. Still anothner source of difficulty was that the
local offects of concentrated loads distorted the readings of
gages near the loads.

In reporting the analysis of the data it was stated that

the manner in which load is distributed to the

irders by the slab and diaphragms 1s lndlcated

o ting 1n the thres Gindors at a given ogoss

sectlion
(29, p. 941). This would seem to indicate that it was assumed
the varlation of load along all the girders was the same. As
discussed previously and indicated in Fig. 6, Newmark has
shown the variation of the load along different girders to be
quite different.

It was concluded that the effect of the dlaphragms was

relatively small. It was also concluded that the AASHO
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specification method assuming simple-span slabs predicted the
load distribution to the edge beams quite accurately.
Foster has reported measurements made on six different

60 £t span bridges having a 28 ft roadway supported by seven
equally spaced stringers (30). The slab thickness varied both
laterally and longitudinally. As a result of this variation
and of the typical difficulties encountered in full-scale
field testing, no quantitative conclusions were Justified.

The major qualitative conclusion was to the effect that the

type of dlaphragm or even the absence of diaphragms had no
discernible effect on the load distribution.

Similarly inconclusive tests have been reported by Wise
(31)s No data were published, but it was said (31, p. 180)
that,

The measured stresses were in excellent agree-

ment with the theoretical stresses. The baslo

elementary theory used for the static stress

analysis assumed that the dlaphragms were rigld

and distributed the load in any lane to all the

girders. The diaphragms were found to be

completely effective.

This result and this theory are both in complete disagrecment
with the results of all the other tests and analyses revlewed.

For the sake of convenlent reference the complete AASHO
specifications applying to load distribution to the beams are
inecluded as follows (1, p. 167-168). As noted previously,
these sections of the specifications have remalned essentially

unchanged since around 1923. The section and paragraph number-
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ing and lettering are from the specifications:

Section 3 - DISTRIBUTION O LOADS

3¢3¢1. - DISTRIBUTION OF WHEtL LOADS TO STRINGERS
AND FLOOR BEAMS.

(a) Position of lLoads for Shear

In calculating end shears and end reactions in
transverse floor beams and longitudinal beams and
stringers, no lateral or longltudinal distribution
of the wheel load shall be assumed for the wheel or
axle load adjacent to the end at which the stress
is being determined. For loads in other positions
on the span, the distribution for shear shall be
determined by the mothod prescribed for moment,
except that the calculation of horizontal shear 1in
rectangular beams shall be 1in accordance wlth
article 3.l.14.

(b) Bending Moment in Stringers

In caloculating bonding moments in longitudi-
nal beams or stringeras, no longitudinal distribu-
tion of the whoel loads shall be assumed. The
lateral distribution shall be determinod as
follows:

(1) Interior Stringers

Interior strinrers shall be desipgned for loads
determined in accordance with the following table:
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One traffic lanec, Two or more traffic

Kind of fraction of a lanes, fraction of a
floor wheel load to wheel load to
each stringer each stringer
Concrete S S
606 ;06
If S exceeds 6,0 ft If S exceeds 10.5 ft
sees footnote® see footnote®

S = average spacing of strinsoers in feet.

¥ In this case thie load on each stringer shall
be the reaction of the wheel loads, assuming the
flooring between strinzers to act as a simple bean.

(2) Outside Stringers

The 1live load supported by outside stringsers
shall be the reaction of the truck wheeols, assuming
the flooring to act as a simple beam between
strinzers.

(3) Total Capacity of Stringers

The combined load capaclty of the beams 1ln a
panel shall not be less than the total live and
dead load in the panel.

Section 9 - COMPOSITE BEAMS

3.9.2. - EFFECTIVE FLANGE WIDTH

In composlte beam construction the assumed ef-
fective width of the slab as a T-beam flanje shall
not exceed the following:

(1) One-fourth of the span length of the beam.
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(2) The distance center to center of beams.

(3) Twelve times the least thickness of the

slab.

For beams having a flange on one side only,
the effective flanze width shall not exceed one-
twelfth of the span lenzth of the beam, nor six
times the thickness of the slab, nor one-half the
distance center to center of the next beam.

An unpublished tentative revision of the AASHO specifica-
tions designated as T-15-50 has been considered by the Brldsge
Committee of the AASii0O. This revision would increase the
denominators of the fractlons in the ireceding table; 3/5
would be chaned to 3/5.5, and $/6 to S/7. It would also re-
vise the article concernins outside stringers by requiring
that they be designed for a live load not less than that
specified in the table for interlor stringers, i.e., S/5.5
or S/7. MNo provision was made In the tentative revision for
variation of the load on the outside stringer 1ln response to
variations in the position of the curb face with respect to
tho strinser or to variations ln any of the other seemin;ly

significant quantities.
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III. PROPOSED ANALYSIS PROCEDURE

As indicated previously, the primary objective of the in-
vestigation was to develop an analysis procedure more
generally useful than those presently available, It was men-
tioned that such a procedure should:

1. tale into account more of the significant variables,

2. be understandable to practicing engineers without

special tralning,

3. be brief enough for practical use,

ly. retaln accuracy consistent with the accuracy of the

data golng into the analysis, and

5. lend itself to future refinement.

A new procodure has been developed that seems to meet all
these roquirements in the analysis of simple-span bridges, and
that may be useful in the analysis of continuous bridres. It
is, therofore, presented on the followling pages and recom-

mended for use.

A« Basloc Procedure

If the usual assumption that superposition 1s permis-
slble 1s made, 1t follows that when a bridge is loaded it may
be regarded as passing to the fully loaded, stressed, and de-
formed condition in two distinct steps. First, the loads
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are applied wnlle the beams are temporarily prevented from
deflecting. This zives rise to forces transmitted to the
beams by the slab and to temporary reactions under the beams
that are everywhere equal and opposite to the forces acting
on the boams, Fig. 7Ta. No net load acts on the beams and no
moments are induced in them.

Second, the temporary reactions are removed and the ef-
fects on the beamns of this removal are calculated. These
offects constituto, then, the total effects of the original
loads. The effects of removing a tomporary reaction are as-
sumed to be the same as those of applyin;; an equal and oppo-
site force. Thls ontire procedure of superposition of
offects is illustrated in Fig. 7 for a group of concentrated
loads applied along the transverse centerline.

Yhen concentrated loads aro applied to the bridge, the
temporary reactions, RT, may be assumed to be concentrated,
uniformly distributed over some arbitrary length, or distrib-
uted in any othor way indicated by present knowledge or
future developmonts., i/hen transverse line loads are applied
to the bridge the temporary reactions would probably beo dis-
tributed in the same way as are tiose for concentrated loads.
When a uniformly distributed load 1s applled to the bridge,
the temporary reactions, WT, would be assumed uniformly dis-

tributed along the entire length of the beams.
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B. Assumptions

In expanding the basic procedure to the evaluatlion of
moments and deflections, various initial simplifylng assump-
tions are made. It will be seen that these are all either in
accord with present practice or have been indicated by previ-
ous investizations described in the Review of Literature. 1In
goneral, the assumptions are such that modifications can be
made to improve results without channing the overall procedurs.
Muture rosearch and furthor expericnce with the method can be
expected to provide the Information on which to bagse modifica-
tions that will improve the assumptions.

The assumptions are as follows.

1. The beams and slab making up & brid;e are regarded as
soparate entities even though somo materlial may act both
as part of a composite beam and part of the slab. The
slab material lncluded as part of a beam oxtonds to the
contor of each adjacent apace or to tho edre of tho
bridse. Curbs are included.

2. t/nen tho beams are tomporarily prevented (rom deflect-
ing, step 1, the reactlions of the slab are those of a
continuous beam of uniform width on rigild supports. The
temporary beam reactions are the same as t:.e slab reac-
tions.

3. There is no longitudinal distrlbutlon of the temporary
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8.

9.

10.

11.

12.

13.
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reactions; when the applied loads are concentrated, the
reactions are concentrated, also.

The effects of the diaphrazms are neglected.

when a concentrated load is applied at one beam, the
resulting distributed torces actin; on all the beams are
distributed sinusoldally, as was sugzg;ested by Newmark
(24, p. 1001), Fig. 6, and by independent studles con-
ducted as part of the current project. iwWhen a uniform
load 1s applled along one beam, the distributed forces
resulting on the other boams are also assumed to be dis-
tributed sinusoldally.

Tne kLI values for the beums are those of the transformed
composite sections.

The EI value for the slab 1s that of the mross concrete
soction, neslectins the reinforcenent.

Tho slab carries no load directly to the abutments, l.e.,
lonsitudinal bending in the slab Lls neglected.

Torsion of the slab and of theo beams i3 noglected.

The Polasson effect is i7nored.

The maximum moment in a beam 1s assumed to be the maximum
at the conter of the beam.

The moment at the center caused by a load applied to the
bridze at some other point, y, 13 assumed equal to the
moment at y caused by the load placed at the center.

To find the moment at y caused by a load at y, it is
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assumed that the moment diagram is composed of straisht
line segments one of which passes tnroush zero at the
end of the beam, passes tiarouzh the value of the moment

at the center, and is extended to the point y.

Ce ILimitatlions on the Use of the Procedure

The foregoing; assumptions are belleved to introduce rela=
tively small errors in the analysis of a bridse havinsg a span,
bean spaciny, and slab thickness within the usual ranmes of
these variables previously mentioned. The close a—reement
between the ;redicted and measured results reported subse-
quently tonds to confirm thls beliet's However, unusual struc-
tures may occur in whlch one or more of the variables or
combinations of the variables 1is substantially lar;er or
smaller than usual., FFor somo such structures the uso of the
proposed procedure based on the assumptions listed ml;;ht yleld
analyses exceaslvely ln orror. IFor others the usec of the
method mirht yleld results of acceptable accuracy, but a
simplified procedure might be found also to yleld acceptable
rosultas. The ranges of the varlables wlthlin vhlch the use of
the procedure 1s necesasary and wlthin whilch it ylelds accept-
able results are by no means established. The extrome condi-
tlons can, however, be qualitatively 1ldentified.

At one extreme, as the span decresases or the beam
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spacing lncreases, thus as the ratio of the span to the
spacins decreases, longltudinal bending in the slab must be-
come significant, contrary to assumption 8. If this ratio
should become one, for instance, roughly half the load would
be carried directly to the abutments through longitudinal
bendinge. Amonz the bridees tested and analyzed with 70od re-
sults the ratlio was as low as 3. Also, in the desisn of
slabs supported on four sides it is common to lgnore bending
in the long direction if the lony slde 1s as much as twice
the lennth of the short side. It is supsestod that tho use
of the proposed procedure be similarly limited to the analy-
sls of bridzes having slabs within the ordinary rance of
thickness and nhaving a span to spacling ratio of 2 or more. A
very thick slab, hence a low value of H, would cause longi-
tudinal bending to become significant, also. Among the
bridces tested the value of Il was as low as 3, and the arroo-
mont between the analysis and test results remalned ~ood.
Pending; further study, 1t 1s sugreated tho proposed procedure
not be usod in analyzing brldges having values of H lower
than 2.

It seems probable modifications of the procedure can be
devised that willl adapt i1t to the analysls of the unusual
cases outside the limits sugzested, but thls has not yet been
done.

At the other extreme, as the span to spacling ratio be-
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comes very larze, the effects of cross-bendin; of the slab be-
tween the beams must become insignificant and the assumption
of a laterally rigid slab would be justified. The presence

of a relatively thlck slab in combination with the l-'r-—e ratio
would intensify this effect. Conversely, when the slab be-
comes thin, particularly in combination with a small ratio of
span to spacing the effects of the beam deflections should be-
come negligible and sufficlient accuracy be obtained by consid-
erins theo effocts of crossz=-bendinz, step 1, only. Only added
exporienco with the procedure can establlish the raniea of the
varlables within which these simplified assumptions could be

used.

D. Uxpansion of the Procedure

le Slen convontlon

Throughout thls dliscussion upward forces and defloctlons
will bo conslderod positive; downward ones negative. !omer.ts,
therefore, will be positivo when they cause comprossion in

the top of a simplo beam.

2. Tho evaluation of temporary reactions

Under assumptlons 2 and 3 above, the tomporary reactions

(stop 1) are simply those of a beam of uniform width continu-



56

ous over rigid supports. They may be ovaluated through the
use of any of the methods applicable to the analyslis of con-
tinuous beams. Yoment distribution will probably be preferred
in the reneral case; it 1s widely understood and used and 1s
readily adaptable to beams in which the cross-section varies
or in which the spans are unequal. On the other hand, reac-
tion Influence lines are most convenient when dealing with a
sroup of bridces having closely similar proportions. For
Instance, all the brid~os tested had slabs of constant thick-
ness and had four beans oqually spaced. Influenco lines for
the reactions were used in analyzing them, and are included in
tiie Appendix for convenient reference. The corresponding
table of Influence values 1s included, also.

For uniform or lline loads it becomes nocessary to deter-
mine areas under the influence llnes 1f they arec to be used.
The oquatlons of the various serments of the lines for use in

doterminlins, aroas aro also included in the Appendix.

3. Concentratod loads applied at beams

When the orlzinal loads are concentrated loads or line
loads, step 2 of the basle procedure requires tne determina-
tion of the effects of applyling a concentrated load at each

beam in turn. The method su:ijested ls developed as follows.

a. Preliminary considerations. If y 1s used to desi~-

nate a varlable distance measured alon;; a beam from one end,
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the ratio y/L appears frequently, and it is convenient to lot
=0
r =4 (h)

When a concentrated load, P, 1s aoplied at the center of
a separate slimple beam of uniform section, the deflection is

given by
R < (3r - Lr3) (5)
r L8 EI '
the maximum value, at r = 1/2, being

3
= PLT 6
A max L8 kI (0)

‘When a sinusoidally distributed load,

Wn = Woo.sinrr, (7)

is applied to a separato beam of uniform section, the result-

ins moments and deflections are distributed sinusoldally,

also.
- 1.2
Mp = =W, 5 sinm7r, (8a)
T
= Mpax 84077, (8b)
in which, at r = 1/2,
2
L
M = - m——— e (9)
max max 73

And,



A_=w Lu sin 7 r (104a)
r max ’
7 Bl
= Amax sin rrr, (10b)
in which,
A = w d* . (11)
max max "Ef"
Tkl
It 1s convenient to let
Ly
zL = d. (12)
el

This quantlty is the maximum deflection of a beam when it 1is
acted on by a sinusoidally dlatributed load whose maxirmum
value is unity. In general it will have a differont valuo,
ch' cSB, etc., for each beanm.

When considerine the slab the followlng substitution will,

also, be found conveoniont.

CS‘ = 83 ’ (13)
S ESIS

in which EsIs represents the product of the elastic conatants
for a unit width of the slab. Under assumption 7, for a unit
width

Egly = —— , (1)

in which h represents the thickness of the slab.
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b. General discussion. When a concentrated load is ap-

plied at a beam in & beam-and-slab bridge the beam deflects
and pulls the slab alon;; with it. The resulting tensile force
actin between the loaded beam and the slab is distributed
sinusoidally, accordiur to assumption 5. The application of
this sinusoidal load to the slab induces reactions at the
other besams that are, also, distributed sinusoldally as was
illustrated in Flg. 6., These slab reactions constitute loads
on the beams and cause momonts and deflections that vary
sinusoidally, in turn.

Typlcal forces and deflections involved, those occcurring
when a concontrated load is applied at beam B, are shown in
Fig. 8. It willl be noted in Fig. 8d that the final maxirmum
deflection of the beam at which the load 1s applled, 4.;. 1s
made up of two parts; whereas the corresponding deflection of
the slab, zgg, 1s assumed to be puroly sinusoidal. Thus,
when the doflectlions of the beam and slab are madoe equal at
tho center they are not oxactly equal at othor points. This
difforenco 1s an indication of the error introduced by the as-
sumption of sinusoldally distributed forcos.

The typical system of Fig. 8 has, essontially, only two
rodundants. Under the assumptions previously llisted, removal
of any two of the sinusoidally distributed forces would leave
a statlically determinate arrangement. The loaded beam would

simply deflect under the concentrated load without help from
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the slab. Since each such distributed force removed 1s fully
determined by a single constant, the determination of two
constants renders the complete system statically determinate,
also. Bridpes havin: a larcer number of beams would, of
course, have more constants to be determined, two less than
the number of beams, to be exact.

These constants can be evaluated through consideration
of the central lateral strip of slab of unit width, Fig. 9.
With the assumptions of no longitudinal bending and no tor-
sion, each lateral strip must be in equilibrium under the
action of the parts of the distributed forces acting on it.
For the central strip these parts become the maximum values
of the distributed forces, LN wBB’ oetc. The deflection of
the central strip at each beam must be equal to the maximum
boam deflection, ‘ﬂAB’ ‘388’ etc. These forces and deflec-
tions, vhen tho concentrated force 1s applled to each beam in
turn, are fully identified in Fipg. 9.

Any valid procedure for the analysis of continuous beams
on olastic supports 1s appllcable in tho analyslis of the slab
strip. The use of relaxation procedures leading to numerical
solutions of one problem at a time may be preferred. At the
other extreme it is theoretlcally possible to derive i;eneral
equations for the deslred values, but such equations were
found to be unduly complex even for the relatively simple

bridgos considered.
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For these bridges it is found convenient to carry the
general derivations only part way, as sihown below. Complete
solutions for a particular bridce and loading are, then, ob-
tained after the numerical values pertaining to the particular

case have been substituted into the partial general solution.

c. Partial cmeneoral solution. The analysis of the slab

strip 13 made by reducin; it first to a determinate conditlon
by the temporary removal of two of the distributed forces.
For Instance, 1f B and D are removed and a concentrated force,
P, 1s then applied to beam A it will deflect the full amount,
PL3/h8EIA, unrestralned by the slab, Flg. 10a. The deflectlon
at C 1s zero, the slab is unstrained, and the deflections at
B and D are as shown. Similarly, if the load 1s applied at
beam C, the deflections will bo as shown in Fig. lla.

lloxt, 1f a slnusoldal load whose maximum value is unity
las applied to the slab at beam B, Flg. 12a, it 13 rosisted
only by beams A and C, at each of which the maximum reaction
1s -1/2. At A the resultin; maximum deflectlion of the beam
and the deflectlon of the slab strip is 5A/2 and at C 1t 1s
60/2. Applyin; the moment-area principles, the deflectlon at
B, zéB, and at D, zﬁB, are obtalned as shown, Fig. 1l2a.
Similarly, if the unit sinusoldal load !s applied to the slab
at beam D, Fig. 12b, the force at A is +1/2 and at C it 1s

-3/2. Tho reosultling deflectlons, zﬁD and ZBD’ are as shown
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in Fig. 12b.

When the load P 1s applied at A, the final condition is
as shown in Fig. 104, with initially unknown values of wg,
and wp, superimposed on the original condition, Fig. 10b, c.
These values of wp, and wp, induce corresponding values of wyp
and wope To evaluate wg, and wp, the results of the preceding
analyses are superimposed in equations for the final deflec-

tlons of B and D, as follows:

_ pL3

Apn = =wa Sp = 55 5rx * “BAZB * DAZhD’ (15)
- = - PL3 + 1+ !
App = -wpa9p 96 EI;  'BA“DB = "DA”DD’ (16)

Solving these equations simultaneously ylelds:

- _ _PL3 (23p *Sp * zhp) » (17)
"BA ° " GE LI, (apg ¢ dp)zpp +dp)-zhpzhy
d
vr - pr3 (z4p +9p + 2z}p) . (18)

"~ 96 EI, (zhg + dp)lzyy + ‘SD)'szzﬁD

By the reciproocal theorom, z}, = sz. Making this substitu-
tion, and letting

(zhp +dp)lay, +8p) - z'gn =N, (19)
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-
13 Zhp *Op *+ 2k

Wgp = -P(HB—ETX)(-—____Eﬁ;_——__—-)’ (20)

-l - - )
oA = ‘P(haLf:IA)( i 2{?@ D), (21)

and, from Figs. 10 and 12,

. "pa
IV e (22)
w 3w

When the concentrated load is applied at C the super-
position of deflections, Fig. 11, ylelds:

A = aW S, = + Wapidn * Wna2! (24)
BC BC°B * 56 Erg BC*BB © ¥DpCZBD °? 0

- _ _PL3
Ape = =¥pg J1) ~ 32 EI. ET, *+ wpczdp * WpoZhp (25)

Solving and reducinyg, as before,

- 3 Zpp *dp " 3y
WBC -P(!‘E EIC)(_— 2N - ) ’ (26)
- L [3(zh *dp) - zﬁu}. (27)
"po = ~Plpg EIC) 2N -

Ang,
w w

- BC + _DC , (28)
2 2

{]

YAC
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= DC

When the concentrated force 1ls applied at B the results

are obtained by symmetry, as follows.

Wpp = Wpg (30)
"gg = Wog (31)
“cB = ¥Be (32)
Wpp = Wac e (33)

When it 1s applied at D,

*AD = "DA (34)
WBp = Wgp » (35)
Wcp = WpA » (36)
WpD = WAA o (37)

Thus, all the sinusoidally distributed reactions acting
on the slab and resulting from the application of a concen-
trated force to any beam are evaluated. The corresponding
forces acting on the beams are, of course, opposite in sign.
Also, in a bridze analysis the general force, P, 1s replaced

by the appropriate reversed temporary reactions, -RT, in turn.
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lts Uniform loads applied at beams

When the original loads are uniform along the length of
the bridcge, step 2 of the basic procedure requires the deter-
mination of the effects of applying a uniform load, W, at
each beam in turn. Following an analysis paralleling that for

concentrated loads, corresponding formulas are obtained, as

follows.
- S, p tSp*mp
Ba = -¥(3g, 5r,) ( Ty ) » (38)
5.3 -nly - dp - 3
Wpp = =W(38L', EIA) ( - 262 BD) ’ (39)
w
my = - D8+ D, (4o)
v 3¥Da
wep = - a0 - =34, (h1)
z!  + J - 32!
Wpo = -W(Saﬁnglc)( DD 2§ 5D ), (42)
) L3 4% * Sp) -Fp
W
"’Ac='-g-c'+w%’ (Lh)
w 3w
wCC = - gc - gc [ (L"s)

As in the equation for concentrated loads, in an analysis the
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general load, V/, 1s replaced by the reversed temporary uniform

reactlion, -WT, in place of -RT, Fig. 7o

5.

Beans of varving section

The preceding derivations are directly appllicable only

to bridzes in which the beams are of constant cross-soction.

However, they can be extended to bridges whoso boams vary in

section quite easily by making the followling substitutions.

1.

2.

3.

In the preceding derivations the quantity I3/L8BEI is the
doflection of a beam of uniform section caused by ono
pound actiny at its midpoint., For beams of varyin; sec-
tion this quantity is replaced in each instance by the
appropricte numerical value of the defloction of the beam
of varying sectlion, also for one pound at its midpoint.
Similarly, the quantity SI3/364EI is the deflection of a
bean of uniform section actoed on by a uniformly distrib-
uted load of unit Intensity. PFor beoams of varyiag soction
it is replaced by tho correspondin; numorical values of
tho deflections of the boams of varyin; section under the
seme load.

The quantity'd is defined as thoe dofloction of a beam
acted on by a sinusoidally distributed load whose maximum
intensity 1s one pound per unit of length. This defini-
tion is equally applicable to beams of uniform and varylng
section. The formula d = Ih/‘ﬂ'hEI for beams of uniform
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section 1s, of course, not applicable to beams of varying

section.

Some of the bridges tested contalned beams of varying
section, and the substitutions listed have been made in
analyzing them. In other words, the variations in the beam

cross~sections have been taken into account.

6. Final values

The final load on each beam consists of the reversed
temporary reaction for that beam, -RT or -WT, and of a
sinusoidally distributed force that 1s the sum of all such
forces cominz to the beam, Fig. 13. The moments in the beam
and the deflections are those caused by this combination of

forcesn.

E. Detailed Procedure

Summarizing the forezoing dlscussion, the successive
steps in analyzing a bridge are listed below. An actual
analysls is presented as an example in the next section, sec-
tion F, and the various asteps 1n the example correspond to
those listed below and are identified by corresponding numbers

and letters.
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‘RT
A l‘WA—’* (Waa* Wygt+ "hc*“‘faa)

A

5’

MAr = R}ﬁ._(fr) +%_Z_._§5/b T

7,3 44 ;
Adn, =-RiL(Er-4r3)- wad, srnTr
48T,

34
8 I"Wa -“—“‘(WaA*Waa*Wec +Wap)

T | 8

‘iMBr = Rg_zL_ (2r) + wg 7_%_'; Sth T ;

A = -RSTL‘? (3)‘-4r3)- Wg Jg s/ ITr
’ 8,~ 8518
._Ré‘

Fwe = ~(We,+ Weg +Wee *Wep)

¢

t 11y c
M, =RILECr)+w.L2s/nTTF
C C-4—- CT-T?

—RILZC3r-4r3) ~ wedy sinTrr
FGET,

AN
n
il

...,QT

O fwp == (Wpy+ Wy *Wpe + Wao)

l
' v m Vs,

’/Vo,. = Ro;é(ar) # waé‘f sinIrr |
7
A, =~RIL(3r-ar3) = wyd,, sin 7rr
" 4d8E1,

FINAL LOADS ON BEAMS
CONCENTRATED OR TRANSVERSE LINE LOADS



1.

2.

7h

For each bridese, all loadings

.

Ce

For

Compute the various constants for the beams and slab,

EIp, éA, L3/hBEIA, Igt/cstsete., Calculation Sheets

1l and 2.

Compute the quantities occurring in the equations,

(zi'iﬂ + ‘SB)’ zéD’ (zéB + 68 + zéD)’ N, etc.,

Calculation Sheet 3.
Combine the precedins to obtain values of the
sinusoidal loads resulting from unit values of the

concentrated force, P, or of the uniform load, W.

2l 4 S+ 2}
w, = -(1)(53§§Z)( 222, (46)

etc., Calculation Sheet l.

each loading on a particular bridpe

&

Calculate the location, x, of each concentrated load
within its particular slab span; and caloulate the
ratios, x/S, needed in using the influence lines,
tables, or equations included in the Appendix. Or,
slmilarly locate line loads or uniform loads. Read
(or compute) the influence value for each temporary

reaction caused by each given load, Calculation
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Sheet 5.

Multiply the influence values by the corresponding
load values, and add all tho resulting reaction
values to et the total temporary reactions, con-
centrated or uniform, caused by all the loads,
Calculation Sheet 5.

Multiply the negative of each of the previously de-
termined distributed load per pound values, WEA, etoc.,
by the appropriate temporary reaction value reversed.
Add all the resulting distributed load values wéA,
oetc., at each beam to ot the total distributed load,
w,, etc., Calculation Shoet 6.

Compute the maximum beam moments and deflections re-
sulting {rom the combination loading, Calculation
Sheet 6.

Compute moments and deflections at points other than

the center as neoeded, Calculation Sheot 7.

F. Example Analysis

The actual calculations for one of the bridges tested,

the 25 ft bridge, for one particular loading, two 2000 pound
axle loads side by side on the "a" and "d" lines defined in
Fig. 20, are reproduced on the following pages as an example.

Calculations for momonts and deflections along the beams are
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Calcvulotion Sheert /

Step la
Dimensions ond properties of bridge: 25

s
I S .7 S
Ccurb ! £ i
|Cs/ab i Cslub ¥ !
; @l 1 ANCH.
A S na-,]'__ =20 DU | S ;
! ’ 635 A 4 !
| 23 Jd Che Ji8 %
U{ U{
r
Area 5.0/ - Area 6.75
Steel: Io= _90.0 _ fo= 46/05
Depth = 11.0 Depth = 12 %6

L=25 ft O 1n.=_300 in.; L/4 =_75 in; L3248 = 5625010003

5L3/384 35.9[/_0_"”;3 : Lz/rr‘? 50190000, 2 L% * = 8345007

S= 3 ft2%mn= 3863 63 7. .

£ “‘294(10)‘ psty n=8 ; E .= 268 (10 ps/ .

Stag; /in. wide strip: Is- t(z.25)° //2 = 0.9¢9 3
EI 368 (10)8(. 929) 349 (/0 -3
Js— SYVELs = (38,63 )/349(/0)5 = f6.52(s0)

INTERIOR BeAMS, B ano C ‘

No| DimensIions | Area ‘7,r 2 | Ay | g, nallotAG2
» (76/)(8)+ | I D 7L Z- 2
/ c.75(8) 540 o o | a4/ | 052
| | 8e9 (pzs)/rz . B R I S 7 S
S| zes(3863) v | 86.9 7./6 | 622 27¢ | ©53
JO7ALS /%0.9 L4/ 622 |T,one= 3030

‘ Igp=_379
Elg= 368 (10)%3050) = 11,18 (10)°
Cs/ab. = 3.87 /m. . Csf = 10.57 /n.
. . 3 —_ . 4
:&Z;COnc. = 783 /n. [57‘/(5}. = I5.8 .
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Calculatiorn Sheet 2

/o, continued Bridge: 25 Ff
ExTERIOR BEAMS, A AnD D
— — —— r —
Nol| Dimensions | ARea ! G, &£ | A | G, ~ATo+AGE
|| (900)8 o | . L. 720 _
/ /5 os)8 | 40./ | O O 438 | 769
23.5(2 25)//2 | /8
2! 2zs5(1931) | ¢#3.5 6.50| 283 | 212 | 195
12.5(2.13)%/12 ! 5
3| 2.,3(5.88) /2.5 | _6.56| g2 | Z/18 | 59
,0.8(725)°/ 12 /0
| 4| F2s(33) | s08 9.25| 00 | 487 | 256 _
5| o0s5(3.25)o.5) 0.8 8.7/ 7 | €32 | 15
7o0rALS 107.7 4.38 272 lcone. 2047
| Ist, =__256 _
£l, = 368(/0)6(204-7) = 7252(s0)
Ceurd = 6.50 /n. 'Cs/ab-‘: 3.25 /n. , Csf = 9.88 /n.
I/ ecurt= 5 in i 1 fesiop = _630.in’i Iy fogp = 259 in?

LV 98 £71,

= 56.25(10) / 7.52 (10’

—
——

7 ¢8@_

LJ//J’84EIA = 35./6(10) /75?/10) = 4. 680_02

da =

L‘9/48 £lg= 56.25(10) /// /9 (/a)

5L3/384 £I5 = 35. /6(10)/// " (m)

5. 05(/02

dg = de = L/ 7%Elg = 83.15(10) /10,18 (10)°

3. /6 (10)"°

—
—

.

746 (/0)'3
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Co/cu/ah"on Sheel 3
Bridge: _25 rr

Step /b
Quonitities occurn‘ng mn equoz‘ions 20-27

From Fig. /l2:

o0 ~9a,9dc, ds_ 11.06(10)° %, 746(10)73, 16.52(10)77 _
8=z T FtTeE T 4 6 -
= (276 +187+275)0)-3 = 7.380(0)7>

<fA 3d'c (fs //.0600)"1, 3(246)(/0):_3 /6.52 (10)~3
Zap = T2 Z, 2 -

..(—276+559 4 13)(10)~% = -1.30(10)"3

, -3 -3 -
Zop = %" *'%Q*Js = ”'Ofﬁo) * 9(7"3-5)00) + 16.52(10 =
= (2.76 +16.78 + 16.52)(10) 3= 36.06 (10)~3

For svbsequent uwuse:
(2.0 +dp) = (36.06 +11.06)(10)-% = 4712 (103

(25873s) = (738 +7.46 10)"3 = (14.84(10)"3

(20p +dp +24p) = (42.12~1.30)(10)"? = 9582 (10)~3

- Zaa ~-dg -25p) = (-/384+/.30)(10)" 3= - /3. 52(10)"7

(250 +dp =32 ,) = (#7.12 +3.90)(/0)™? = 51.02(10) =3

(245 tdp) ~25p = (49.52 + 1.30)(10)~° = 25.82(10)~3

By equation [19:
N = (2p0+dp)(25g +d'8) 245 =[(az12)X12.8%) -(! eV} S
= (699.3 —1.7)(/0)" 6 = 697 6 (10) 6

2N = 2(697.6)(10)~% = (395.2(10) "€

]
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Calculation Sheet 4
Bridge: 25 ft
Step Ic

Srnusoidal foads orn slab caused by P =[ applied:
At beam A,

’ (2pp +9Sp +2pp) _ _748(10)" %25.82)(10) 2
Wea = /7851,,) ON = 1395(i0)-G " =-2.46(10)°

(- d, s7. 3
) EaBZNa -260)_ 745//01}3 9(5 /(3,034)(/0) , 0730101

]
- -3 -
Wap = - W;fié‘ +- ’”m = ( ?-2-4-5-»‘-’5757(/0) Pz (123 +0.36)(10) 2 +1.59(10)

waa I - - -
W, == eA_ Ivoa - /22’6 - 2-2/9}(/0) =(123-1090) : +0.19(r0)

e c
At beam C,
(2pptdo-32pp)_ _ 5.05(10) °(57. 02)(10) 3 -3
o= - 4851} PV 1395(10)~6 =/.85(r0)

[3(33,,“[8) 260 _505(10)72s 82}//0l 3

139506 =660

?
Woc = 48[:‘1C

’ /
w w . . -3 - -
g == 406 #06 = (L85 L66)u0)" 2 (5, 92-0 83)010) 3= #0,0900)

Wee = - w"‘ 5 W"C = (482 238)010) 2 (0.92+ 2.45)010) 2 +3.41 (10)°

B Yo

At beom O, Al beam 8,

Wap = Wpa = *0. 73(/0)'3 Wig = Whe = ~1.66(10)" >
Wip = Wiea= *O. 12010)°3  wiag =wic = +3.4/(10)3
WCD" WQA = =2. 46//0} 3 W’Cg:Wéc = “’/.85(/0) 3
Whp=wiqa = * 1.59 (10)~3 Wwipg = wie = +0.09(/0)

% The corresponding louds acting on the bLeams
ore equoa/ /n moqgrifudes bul opposste in signs.
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Cal/culation sheet 5

Br/'o’_ge: 25 f+
load: 2-4000 -/
/Jrrongemehf of /Jooo': s a and o /ines
- 2 i
5 >
3/76 ! o i 2276 ;
| iz !
sl D 2@ WD L4
/76 : r i | ’
385 1. sets 4. seF
196 . 19 %6
A 8 C O
Step 2o
INFLUENCE OQORODINATES
Loap! INn [ X INFLUENCE QRDINATE
-'N"'_‘Q— ‘} S—RAM‘ < "”1‘-" ““u‘—":‘_‘:é—?; g LT 'R:_A; Posugsy S " ‘:5?’:’::“ — "6’(:'"" by ‘R_Df: =
|/ |B8c | 73/ |.189 |+.062 |- 904 |-./88 |+.030
2 |8C |33/ | .8/ |+.030 | -./88 | —.90¢4 | t.062
3 |CD | 869 |.225 |-.02/ |t./24 | =96/ | ~.122
4 |¢cp |32.69 |. 846 |-.0/0 | +.060| —294 | -. 806
Step 26
TEMPORARY REACTIONS
LoAD T T 7 r
No | Amournr | Ra | Ra | Rc | Rp
! | -2000 - )24 |+/808 |+ 376 |- 6O
e | —2oo0 - 60 |+ 376 |* /808~ /24
.3 | - 2000 + 42 |- 298|+ /922 |+ 284
4 - 2000 +20 |~ /20 |+ 488 |+ /6/2
JoTAaLs +&000 |- 722 (41816 |+4594\+17/2
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Calculation sheet 6

' Bridge.:__25 £t
' lood: 2-4000-/
Step Zc aand d lines

S/iNnusoipaLr ForRcEs o~ Beams; ppl, max.
T

-R7 ;fAMouwr Wwa wg | Wc¢ Wy
~RA ! #122 | -o019 | #0330 | 002 | -0.09

¥
~R5 - /816 -30 |*649 | ~3.36 |+0./6 |
-R{  |-459¢ |+o0a4/ | -850 |#/5.67 |-763
-Rs | ~17/12 +1.25 |+ 029 (- 421 |*+272

ek X-Xa

/OTALS -1.54 =177 |+8.08

1

Step 2d
MomenNnTs, STRESSES , STRAINS, AND DEFLECTIONS

M=R'L/4 y Mo=-wlS/78 ; M=M,+ M,
fsr = M Igr fCst 5 €sf = fst/Es
A,=~-RTLGBET ; Ay =+wd ; A=4,+4,

BeAmM
A 8 | C o

M, ip| = 9./ | *136.2 | #*324.6 |*/284
Mz ip| +m0 |+ 161 | = 737 |* 48/

M o) + 49 + 152.3 (+270.9 |+172.5
fst psiy /90 | 4250 | 7560 | 6660

t?‘.‘r/ ./_0.}6. PR 6 : '/4..:.5- ::,_.‘.::é'sz'.:?.;“;‘.‘;"'..‘:-.2.,2".2:..7.?:

a, mi +.,009 | -,092 | —.232 | ~./128.

4o iny-.017 | -.0/3 | +,060 | ~.05% _
A inl —.008 -. /05 - 172 -. /82
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Locatron of points for roment:

L = 300 /n.

4c

Mp = M, (2r) + Mssrn rr

Pornr

Y

r=4/t

er

Sinmr

mMy(er)

i

/150 _
42

. A

78

—

e |

.500.

| _.260
J80|

_.140

b e

= - - .
b« — e SO

 1.000
.280.

2920 |
760 |

| 426

_1.000].

S

Y28 .

=97 ]
6

-c.

. "6.9

4.7 . |

Location of pornts for deflection:

9

|
N

A = 4,(3r-4r) +4, sinmr

|
75 |

et Sag R S

75

2

«« P @ i W2

- /50.

75.

375

s

P AT LT Mo vy S







S ter

NMomE,
: Acone
4 7. .
’ Al moments in (10 in-1b. All stresses in psi.
}I Beant B BEAM
£t est (M (2r)|Mosin| M, i At €st IM(Er) Mssin| M,
e = R R rh A Bt e b bl o L e - ™ i‘.--- T LR e r———-—-—-— — ]
190 6 | *r36.2| +16.1| +152.3] ¢250| 1925 |+344.6) =737 +270.9
/130 4 |+ 382 +6.9 +451| 1260 43 | + 96.5| -39 * 65./
2/0 7 L+70.9! +/1.7] +826| 2310 79 |#1792| -52.7+1255
240 8 |*#/03.7| +/50| +1187 33/0| (13 [+261.9| -68.5 +193.4
S ;? |
1 i ‘L | 5
| i ! ‘
' . '» |
! | . ! ! |
. | I
I ! ' { | ' i
Dereec
P |
, A/ deflections n ir
- r 3 o = ' 3 BE An? A | Beam
= Ir rool Sin) T . | : .
f/‘J I rear P T Ak Nagsin Ap (A | dgsin
L 500 | 1.500( 0.500| /.000 | /.000 || +0.009|-0.01/7 | -0.008] - 0.092| - 0.0/:
NP5 375 008 | .3671 .38314 + .003| - .007|- .00#|~ .034| - .00%
250 | .750 062, .688| .707 )+ .006|-.0/2]| - .006}- .063| ~.00¢
375 | 1125 .21/ L91F | 9241+ .008|~.0/6 - .008|- 084~ .0/2







Calculation shee? 7

Ster Jc Bridge: 25
Lood: 2-4000-/
NMOMENTS, STRESSES, AND STRAINSG aand d lines

AronGg THE BEANS
-esses in _psi.  All strains in (10)°8 in.per in.

Beam C ‘f Beant O
DWasinl Mr | Fi | et iMler)Mesing My | Fit | est
9.6) -73.7 +2709; "560* 258 g+/ze4 L9/ +1725, 6660 227
5.5 —3/4 » 65.10 1820 | 63 i + 36.0, »18.9' + 5981 2//0 72
22| -53.7+1255| 3500! /19 |+66.8] +322§ ¢ 99.0| 7820; /30
9| -e8.5 +1934| 5200 18% ;;f 975‘ +40.0 | +138.5| 5350 182

| | ,“ | . i |

g s & ? | | f
| “ i | |
| | | i

! l g | :
i ! i i i

Dercecrions ALoNG THE BEAMS
of loctions 1n Inches,

Beam B BEAam C H Beans O
- 1A, L dpsin| Ay | Q,a 14550 Ap 4, | A sl A,
08| -0.092| -0.0/13|-0.105| -0.232 | +0.060|-0./772 | -0./28 -0.05%| - 0./82
o#| - .03¢| - .005|- .039! - .085|+0.023| - .062| - .0¢7| - .02/ - .068
26} - .063, ~.009|~ .072) - ./60 [+r0.042 - . 118 |- .088' - 038} - ./26
08| - 084! - .012 |-.096 |- .2/2 {+0.055|~./57 | ~.117 | ~.050| -./67

i b
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included, Calculation Sheet 7, though in practice these would
seldom be required. Also, it will be noted that the calcula-
tions on sheets 1 and 2 are essentially those that would be
needed in the most simplified analysis. Thus, Calculation
Sheets 3, L, 5, and 6 include the calculations that would
ordinarily be needed, and that are peculliar to the proposed

method.

G. Effects of Crown and of Longitudinal Distribution

One effect of the crown of the roadway 1is to cause morec
than half the load on a trucit to be carried by the outer
whoels and less than half by the inner ones. While a rela-
tively small effect, 1t is easily taken into account by
adjustins the loads used In the calculations, and this has
been done In the analyscs for which the results aro reported
subsoquontly.

Asaumptlion numbor 3, that thoro is no longlitudinal dis-
tribution of the temporary reactlons can, also, be Improved
upon rather easlly. Whlle the oxact extont of lonzitudinal
distribution of these reactions 1ls not known, tho assumption
of a zero length seems to be at one extreme, and any reason-
able valuo would be an Improveme..t. As a first approximation,
the effective slab wldth, Iy, currently specified for the

design of slabs for moment has been used (1, p. 170). For
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the hizghway bridses, using a truck with tandem-axles,
Lg = 0638 + L.65 . (47)

For the laboratory bridges the equations become:

with a single axle,

Lg = s + 1.25 , (448)

with tandem axles,

Ly = .0638 + 1.55 . (49)

In these equatlons S and Ly are to be measured In feet.
If the load, P, 1s assumod to be uniformly distributed

ovor thls length, Lg, the maximum momont bocomes:

m =g - ;%) (50)

The distribution has no significant effoct on the beam deflec-

tiona, henco has no effoct on any of thoe calculatlons except
that for Mj;. This distributlon nas, also, been taken into
account in the analyses.

When those two reflnements arc mado in the preceding
example, caloculation shoets 5 and 6 aro changed slihtly, as
shown on calculation sheets 8 and 9., Calculation sheet 7

vould not be changed except for moments at points within the

length Ly.
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Ca/culation shee?t 8

Arrangemern‘ of /Jood:

8 r/'o’ge :

load:

25 ft

2-4000 -/

a ond d /ines

Corrected For crown

Ves
3/ /5 N ;.,__._-3_2_._4_6.“
7§,‘_®_@_,.‘.<_§_® 3” @,Mﬁf? _m@
e T T
] .
3% __,‘<____-_gafza,_m_,__._-A 8% |
| 26, 196 i
A B ? C O
- 52 4
Step Pa
INFLUENCE ORDINATES
loap| IN X/ [ /NFLUENCE ORODINATE
No_iSean X /S . Ra_| Rs Re | Ro .
/| BC | 731 0./89 t0.062 |-0.904 | -0./88 ‘M* 0.030
2 |\ 8c| 3.3/ | .8/ }+.030 |- ./188 |~ ,90¢4|+ .062
| 3 | cp | 869 .225}-.02/ |+ 124 |- .96/ |- ./42
4 | co| 32.69| .846!-.0/0 |+ .060 |- .24¢4 |~ .806
Step 2b
TEMPORARY REACTIONS
LoAD 7 - r
No | Amounr | Ra | Rg | RC | R,
! -2000 - /24 1‘/808 + 376 - 60
e - 2000 - 60 |+ 376 |+/808 |~-/2%
3 | -~-s900 +40 - 236 |*»/826 |+ 270
- - 2/00 + 2/ - /26 |+ 512 |+/693
JorAaLs -123 |+ 1822 |+4522 |+ 1779
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Cal/culation shee? 9

Corrected for crown, a

Brid g

e.: 25 £+

load.: 2-4000-/

and o /ines

MomENnTSs, STRESSES ,
M =RL/ 3% Mo=-wiS/rm2

for = MLy /Cst ) €st = Fst/Es
A,= ~RTLY/JEET ; Ap = +wd ; A=A,+4,

. M:M'-I-Mz

Step Z2c
S'Nvusornar FORcCEs o~ Beams,; ppir, max.
—_—
-RT damount| wa | ows | owe | owp
-.{?'_Aw |t 123 | -0.20 ) +030 | ~002 | ~009
| -R5 | -/823 | -3.03 | +6.22 | -3.37 | +0./6
-R{ | -4522 |+o0.4/ | -8.37 |+/542 | -75/ |
-R} 1779 Y+ 1.30 |+0.25 |- 438 | +2.83
JoTALS ~152 |-760 | +7.65 | -4.6/
Step 2d
STRAINSy AND DEFLECTIONS

BeAm

e A LB e

~M, ip| - 88| +129.8|+3220 +/26_._z,

QM2 ip| +43.9 |+ 196 | - 698|+ 42.0

M ipl + 5,1 |+129.4 |+252.2]|+168.7

fst _psi| 200 42030 | 7050| 65/)0
ot WOX) 7 | 137 | 239 222 |

4, n|+0.009 | -0.092 | -0.228 | -0./33
_dam|- 017 |- 0/2 | + 057 |- .05/ |

% a4 in 008 - JO4 | — (7] - /8%

Correctin f'or odistribution, Lg= 30 /n.,

M,_Rr‘(/

Le ) =Rr5)(1- 63000)_ R7(71.2)
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IV. TESTS

As indicated previously, no truly exact method of anal-
ysls of beam and slab bridges ls available as a standard;
hence the value of any proposed method can only be determined
by comparincg predicted strains and deflections with those
measured in actual bridses. Such measurements have been made
on four bridgzes, two full-size structures in use on a highway,
and two one-third-size bridges in the laboratory. The highway
bridzes were designed and bullt before the testinz project was
conceived; hence they wereo not speclally controlled. Also,
the field tests were subject to difficulties and errors re-
sulting from the distance to them, the necessity for settlng
up and takin; down equipment each day, shortages of time and
porsonnel, the slze of the loads to be handled, trafflc, rapid
changes ln tomperature, and bad weather that could be
oliminated or reduced in the laboratory. Consequently, the

laboratory bridges were deslrned, bullt, and tested.

A. Descriptions of Bridges Tested

The bridges tested are all alike in some ways. Ikach has
four longitudinal beams equally spaced, the centerlines of
the ed;e beams being approximately 6 in. from the faces of

the curbs in the hishway bridzes and 2 in. In the laboratory
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ones. All have shear connectors welded to the upper flanges
of the beams to help produce composite action of the steel

and concrete, and all have relatively massive composite end
dlaphra;ms. Intermediate diaphracsms are relatively small and
are not composite. Curbs are of essentially the minimum per-
missible size. They either have no handrails or relatively
lisht handralls that are judced to have a neglipgible effect on
the behavior of the bridge.

All the bridges were built of the usual materials, mild
steocl in the beams and reinforeins, and "class A" concrete in
the slabs and intesral curbs., The usual averaje modulus of
elasticlty for steel, 29,400,000 psi, has been used. A
modular ratio, n, of 8 has been used, clving 3,680,000 psi as
the modulus of olasticity of the concrete. For these materi-
als 1t 1s common practlce in desirn to use a value of 10, re-
flectin” the 28 day stroength of tho concrete. The value of 8
was chosen because the conerete was much older, 6 months to 3
years, than 28 days whon testod. Auxiliary analyses have
shown that the predicted maximum stralns are not sensitive to

the assumed value of n.

l. Highway bridees

These two brildies have the same roadway width, 30 rt,
the same curb dimensions, and the same crown, Fig. 1. The

spans are }41.25 ft and 71.25 ft, and the beam sizes are
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different, accordingly, Fig. 1. The beams rest on bearing

plates that are curved to provide for rotation at the ends.

The plates at one end can slide to provide for expansion and
contraction. Partial length cover plates are welded to the

lower flanzes of the beams; so their moments of lnertia are

not constant.

The slabs vary slightly in thickness in the transverse
sections, In the longitudinal sectlons the slab of the longer
bridse is constant in thickness, but that of the sharter one
is varied to compensate for dead load deflection, Fip. 1.

An avera:e thickness of 8.07 in. has been used throughout for
the 71.25 ft bridge. An averase of 8.63 in. has been used in
computing the 8, quantities for the 41,25 ft span, but the
actual thicknesses have bson used l1n computinz the moments of
inertia of the beams. The primary reinforcemont of the slabs
conslsts of 3/, in. round straicht bars at 8.5 in. center to
center in both the top and bottom. According to the desi~-n
drawin s theose bars were to have been placed at an averaso of
2 in. from the surfacos to the centers of the bars. Limited
oxploration disclosed, however, that they are actually severe-
ly displaced ln tho completed bridges. Longitudinal rein-
forcement consists of 13 3/l in. round bars in each space
between beams. Of these, 7 are near the top surface and 6
are near the bottom.

Visual inspection of tne two bridses indicated a "built-



91

in" condition at the supports resulting from expansion of the
approach pavements and from pouring the conecrete of the abut-
ments against the edges of the bridges. This condlition, along
with the sliding plate supports, was expected to cause end
restraint in the beams and consequent reversals of the bending
moments.

The moments of inertias and other properties computed on
the basis of the foregoing data and of the assumptions listed
in the preceding chapter are given in Table 2. In this table
the symbols used are those defined ln the preceding chapter.
Also included are the equivalent slab widths, L, computed by
the AASHO specifications (1, p. 170).

The original calculations and deslign drawings for these
bridges are on file with the Iowa State liighway Commission,
Amos, Iowa. The }1.25 ft brid-e is designatod as design no.
3845, rile 1174l4; the 71.25 £t ono i3 design 3645, file 117M4}.

2. Laboratory bridges

These two bridges have the same roadway width, 10 ft, the
same curb dimensions, and the same orown, Fig. 15. These
dimensions are one-third the corresponding dimensions of the
highway bridges. No other dimension of the laboratory bridgzes
1s scaled from the full-size. Instead, they were independent-
ly designed for use as test specimens.

The two spans, 10 ft and 25 ft, were chosen as being near



Table 2, Properties of bridges tested

Bridge, span, ft 10 25 41.25 71.25
Span, L, in, 120 300 495 855
. Bean spacing, S, in. 38.63 38.63 116.25 116.25

Equiv, width, Lin

Single axle, . 30 30 90 90

Tandam axles, :Ln. L2 ] 126 126
Slab thickness, h, 2.19 2,25 8.63% 8.07
dg, = S3/Bslg, (10)-3 in.2/1n 17.90 16,52 7.98 9.75
Ratio, Iint 7Im » 1.33 1.1‘8 1068 1.65

B A B A B A B A

Beam “Tnt. Ext. Int, Ext. “Int, B=xt. TInt. Bxt.

I at center, © in.l‘

I at end, © *tn.ks

ET at center, (10)9 1b-in.2
EI at end, (10)? 1b-in.2
Iat. /°st at center, 1n.3

Iat Cgs . at gnd in.3
Denection caused

67.2 50.6 379 256 16,600 9,900 k5,500 27,500

1.98 1.9 11.L 7.5
8.20 5,54 35.8 25.9

5.1 3.9 10,7 7.2

1 1b at center, 3/1;831, (10)-51n. 1.82 2.hk2 5,05 7.h8

(1)Sinnr 1b/in., 4, (10)=3in.

1.08 1.3 7.k6 11,06

10,000 7,750 35,900 19,600

2 m tw w

2% 395 122?3 92

372 I 1,105 633
5 oo 3 ° 0 9 07 5 09
527 .898 .989 1.6
1.29 2.21 L.15 6,78

2)t center,varies to 8.00 at ends.

bT at center.

CEquivalent all-steel section.

26
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the extremes for which this type of bridge might be used. The
slabs were made relatively thin, 2-3/16 and 2-1/4 in., in line
with a trend toward the use of thinner slabs and to give a
greater range of beam to slab stiffness ratios. The relative
size of the interior and exterior beams was intended to be
about the same as in the highway bridges, but the beams were
made somewhat smaller than would be obtained by scale reduc-
tion. This was done 1n anticipation of the possible use of
less conservative specifications and to increase the stralns
and deflections measured. The as-bullt sizes differod some-
what from design sizes. The as-built sizes are shown in Fig,
15, and the resulting properties are given in Table 2., These
werce, of course, used in the analyses.

The primary slab reinforcement consists of 0,207 in. di-
ameter smooth rods at 2 in. center to contoer for both positive
and negative moment. Every third bar 1s straight in both the
top and bottom. The two intermedlate bars are trussed.
Longltudinal reinforcement consists of 6 bars por panel, all
near the bottom. The cover is 7/16 in. to the contor of the
primary reinforcemont at both faces. Thls arrangements of the
reinforcing uses only about one-half the welcht of steel that
would be required if it were simply scaled down from the full-
slze bridges tested.

The beams are constant in cross-section and are sunported

at the ends by vertical steel rods having machined clevises
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and ground steel pins 5/8 in. in diameter at each end. They
are thus relatively free to rotate and expand without the ac-
cidental restraint of abutments and sliding plates. By plac-
Ing strain gages on the rods the reactions can be determined.
Longitudinal and lateral support are provided by similar
hinned rods offering minimum resistance to deformation.

The weight of one-third-scale models is reduced to 1/27
of that of prototypes made of the same materials. To obtain
the same dead load strains and to obtain dead load deflections
reduced by the scale factor, the welcht of the models should
be 1/9 of that of the prototype. Tho models, therefore, are
only 1/3 as heavy as they should be for similarity of these
oeffects. Though no dead load effects wore measured, the de-
flciency in tho weight of the laboratory bridges was approxi-
mately made up by hanging concrete blooks from the slab. This
was done to seat the reaction rods and to increase all initial
gage readin~s so that slight reversals caused by the live load
would not cause actual reversals but would leave ocach net

strain or deflectlion always of the same sign.

B. Loads and Positloning of Loads

l. Fleld test loads

The test loads for the highway bridges consisted of a

single commercial semi-trailer truck loaded with pig-iron to a
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total of 98,000 pounds. Because it was not possible to move
the fully loaded truck over the highway, it was necessary to
load and unload it at each bridse. As a result, the distribu-
tion of the weigcht was not the same for the two bridges. The
total load was determined by beam scale weighings of the par-
tially loaded truck and of another truclk hauling pig-iron.
Weighings of the fully loaded truclk at each site had to be at-
tompted, however, to determine the distribution to the axles.
This was done with calibrated hydraulie jacks. The total
loads obtained from the jacks, 100,000 1b and 105,000 1lb, did
not a~ree .1th that obtained from the scale weighings. The
Jack readin;s were, thon, reduced proportionately so that the
totals did apgree. The resulting axle loads and the critical
dimensions of the truclc are shown in Fig. 16.

The truck was positioned on the bridges by means of
systems of lottered and numbered lines painted on the roadway.
The lettered lines were parallel to tho dlrection of motlion,
thus they determined the lateral positlon of the truck. Vhen
it was moving along tho "a" line its outor tireos wore tight
against one curb, etc. The locatlons of these llnes and of
the truck when in posltion along each in turn are shown in Fig.
17. fha numbered lines ran across the roadway and represented
longitudinal positions at which the truck was stopped as it
was moved along one of the lettered lines. Ilormally the truck

was stopped wlith the rearmost axle at a numbered line. Hence,
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its position at any such stop is fully indicated by a letter
and a number. For instance, "b=2" indicates the truck moving
along the "b" line and stopped with the rearmost axle at the
"2" 1ine.

On the 41 ft bridge a few stops were made with the front
tandem axle at a line. These were lndicated by the suffix
"a", as "b-2a", etc. Also on the I}l ft span, most of the runs
were made with the truck headed North, but a few were made
with it turned around. These were indicated by the suffix
"s", as "b-2-3", etc. The locations of the numbered linea and
of the various axles as the truck was stopped at each in turn
are siown in Fips. 18 and 19.

Because of the crown of the roadway the trucit was not
levol in any of the lateral positions used. Hence, more than
half of each axle load was carried on the outer wheols and
less than half on the inner wheels. The amount of the chanpo
from one-half depends on theo difforonce in olevatlions at the
two wheols and on tho helipht of the center of ¢ravity of the
load. The theoretical dlfferences in elevation have beon de-
tormined from the desipgn drawings, and the helght of the
center of gravity was estimated to be 5 ft. The resulting
divisions of the axle loads to the wheels in each lateral posl-
tion are tabulated as part of Flg. 17.
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2. Laboratory test loads

Simplified model trucks were used to load the laboratory
bridzes. &cach of these trucks consists of a structural steel
framework carried by either one or two axles. Each axle mounts
four l},00-8 tires, two at each end corresponding to the usual
dual tire arrangement. Each of these tires 1s very nearly &
true one-third-scale model of a 12:00-2}; tire, a size used on
very heavy trucks. The pressure used in the model tires is
100 psi, approximately the same as In the full-scale, as it
should be for simllarity.

The distance center to center of the dual tires is 2 ft,
one-third of the usual full-size spacing of 6 ft. When two
axles are used they are spaced 1 ft 5 in. apart, one-third of
tho common full-size spacing of L £t 3 in.

The model trucks were loaded by stacking steel bars
(sorapor blade edges) on tho frameworit until the desired
welcsht was obtained. The trucks wero weighed empty and each
bar was wolghed as 1t was added to the load. The total weight
was thus obtalned by addins the weights of the truck and of
the bars used. The capaclity of the tires ls such that a load
of 14000 1b per axle can be and was used. Thls corresponds to
a full-scale axle load of 36,000 1b.

The model trucks were positioned by a system of lines en-
tirely simllar to those used on the highway bridges, Figs. 20

and 21. As 1n the highway bridges the crown caused more than
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half the load to be carried by the outer tires. When a truck
is loaded to ;000 1b (one axle) the center of sravity is es-
timated to be at 21 in. Vhen it is loaded to 8000 1b (2
axles) the center of gravity moves up to 2l in., The resulting
distribution of the axle loads to the wheels is tabulated as
part of Fig. 20.

C. Instrumentation

Stralns and defloctions wereo measured at a number of
points in each brid-e for each arrangement of loads.

"SR-4", type A, olectric resistance strain .azes were
used throughout. At each brid~e thease were assiznod numbers;
tho locatlons of these jazes by number are siven in Flss. 22,
23, 2, 27 and 28. 1In the field tests speed in taking readings
was essential, so most strain rape readlinss were obtained by
means of a }}8 channel automatlc switching and recording unit.
A fow »aces woreo read by means of the usual Baldwin-Southwark
"K" unit. The numbers of those include the profix "A", Fipgs.
22 and 23. In the laboratory all readin:s were made using a
"K" unit,

Deflection ;japges were all of the dilal type, indepéndently
supported from the ground or floor. On those placed under the
beams one dial division corresponds to 0,001 in. deflection,

whereas on those under the slab each division corresponds to
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0.0001 in. deflection. The deflection 3ases, also, were as-
signed numbers at each bridze. Thelr locations were as shown

in Figs. 25, 26, and 29.

D. Test Procedure

The test procedure was essentlally the same for all tne
bridces. After the load was jrepared and the instruments were
in place and ready to operate the truck (or trucks) was posi-
tioned along ono (or more) of the lettered lines, but just off
the span. A set of "zero" or no-load readinzs was takon or
recorded on the automatic machine. Then the truci was roved
along tce line, stopped at the various numbered llnes, and for
each stop a new set of readins;s taken or recorded. Flnally,
the truck was moved off the span and a final set of no-load
readln~s (somotimos called "re-zeros") was made. In the
laboratory, conditions were so stable many of the zero read-
In~s were omitted.

After the readinss were made they were convertod lnto neot
stralns or deflectlons by subtracting the proper "zero" read-
ings from the various readings taken with the load 1n place.
On the charts from the automatic machine this subtraction was
performed simply by scalins the distance between the mark made
with no load on the bridye and that made when the load was in

place.
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V. RESULTS

The results to be reported consist of the predicted
values of strains and deflections and of the corresponding
méasured values. The two types of results are described
separately in the followin~ pages, but they are plotted to-
gother in the subsequent figures to facilitate comparisons.
These figures are of three types, as follows.

1. Influence lines for the strains and deflections at the
conters of the sbans. Each of these shows the variation
of a particular straln or deflection as a particular load-
ing is moved laterally across the bridse at or near mid-
span.,

2. Deflection diagrams each showins the simultaneous deflec-
tions at the center of the span of all the beams in a
bridge when a load ls in a particular lateral position at
or near midspan.

3. Strain and deflection dlagrams each showin; the variation
of the straln or deflectlon along a boam when two trucks
of a particular type are slde by slde at or near midspan
and 1n the AASIHO specified latoral position.

In the AASIHO specified position the two trucks are side
by side, 10 ft center to center with the outermost wheel 2 ft
inside the face of the curb on the full-size bridies, and 3 ft

l} in. center to center with the outer wheel 8 in. from the
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curb on the laboratory bridges.

It should be noted that both the predictions and measure-
ments include truck positions in which the outermost wheel is
acainst the curb. These are outside the specified position and
are not considered in subsequent comparisons.

In the flgures a solld line is used to connect points pre-
dicted by the proposed method, a dashed line to show values
predicted by the AASHO specifications, and a dotted line to
show values predicted by the T-15 specification., Polints ob-
tained from test data are circled or, if a correction has been
applied, are circled and starred. here curves have been
drawn through observed points, a lizht solid lline has buen

uged.
A. Predicted Results

The proposed methiod of analysis described in Chapter III
has beon used to calculate the stralns and deflections to be
expectod in each beam of each bridgze tested for a number of
different lateral posltlons of the loads. Each bridcge and
loading has, also, been analyzed according to the AASHO
specifications and according to the T-15-50 tentative revi-
sion of thecse specifications. The rosults predicted by the
proposed method are presented first in the form of influence

lines each showing the variation of a partlcular strain or
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deflection at midspan as the load is moved laterally across
the bridge in a position at or near the center of the span,
Figs. 31-84. Analysis under the specifications does not, of
course, provide results that vary as the lateral position of
the load varles. It provides only a single value for each
beam that is intended to be the maximum that can be expected
in that beam for any lateral position of the load. Results
predicted by the specifications are indicated in each figure
by short dashed or dotted lines, or are written in parenthe-
ses 1f they are outside the ranse of a partlcular chart. Theso
are comparable to the maximum values obtained by the proposed
method or by test as long as the outer wheel is 2 ft or more
inside the curb on the highway bridzes or 8 in. on the labora-
tory ones.

The 10 £t and 25 ft bridres have been analyzed and the
influonco lines drawn for the following loads. The load posi-
tions, as dofined by line numbers and letters, aro as shown in
Flgs. 20 and 21.

1. One single-axle truck weiching 4000 1b, at 1line 5, Figs.
31, 32, 39, and L40.

2. Two ;000 1b sinzle-axle trucks side by side, 4O in. center
to center, at 1line 5, Figs. 33, 34, L1, and L2.

3. One tandem-axle truck weighing 8000 1b, at line L, Figs.

35, 36, 43, and Lk.
. Two 8000 1b tandom-axle trucks side by side, 4O in. center
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to center, at line l}, Figs. 37, 38, L5, and L6.

The 1.25 ft and 71.25 bridges were analyzed and influ-
ence lines drawn for the following loading conditions. The
load positions, as defined by line numbers and letters, are as
shown in Fizs. 17, 18, and 19.

l. A single truck of the same dimensions and weights as the
one used in testing, at line 2, Figs. L7, 48, 51, ana 52.

2. Two such trucks side by side and 10 ft center to center,
at line 2, Figs. 49, 50, 53, and 54.

In addition to the above, each bridse was analyzed for
symmetrlically placed trucks, that 1s, for two trucks at various
equal distances from the longitudinal center line. Under no
condi tion dld the symmetrical arranjement cause the larrost
strain or deflection; therefore the influence lines are not
included.

Somo of the predicted deflections are presonted in center-
of-span deflection dlagrams, Flgs. 55-62. Each of these shows
the simultaneous midspan deflectlons of all the boams in a
bridze caused by a load in a particular position. Analysis ac-
cordling to the spocificatlons does not provide for changing the
lateral posltion of the loads, as previously discussed; there-
fore no result predlicted under the specifications 1s shown in
these flgures.

Finally, the variation of the strain and deflection along

an interlor and an exterlior boam of each bridze is shown, Figs.
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63-70. The results presented are those obtained when two
trucks at or near midspan are in the AASIHO specifled lateral
position with the outermost wheel 2 ft inslide the curb on the
full-size bridges or 8 in. on the laboratory ones. Reference
to the influence lines for two trucks shows that thls position
causes the maximum strain and deflection in the exterlor beams
in every case and causes either the maximum or very nearly the
maximum in the interior beams.

The AASII0O does not specify tandem axles in the design of
boams; a singlo rear axlo is assumod except in the dosi=n of
the flooring. ilowever, tine loads used in obtalning the test
data presented in Figures 63 through 70 did have tandem axles
and the proposed method of analysls does make an allowance for
the effects of tandem axles. Therofore, extra analysos have
been made In which the specificatlons were assumed to be modl-
fied to include the effects of tandem axles. In this modifica-
tlon the dlstribution of tho wheool loads to the beams remained
tho same, but the two tandem axle loads wore not replaced by a
single axle load equal to the sum of the two. The deflectlons
computod according to this modification do not differ signifi-
cantly from those computed under the present speciflcations
for a single load, so only one "AASHO" deflection curve and
one "T-15" 13 shown for each beam, Figs. 63, 65, 67 and 69.
The stralins computed accordi:s to this modification do differ

slgnificantly from those computed for a single load. There-
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fore, in each strain diagram the results of both analyses are

shown, Figs. &, 66, 68, and 70.

B. Test Results

Strains and deflections were measured nt a number of
points in each bridze when the loads were ln each of a number
of different positions, as deseribed in Chapter IV. These
moasurements provided data in the form of inked charts from the
automatic recordins unit or of dial readin-s and strain gage
roadlinzss. The original data from all the tests will be found
on {ile with the Iowa State ilighway Commission at Ames, Iowa.

The oriiinal data have been converted to usable form by
scalins the distances between lines on the charts and by sub-
tracting the propor "zero" readingss from tho readings taken
with the loads in place. Of the resultins strain and deflec-
tion moasurements, thoso appropriate have beon plotted In the
same f{lgures in whlch the predicted values are prosented. In
the figures relating to the full-size bridges there are shown,
also, polnts from the tosts "as corrected". The "corrections"
applied and some other things consldered in using the test re-

sults are described as follows.

l. Differences in strains at a cross-section

On the tension flange of a beam, strain caros were, in
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general, placed along the longitudinal center line. However,
at a number of cross-sections two gages were placed equidistant
from the longitudinal centerline, Fizs. 22, 23, 24, 27, and 28.
The readings from such pairs of sases differ by as ruch as 15
percent of the averase of the two readings. It has been as-
sumed that these differences are caused by lateral bending of
the tension flanze, and that the average of the two values can
be used. This lateral bending could be caused by initlal
ocrookedness of the tension flange. It could also be caused by
twisting of the beams as the bridres defleoct and the beams de-
floct different amounts, Fiss. 55-62.

2, Use of averare values

Two different circumstances occurring In the tests save
rise to sets of results that theoretically duplicated othor
such sets.

First, the brid-es tested were supposedly symmetrical
about both the longitudinal and transvorse center lines. Thus,
the results for a particular beoam and loading should be dupli-
cated for the symmetrically located beam and loading. In
practice, of course, the theoretlcally equal results have been
found unequal as a result of accidental errors in construction,
in placing the loads, and in reading the instruments.

Second, ordinarily only one set of readingzs was taken with

a siven load in a ziven location on a brildpge. llowever, a few
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tests were repeated givins results that should be equal to
those previously obtained with the load in the same position.
These theoretically equal values have been found in practice
to differ somewhat, also.

ilost of the differences between theoretically equal re-
sults of elther of the two types described have been found to
be so small that plotting separate points in the fizures was
impractical. Consequently, only the average value has been
shovm, except in a few cases. The results (rom the 71.25 ft
brid;e include some such discrepanclies that seem too larce to
averasze out, yet contaln nothing; to indlcate which is more
nearly correct. In these cases both such values have becn

plotted, Fizs. 51, 52, 53 and 69.

3. Corrections for end restraint

In the 10 £t and 25 ft bridmes the stralin in the boams ap-
proaches zero at the ends as neoarly as can be dotermlned from
strain diasrams such as those 1in Figs. 64 and 66. This is
taken to indicate that the mioments iInduced at the supports of
those beams are negligible; the beams are essontlally simply
supported.

In the 41.25 and 71.25 {t bridges the strain does not ap-
proach zero at the ends of the beams but reverses direction and
reaches a substantial nezative value, as in Figzs. 68 and 70,

The presence of those negative stralns 1s taken to lndicate end
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restraint, which was expected because of the sliding plate
supports and because of the seemingly "built-in" condition ob-
served at the ends of tliese bridges. As a result of the end
restraint, the observed strains and deflections along these

beams are assumed to be smaller than they would be 1if there

were no restraint.

The analyses, both b; the proposed method and according
to the specificatlions, assume simple beam action, tnat 1is, a
condition of no end restraint. For comparison with the re-
sults of tho analyses, the test results have beon corrected by
a procedure 1ln which the oend moments are reduced to zero, as
follows, Flg. 30.

a) The observed strains, Fig. 30b, wore converted to
moment dliagrams, Fig. 30c, by multiplying each strain by the
modulus of elasticlity and by the sectlon modulus of the beam
at tho section where tho strain was measured. (The use of
cover plates on these boams and the varliation of the thickness
of the slab cause changes in thelr properties.)

b) The resulting moment diacrams were extended to the
support by continulng the straight line segment connectling the
two points closest to the support. This ylelds an approximate
value of the end moment, for instance: =860,000 in.-1b in Fig.
30c. The same moment was assumed to exist at the opposite end.

¢) Corrected moment dlaprams were constructed by moving

the original diacsram upward until the end moments were reduced
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to zero, Fig. 30d. By this operation each original moment was
increased by the amount of the orizinal end moment.

d) Corrected strains were computed by dividins the cor-
rected moments by the appropriate section moduli and by the
modulus of elasticity, Fig. 30e.

e) Corrected deflections were cbtained by computing the
deflections that would be caused by the end moments and by

superimposing them upon the measured deflections.

h. Superposition and interpolation

In the field tests only one truck was available. To ob-
tain "measured" strains and deflections reflecting the effects
of two trucks side by side it was, therefore, nocessary to as-
sume that superposition was permissible. These results, then,
have beon computed by addlng the two strains or deflections at
each point caused by two different lateral positions of the
truck. In testing the smaller bridces two trucks were avail-
ablo, but the tests with two trucks were incompleto, so super-
positlion has been necessary in obtalning some of the results
for two trucks on these bridges, also.

The AASHO specified lateral spacing of trucks is 10 ft
center to center, full scale. The locations of single trucks
used did not include all the ones needed for the superposltion
process deacribed above. It was, taerefore, necessary to in-

terpolate between the points actually obtained by test to find
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Longitudina/ position of [ood: /ine 5 (See Fig.2/ ) ¥
Lotera/ poss/tions of foad:

©

(See Frg.20)
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Long/tuding/ position of looo: /e 5 (See Fig.2/ ) *
Lotera/ posrtions of /foaxo/s (See Frg.20)
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Longitudinal position of trucks: [line 5 (See Fig.2/) *
Lagteral positions of center of space between frucks,
One Fruck on each of /ines: (See Fig.20)
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Longitudinal position of trucks: /tine § (See Fig.21)*
Lateral/ posritions of cenfer of space belween frucks

One truck on eaoch of lines: ‘ (See Frg. 20)
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Longitudinal posrtion of load: /ine 4 (See F/q 2/)*
Loteraol/ pos/trons of /oad: (See Fig.20)
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Longitudinol pos:fzon of load: line 4 (See F/q 2/)*
Lotera/ posrtions of /oocd: (See Fig.20)
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Longrludinal position of trucks: [line 4
Lateral positions of center of spoce between trucks,

One #ruck on

eochH of /rrnes:

(See Fig.2/)*
(See Fig.20)
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Longitudinal position of frucks: line 4 (See Fig. 2/)*
Lareral/ positions of center of spoce between trucks,

One *truck orn eoch of /rnes: | (See Firgq.20)
n (@g) (cep)bse) (o) iy
L 1 ] i
Beom: A 8 . ' C )Z
1000 7 (AASHO, /004)' !
i —/ hattin Sadded
‘S' 800 -';"f—- ——--{j» - ‘ e : L
g
O 600 e i .
Q | o
T 400 S RS S
.S\ 3 { o
g 200 -1 ! | S R
i | ]
? |
0 — 1 '

o) /nterror bearm, C.

o

(715, 1212) | l
| AASHO ——~ |

. /in.

-6,

Stroin, 10

| |
b) Exterror beom, O.

© Crrc/ed pornts are rfrom fres’s.
—— Computed by proposed merhod.
/10 FT BR/IOGE
INFLUENCE LINES FOR STRAINS A7 M/IDSPAN
TWO 8000 LB TANDEM-~-AXLE TRUCKS

40 IN. C. 7O C. AT LINE 4*
FI1G. 38



13k

Longitudinal position of /oao: /ine 5 (See Firg.2/ ) *
Loteral/ poss/tions of fooo:
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Longituding/ position of load: /ine 5 (See Frg.2t)™

iqfera/ posrtions of /load: (See Frg.20)
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Longitudinal position of trucks: /tine 5 (See Fig.2/)%
Lateral positions of center of space between frucks,
One truck on each of lines: (See Fig.20)
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Longitudinal position of trucks: [/tine 5 (See Fig.2/) *
Lateral posrtions of center of spoce between frucks,
One Fruck on eoch of lines: (See Frig.20)
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Longitudinal posrition of load: /ine 4 (See Frg. a2n*
Lotero/! positions of /ocd: (See Fig.20)
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Longitudinal posrtion of Joad: /ine 4 (See Fiqg. 2/)"‘
Lateral positions of /ood: (See Fig.20]
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Longitudinal position of frucks: Iline 4 (See Fig. 2/)*
Lagrtera/ positions of center of spoce between 'rucks,
One Fruck on eoch of /rnes: (See Frg.20)
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Longrtudinal position of trucks: Iline 4 (See Fig. 2/)*
Laleral/ positions of center of spoce between rrucks,
One truck orn eoch of /ines: (See Fig.20)
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Longitudinal position of truck: line 2 (See Fig. 19)*
Laterol/ positions of trugk: (See Fig. 17)
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Longrtudinal posrfion of truck: line 2 (See Fig. /9)*
Lateraol! posrtions of fruck: (See Fig.17)
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Longitudinal position of trucks: line 2 (See Fig. 19)*
Lateral/.positions of center af space belween ?rrucks,
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Longifudinol position of frucks: [ine 2 (See Frg. 19)%
Lateral positions of center of space betweern trucks,
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Longitudinal posrfion of fruck: /rne 2 (See F'fg /8) *
Loteral positions of rruck: (See Figll17)
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Longitudinal position of frucks: [ine 2 (See Fig. /18) *
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Longitudina/ position of trucks: line 2 (See Fig./8)%
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values for other lateral positions of the loads. This was
done in influence lines such as the ones already described,
Fics. 31 to Sli. Curves were drawn throuch the points from
the tests and results at intermediate polnts were read from

these curves.

C. Discussion of Results

Both the tosts and the analyslis by the proposed method
provided numecrical valuos of a ;jreat many differont strains
and deflections in each brildme. Of these values the ones of
primary interest to bridge designers are the maximum strains
(or the corrosponding stresses). Other strains and all do-
floections are ordinarily of secondary importance. Consequent-
ly, tho dotalled comparison of results will be based on theso
maximum values.

In this comparison, Tables 3-8, tho obsorved stralns are
elthor thoso caused by a sin~le truck or those caused by two
trucks side by side, 10 £t center to center on the highway
bridses or 3 £t L4 in. on tho laboratory bridges. The maximum
values of these strains have been taken from theo Influence
1ines previously described by scaling the highest ordinate to
the curves within the extreme positions in which the outermost
wheol 1s correspondingly 2 £t or 8 in., inside the curb., Still

higher gtrains observed when the outor wheel was outside this
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position have not been considered in this comparison since
they are not considered under the specifications. For the
full-size bridzes the "corrected" observed strains have been
used.,

The maxirmum strains prodicted by the proposed method have
been obtained i'rom the predicted influence lines in tho same
manner and with the same limitations. The maximum strains
predicted by the specifications have been computed and are the
same as those represented In the influence diagrams by short
dashed or dotted lines or by parenthetical notations. The or-
ror in oach predicted value has beon computed by subtracting
from it the appropriate observed value, and the percent of
error has boon computed by dividing this error by the observed
value., Finally, those calculations have boen sumnarized by
tabulatingy the porcontages, only, includin; the averages of
thoso for tho lnterior and oxterior beams, Tables 9 and 10.

Referring to the tables, it 1s seen that for all the con-
ditions tostod tho raniseas of tho percont of error for the
various methods are:

proposed mothod +11 to =10,
AASLHO +87 to -8,
T-15 +106 to +5.

‘Within these ranges the medlan percentages are:
proposed mothod +5,
AASHO +2l;,
T-15 +52,
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Table 3. Comparison of maximum observed and predicted strains
in strincers of laboratory bridses. One 1000 1b
truclkc at line 58

10 £t Bridge 25 ft Bridge
Interior Exterior Interior kxterior
strinzers stringers stringers strinsers

(Strains in (10)'61n. per in.)

Observed 262 255 136 192
Predlcted by

Proposed Amount 287 28l lh% 192

mothod Error 25 29 0

Porcent 10 11 6 0

AASIHIO Amount  [}18 337 236 212

Error 156 B2 100 10

Percent G0 32 7h 5

T-15 Amount 360 L77 202 272

Error 98 222 66 80

Percont 37 87 Lo 38

8306 Fig. 21.

Thoso comparisons would seom to indicate that tho proposed
moethod 1s superior to the speclificatlon methods on an overall
basis. It 1s seen to be superior, also, on an individual per-
contare basis, In Tables 9 and 10, in no individual case does
elther of the specification methods provide a better predic-
tion than does the proposea method.

In additlon, the proposed method provides a means for pre-

dictin;; thoe strains caused by unusual loadlngs and by any load
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Table l. Comparison of maxirmuum observed and predicted strains
in strin~ers of laboratory bridses. Two 1000 1b
trucks 0 in. center to center at line 52

10 ft Brildge . 25 ft Brid-e
Interior Exterior Interior kxterior
stringers stringers string;ers stringers

(Strains in (10)'61n. ver in.)
Observed hi2 306 228 225
Predicted by

Proposed Amount [ 30 278 239 221
mothod Error 18 -28 11 .Y
Porcont L -9 5 -2
AASIO Anount 502 337 283 212
Error 90 31 gf -13
Percont 22 10 L -
T-15 Amount uEB 606 257 37
BError 6 300 29 122
Porcont 11 98 13 sh

8360 Fig. 21.

in any particular position. The specificatlons, howevor, pro-
vido predictions of the maximum eoffects, only, of trucks of a
partlicular type.

Further examination of the percentages leads to more de-
talled conclusions concernin; the specification predictions,
as follows.

l. The bost predictions under the presont AAS!O specifica-

tions are those of the strains 1in the exterlor beams when
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Table 5. Comparison of maxirum observed and predicted strains
in stringers of laboratory bridies. Cne 8000 1b
tandem-axle trucik at line L&

10 £t Bridge 25 ft Bridge
Interior Exterior Interior Exterior
stringers stringers strincers stringers
(Strains in (10)'61n. per in.)
Observed 500 501 261 359
Predicted by
Proposed Amount 530 537 276 378
method Error 30 36 15 19
Porcent 6 7 6 5
AASIHIO Arount 836 67l L2 L2l
Error 336 173 211 65
Percont 67 13 81 18
T-15 Amount 720 sl Lol 5
Errop 220 ﬁ53 U3 186
Percont Ll} 90 55 52

2.

83ee Fip. 21.

two trucks are actin;, but the tontatlve revislons are

srossly in error for these conditlions.

The ran’os aro:

propogod method +1 to =10,

AASIIO
T-15

+11'- tO "8.
+106 to +51.

The bast predictions under the tentative revisions are

those of the stralns

In interlocr beams waon #wo trucks

are acting. [cr these conditlons tlie revisions provide

better predictions than do the present specifications.
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Table 6., Comparison of maximum observed and predicted
strains 1In stringers of laboratory bridres.
Two 8000 1b tandem-axle trucks 40 in. center
to center at line L8

10 ft. Bridze 25 ft Bridce
Interior Exterior Interior Exterior
stringers asatringers stringers stringers

(Strains in (10)'61n. per in.)
Observed 780 589 L0 160
Predicted by

Proposed Amount 810 528 h6s L37
method Error 30 -61 25 -23
Porcent Ly -10 6 -5
AAS:IO Amount 100l 674 566 L2
Error 22l ?ﬁ 126 -3
Percent 29 29 -8
T-15 Amount 916 1212 s 69l
Error 136 62 74 23
Porcent 17 10 17 51

8300 Fig. 21.

Tho ranges are:
proposed method +6 to =2,
AASIIO +30 to +15,
T-15 +18 to +5,
3. Neither the present specifications nor the proposed re-
visions provide what might be conslidered satisfactory
predictions of the stralns 1ln elther beam when only one

truck is acting, Table 9. The proposed method does



Table 7. Comparison of maximum observed and predicted stralns in strinzers
of highway bridzes. One truck at line 228

41.25 £t Bridce 71.25 £t Bridre
Interior kExterior Interior Exterior
strinrers strinrers stringers strinvers

As Cor- As Cor- As Cor- As Cor-
read rected read rected read rected read rected

(Strains in (10)’61n. per in.)

Observed 171 236 218 307 130 165 183 250
Predicted by

Proposed Anmount 228 228 316 316 173 173 273 273

method Error 57 -8 ?8 9 L3 8 0 23

Percent 33 -3 15 3 33 5 9 9

AASHO Amount 367 367 379 379 308 308 316 316

Error 196 131 161 72 178 1%3 133 66

Porcent 115 55 4 23 137 7 73 26

T-15 Anount 315 315 Loy L93 2ay 26 hs2  L52

Error lhﬁ 79 275 186 13 99 269 202

Percent aly. 3 126 60 103 60 U7 81

8g5ee Figs. 18 and 19.

AN



Table 8. Comparison of maxirmum observed and predicted strains in stri. zers of
highway brides. Two trucks 10 ft center to center at line 2

141,25 £t Bridge 71.25 £t Bridge

Interior Exterlor Tnterior Lxterior

gstrinzers strinrers strinzers strinrers
As Cor- As Cor- As Cor- As Cor-
read rected read rected read rected read rected

(Strains 1n(10)’61n. wer in.)

Observed 277 382 216 351 226 285 223 318
Predicted by

Proposed Amount 373 373 3g1* 33l 303 308 320 320

method Error 96 -9 o =17 77 1 7 2

Percent 35 -2 36 -5 3l 6 3 1

AASHO Amount 0 Ljo 379 379 370 370 316 316

Error %3 58 133 20 Uiy 85 3 -2

Percent 59 15 8 L 30 2 -1

T-15 Amount Loo }00 628 628 336 336 575 575

Error 1&& 18 382 277 110 51 352 257

Percent 5 155 79 ho 18 158 60

8see Fiss. 18 and 19.

€LT



Table 9. Errors in predicted maxirmim strains in stringers in percent of observed
maximim strains2, One trucik on each bridge

Interior Exterior Interlior Exterior

stri . ers stringers Av. stri:zers stringers Av.

Lavoratory bridgses
One 14000 1b single- I0 It orideo 25 Tt brldee

axle truck at line SP
letnod Proposed 10 11 11 6 0 3
AASHO 60 32 %6 h S L0
T-15 37 87 2 L9 38 Iy
One 8000 1b tanden:- b
axle truck at line l
Method Proposed 6 7 6 6 5 6
AASIIO 67 13 %o 81 18 50
T-15 nn 920 7 55 52 5L
Hiznway bridces
b 41,25 ft Bridre 71.25 £t Bridre
One truck at line 2
Yethod Proposed -3 3 0 5 9 7
AASHO 56 23 Lo &7 26 56
T-15 3k 60 L7 60 81 70

8As corrected, for hi:shway bridges.

bsee Figs. 18, 19 and 21.

T



Table 10. Errors in predicted maxirmum stralns in stringers 1ln percent of
observed maximum strains®. Two trucks side by side on each bridge

Interior Exterilor Interlor Exterior
stri.cers strinzers Av. strinzgers stringers Av.
- Laboratory bridpes
Two L0000 1b single-axle trucks 10 £t Bridce 25 £t Bridge
0 in. center to center
at line 5b
Method Proposed L -9 -3 zﬁ -2 2
AASHO 22 10 16 -6 33
T-15 11 98 sl 13 sl

Two 8000 1lb tandem-axle trucks
40 in. ?ﬁgter to center

at line
Method Proposed L -10 -3 6 -5 1
AASIIO 29 1.% 22 29 -8 10
T-15 17 10 61 17 51 3k
HHizhway bridces
Two trucks 10 ft center L1.25 't Bridze 71.25 Lt Bridge
to center at line 2b
lethod Proposed =2 -5 < 6 1 i
AASIC 15 8 12 30 -1 1
T-15 5 79 L2 18 8o Lo

YAN

ps corrected, for highway brid-es.

bsee Figs. 18, 19 and 21.
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provide predictions of these strains within the range between
+11 and =3 percent error.

In connection with the farecoing discussion, it should
perhaps be noted that all the bridges tested were designed
under the present speciflcations. If they had been desicned
under other rules the errors in the predictions under the
specifications, present and revised, would have been distrib-
uted differently between the Interior and exterlor beams. For
instance, 1f the bridges had beon designed under the tentative
rovisions, tho Intorior beams would nave been somewhat smaller
and the extorior boams considorably larger. For some condl-
tions the predictions by the specification metuods misht be
improved, for others impaired. Predictions by the proposed
mothod should be equally ood regardless of the dosign
procedure.

In addltion to the percentares of error diacussed above,
the various graphs presentins the results provido some gonoral
information concerning the difforent mothoda., Inspection of
the influonce llnos for deflections and stralns, [igs. 31-5Sk,
reveals that tho proposed method correctly predlcts the gzen-
oral shape of theso lines as compared with lines drawn througch
the points from the tests. The lines drawn through observed
points are typlcally less sharply curved than are tho pre-
dicted lines, as in Fig. 36. For the extorlor beams the ob-
served lines tend to be higher near the center and lower at

the edge, whille for the Iinterlior boams tho observed lines tend
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to be lower near the center and nisher near both edges, Fig.
36, et al. In each case these differences demonstrate a
ereater transfer of load to the beams at a distance Irom the
load than was predicted. That 1s, whon a truck was in the
center of the roadway the actual load on the exterior beams
was greater than predicted, and wnen the truck was near one
odse the load on the interlior beams was greater than predlcted.

The increased transfer of load indicates greater lateral
atiffness than was assumed iIn the analysis. T:ia ~reater
lateoral stiffness can be explained, at least in part, as the
effect of the diaphragms that were actually present in the
bridges tested but woere liznored ln the analyscs. The effects
of the dlaphra;ms can be seen, also, Iin the cross-sectlional
dofloction diasrams, Fizas. 55 to 62. ilere, it is soen that
for every condition, whethor the defloctlons yloldod a sur-
face that was generally convex or concave upward, the actual
doflectlons defino a more nearly stralsnt llne than do the
predlctod ones. In overy case tho otf'foct of tho diaphracms
ls to incroase the defloctliong of the leas heavily loadod
boams and relleve thoae of the most heavlly loaded as compared
with t:e predlcted doflectlons. It 1ls, therefore, inferred
that neglecting the effect of the diaphragms in desipgn 1s con-
servatlve.

The effects of the dlaphragms can be observed, also, in

tho longitudinal strain diarrams, as in Fig. 66. For the
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conditions represented the cross-section 1s generally concave
upward, Fig. 58a, therefore, the diaphragms rmst be adding
load to the exterior beams and subtracting it from the in-
terior ones. While the effect is Qlight, it will be scen
that the strain diagram for the exterior beam 1s correspond-
ingly raised and flattened noar the couter, Fig. 66c, while
that for the interior beam is lower and nore sharply peaked
than would be expected, Fig. 66b.

The proposed method of analysis could be adapted to in-
clude tho effcct of intermediante dlaphragms simply by increas-
ing tho numbor of simultaneous equations to be solved if the
equivalent elastic constants of the diaphragms could be known.
One of the aims of future investigations could well be the
determination of these equivalent constants by sultable tests

including; tests with tho diaphragms removed.
D. Time Required for Calculatlions by the Proposed lothod

Since the proposed analysls procedure presented in
Chaptor III is intended for use by practiclns englneers, some
mention of the time required for typilcal calculatlons can be
consldered one part of the results of the Investisation. This
time, of course, dopends on the amount of detall required in
the analysis and on the amount of experlence the desipner may

have had with the metnod.
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Referring to the example analysis, Calculation Sheets 1
to 9, it will bLe seen that sheets 1 and 2 are used primarlly
to present the data and to compute the properties of the
composite sections. Almost all of these calculations would be
required for an analysis under the specifications; not over
10 minutes are required to make the added ones 1roquired by
the proposed method. Calculation Sheet 7 1s somewhat in the
same catesory. If strains and deflections along the beams are
needed, they would have to be calculated by the usual metiiods
undor the specificatlons and the calculatlons on sheet 7 ray
bo taken ag simply replacing these usual calculatlons,

Calculatlion Sheets 3, lj, 5 and 6, (or 3, L, 8 and 9),
then, are tie ones pecullar to thlis metnod. Sheets 3 and h,
tho calculation of ceortaln constants of the structure, are
propared only once for each brldge; sheets 5 and 6 rust beo
ropeatod for oach different loading. Often a sincle arranso-
mont of tho loads such as that illustrated on Calculation
Sheet 5 (and 8) 1s all that would be required.

It nags been found that a deslzner having a falr deproe
of famillarity with the method, such as might be obtalned
through hdving used it several tlmes before, can purform the
operations on sheets 3, h, 5, and 6 in as 1ittle as half an
hour. Addin; the extra 10 minutes required on sheets 1 and 2
and allowlry;, for normal delays, the extra time required for a

single analysis under the proposed method 1s only about one
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hour. Further, this time is not a.preciably affected by
unusual loads or arrangements of the loads. Other changes
from the ordinary such as variable spaclin:; of beams, dis-
syrmnetry of the bridge, an increase in the numbor of beans,
or takinsg the diaphragms Into account would, of course, in-

crease the time required.
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VI. CONCLUSIOUS AlD RECONENDATIONS

A. Conclusions

In line with the original objectives of the investigation

and as indicated by the presentation contained in the pre-

ceding chanters, the followin;; conclusions have been reached.

1.

An improved procedure for the analysis of the beams

in simple-span beam and slab bridges has been developed. It

has the following characteristiocs.

2.

b.

Ce

d.

Its development involves only those principles of
mathematics and mechanics commonly studied; so prac-
tloing engineers without special tralning should be
able to understand and use 1it.

The extra time required for its use 1s on the order
of one hour per analysls for ordinary conditions.
Thorofore, 1ts routine use seems practical.

Without changes In the basic steps, all the previ-
ously listed variables (p. 13) that affect the
strains and deflections of the beams can be taken
Into account. Ilowever, the lncluslon of some of
them, such as the effects of the diaphragms, would
increase the time required for an analysis.

Also wlthout changl:g the basic steps, the method can

be refined and i1ts predictlons improved as a result
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of future research and improved judgment. Further,
it facllitates future resecarch because 1t breaks
the computations into discrete steps that can be
physically duplicated 1n the structure and studied
separately.

2. Even without Includiag; such effects as those of the
diaphragms, and without further refinement, the proposed
procedure ;rovides predictions of useful accuracy, superior
to those under the specifications for every condltlon tested.
The proposod method ls especially auporior In predictins the
maximum offocts of single trucks.

3. The present (1953) AASHO specifications provide what
may be renarded as satisfactory oradictions of the maximum
stralns caused by two trucks on tho bridgses tested, the
range in the porcont of error belag from +30 to -8, Corre-
spondinrly, 1t is concluded that the deairsn of such brldqes
under the prosont spociflicatlons may be rezarded as accopta-
blo.

. The tentatlve revialons, T-15-50, of tho spociflca-
tions provide predlctiong of the maximum stralns caused by
two trucks that are:

a. for the interlor beams, somewhat superlor to those

undor the present specifications, +18 to +5 percent
in error, and

b. for the oxterlor beans, rrossly over-conservative,
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+106 to +51 percent in error.
Correspondingly, it is concluded that the tentative revisions
are not acceptable for the design of bridges of the type
tested.
5. Neither the present specifications nor the proposed
revisions provide what can be resarded as satisfactory pre-
dictions of the maximum strains caused by one truck, +87 to

+5 percent error.

B. Rocommendatlions for Future Research

Further improvement of the predictions by the proposed
proceoduro as well as greatoer confidence in 1ts applicability
wlthin wlder ranges of the variables can be achieved through
continued investiration. Future research prozrams rocom-
mended, rmich of whleh could be carried out on the laboratory
bridpes already avallable, are as follows.

1. Tests to determine the actual properties of the
beams in place. One su:;jested procodure for these tests 1is
to load a bridco with concentrated loads, one load directly
over each beam at i1ts conter, until the deflections of all
the beams are the same. From the load, deflection, and strain
readings the properties of the beams could, then, be deter-
mined free of the effects of cross-~bondin-.

2. MHorec detalled studies of the eoffects of dlaphragms,
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including efforts to arrive at the equivalent properties of
the diaphragms. In these studies it should be helpful to
perform a number of tests both with the intermedlate dia-
phragms in place and with them removed.

3. Tests to check the distribution of the loads to the
beams and along the boams when they are prevented f{rom de-
flecting, as in step 1 of the proposed method. Thess tests
could include loading the bridge while the beams are sup-
ported by temporary reactions at the cross-sectlon including
tho loads. Straln ;jages on these temporary supports could be
converted into tho forces actins on them for a checl on the
assumod distribution. Also with the beams temporarily sup-
ported, straln moasurements in the slab might yleld useful
information as to the distribution of the temporary reactions
along the beams. If temporary supports alon; the beams are
used, they should be so placed that they introduce little or
no resistance to the rotation of the beams because thls rota-
tion a’fects the distribution.

li. Studles of the effects of sinile concentrated loads
applied directly over the beams as in step 2 of tie proposed
method. These studies should probably include unusually
careful analyses of the deflectlon and strain diagrams to
evaluate the errors introduced by the assumption of sinusoidal
curves In step 2. Possibly some other assumption would be

found to yield better predictions without excessive labor.
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5. Further investiration of the effects of varying the
cross-sections of the beams. For these investigations, par-
tial length cover plates could be welded or bolted to the
lower flanges of the existing beams and such measurements re-
peated both with and without them as deemed necessary.

6. Checks of tihe accuracy of the proposed method within
a wider range of the relative sizes of the beams. The neces-
sary tests for these checks could be made possible by welding

or bolting full-length cover plates to the existing beams, by

knockins the curbs off the existing bridges, or othorwise.

Recommended programs which would require the testin; of
bridges other than the oxisting models are:

7. Studies of bridges having more than four beams.

8. Investigations of the possibilities of extending the
proposed method to the analysis of continuous-beam brid-es.

In addition to improving on the proposed method of analy-
sls, 1t seoms possible related studles could beo facilitated
throuh use of the method, the oxisting bridges, or both.
Among theso are:

9+ The extension of the analysis to the determination
of moments iIn the slab. The step-by-step procedure used in
analyzingz the beams might well be adapted to the analysls of
the slab. The strains in the slab would be computed for the
condition in which the beams are temporarily supported, the

effects on the glab of ths differential deflections of the
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boams determined, and the two effects superimposed. The pre-
dictions of both the component effects and the combined totals
could be checked by tests.

10. Studies of the dynamic characteristics of the
bridges. It should be possible to use the laboratory bridges
for checking theoretical modes of vibration and natural
frequencies and for obtainin; information as to the damping
characteristics of composite type bridges. These could be
useful in developing an improved method of predicting impact
effocts,

11, Studies to determilne the most economical number of

beams, beam spacings, and relative sizes of beams.
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VIII. GLOSSARY

Units of quantities are as noted where used.

Term
A, B, C, D
A

E

ES
Tat.
h

1

H

Definition

Beam designations

Area of a cross-gsection, used in
computing moment of inertia

Modulus of elasticity of the beams
Modulus of elasticity of the slab
Maximum stress in the steel of a bean
Thickness of slab

AASiHO truck load designation

Dimenslonless ratio of beam stiffness
to slab stiffness

Moment of inertia of a beanm
Moment of inertla of Beam A, etc.

Moment of inertia of a composite
area transformod to concrete

Moment of inortlia of a section
about its centroid

Moment of inertlia of a unit width
of the slab

Moment of lnertia of a composite
area transformed to steol

Fraction of a wheel load to be
carrlied by one beam

Span of beams

Effective slab width over wiilch a
concentratoed load is assumed to be
distributed

See Pace

76
38
38
81

37, 38
38
60

76
76
38
76
37

1, b

83
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Ternm Definition See Pare
M Bending moment 7, 8, 9
MA, otc. Bending moment in beam A, etc. T3
My Maximum moment in beam caused by
concentrated load at its center 81
20 Maximum moment in boam caused by
sinusoidally distributed load 81
Mpax. Maximum bendin~ moment in a beam ST
Mp Bending moment at r in a beam 57
N Common factor occurring in
equations derived 67
Ny Total numbor of tons on an "{"
truck 7
No Number of tons on the rear axle
of an "H-S" truck 7
P, Py, etc. Concentrated force L41,42,50
Py Equivalont axle load 8, 9,10
r Ratio y/L 57,60
Rp» otoc. Total final roaction of
beam A, etc. 50
RAB' etc. Reaction of beam A caused by the appll-
catlon of the reversed P
temporary reaction at beam B, Rp, etc. 50
RT Temporary concentrated beam reaction h9,50
RE, oto. Temporary concentrated beam reaction
at beam A, etc. 50
S AASII0 truck-~trailer designation 1
S Spacinzg of beams ly
W, etc. Total maximum intensity of distributed

load acting on slab along line of
beam A, otc. 73
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Term Definition See Pace

wpps, etc. lMaxirmum intensity of a distributed
force on the slab along beam A,
caused by a concentrated load ap-
pliod at the center of beam B, etc. 60,62

wAB,» ete. Intensity cf r of a distributed force
on the slab along beam A caused by a
concentrated load applied at the

center of beam B, etc. 60
Vimax Maximum value of a distributed load 57
L% Distributed load intensity at r LY
vi Total uniformly distributed force 70
wT Total temporary uniformly distrib-

uted beam reaction Lo

Zpp? etc. iNMaxinum deflection of sladb at bean
A, caused by a concentrated load
at center of bema B, etcs 59,60

Zpp,» ©to. Deflootion of the slab at l} along
beam A caused by a concentrated
load at ceonter of beam B, etc. 60

zéD, etc. With beams B and D removud, the
maximum deflection of the slab
along B whon a sinusoldal load
of unit maximum intensity 1is
applied to the slub along D 63,4,,66

x Distance perpendicular to bouams
measured from nearcest beam to the

left 74,80

Yy Distance along a beam measured
from aone end 52,60

Vertical distance to an area, used
in computing moment of inertia 76

<y

d Maximum deflection of & beam when
acted on by a sinusoldally distrib-
uted load vhose maximum intenslity
is unity 58
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dA’ etc.

A g etes

AABr’ otc,
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Definition

faxirmmuum deflection of beam A when
acted on by a sinusoldally distrio-
uted load whose maxirmum value is
unlty, ctc.

Slab constant = S3/Egqlg

Maximum defloction of bean A,
caused by a concentrated load
applied at center of beam, B, etc.

Deflectlon at r in bean A caused
by a concentrated load applied at
tho centor of bvoum B, otc.

daxirum defloction of a boam caused
by a concentrated load at its center

Maximum deflection of a beam caused
by a slnugoidally dlatributod load

dMaximum deflectlion of a beam
Dofloction of a boart at »

Jaxirmum stralin In the atool of a
composite voam

See Pare

58
58

59,60,62

60
81

81

57
57,60

81
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Table 11

REACTION IMFLUENMCE TABLRES
3-SPAR CONTINUOUS BRAM
EQUAL SPANS, CONSTANT SECTION

s B e R

*r“ 2 *?:‘ = >~ = q
A B C D
IN SPAN AB SPAN BC SPAX COD

x/3 Ry Ry Re 2 Ry Ry Re Rp Ry Ry Re Rp

0.00 |1.,0000 .0000 ,0000 ,0000f{ ,0000 1,0000 .0000 .0000| .0000 ,0000 1,0000 .0000
.05 .9367 .0799 -.0200 _.0033| -.0214 9856 .0429 -.,0071| .0062 -,037F 11,0056 .,0253
.10 | .8736 .1594 -.0396 .0066) -.0390 ,9630 ,0910 -,0150| .0l14 ~-,0684 1.,0026 .0544
.15 | 8109 ,2380 -,0587 .,0098| -.0531 .9329 .1436 -.0234] .0157 -.,0944% ,9915 0871
.20 | ,7488 ,3152 -,0768 .0128}| -.0640 .8960 ,2000 -.0320{ .0192 ~-,1152 ,9728 ,1232
.25 | .6825 3906 -.0938 ,0156] -.0719 .8531 ,2594 ~-.0406] ,0219 -,1313 ,9469 .1625

.30 | .6272 4638 -,1092 ,0182] -.0770 ,8050 ,3210 -.0490} .0238 -,1428 ,9142 ,2048.
35 | .5681 5343 -.1229 ,0205{ -.0796 .7524 ,3841 -,0569| .0250 -,1502 .8732 ,2499
40 | 5104 6016 - 1344 0224 -.0800 ,.6960 ,4480 -,0640| ,0256 ~.1536 .8304 - ,2976-
45 | 4543 6653 -.1436 ,0239| -,0784  .6366 .5119 -.0701| .0256 -.1535 7802 3477
.50 | 4000 .7250 -.1500 ,0250) -,0750 .5750 5750 ~,0750} ,0250 -.1500 ,7250 4000

.55 | 3477 ,7802 -,1535 ,0256| -.0701 ,S5119 ,6366 -.0784| ,0239 -~.,1436 .6653 4543
.60 | ,2976 8304 -,1536 ,0256( -.0640 ,4480 ,6960 -,0800} ,0224 ~.1344 ,6016 .5104
.65 | .2499 8752 -,1502 ,0250 -,0569 .3841 ,7524 ~-,0796| .0205 ~.1229 5343 5681
.70 | .2048 9142 -,1428 ,0238} -,0490 3210 8050 -.,0770} .0182 ~-,1092 4638 ,6272
.75 | L1625 ,9469 -,1313 ,0219| -.,0406 ,2594  .8531 -,0719 | .0156 -.0938 .3906 .6875

.80 | .1232 .9728 -.1152 ,0192] -.,0320 ,2000 .8960 -.0640| .,0r128 -,0768 ,3152 ,7488
.85 | .0871 ,9915 -.0944 0157} -,0234 1436 ,9329 -,0531| .0098 ~.0587 .2380 .8109
.90 | .0544 11,0026 -,0684 .0114| -.0150 ,0910 ,9630 -.0390| .,0066 ~.0396 .1594 .8736
.95 | .0253 1,0056 -.0371 ,0062| -,0071 ,0429 ,9856 -,0214| .0033 ~-,0200 .0799 .9367
1,00 } .0000 1,0000 ,0000 ,0000) ,0000 ,0000 11,0000 ,0000| .,0000 ,0000 ,0000 11,0000

861
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INFLUENCE ORDINATE FORMULAS
I-SPAN CONTINUOUS BEAM
EQUAL SPANS, CONSTANT SECT/ION

X - X

A 8 C O
v = x/S

LoAao 1~n AB:

Ra=1/-12667v +.2667 3
RB:‘ /6 v —. 6 V3

RC =—.4v+ '4V3

Rp = .0667v - .0667v7

Losao N~ BC:
Ro= —. 4667 v +.8v2~.3333v3

Rg=/-2v-/8ve€+v3

Re = Bv +rr2vi -3
Rp==-/333v —.2v2 +.3333 v3
Loao v CO/

Ra= /333y -.2v2 + 0667 v3
Rg= =8v +/2vE - 2v3

Re=/+.2v~-/8ve +.6v3
Rp = 4667v +.8ve ~ 2667v3
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