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1, INTRODUCTION

1.1 Objective

The objective of this investigation was to study the wheel load dis-
tribution in concrete box girder bridges subjécted to standard design
truck loadings. Both simple span and continuous non-skew box girder

~bridges were considered:  The ultimate goal of the investigation was ‘the

development of an improved design method for determining'wheel load distri-~

bution in these bridges.

1.2 General Remarks

In recent years, approximately 60% of concrete bridges. (computed on

the basis of deck area) built in California have been reinforced concrete

box girder bridges. 'Theée bridges have proven to be economical compared to
other fypes and have found wide usage both as simple Span and continuous
structures (Fig. 1) primarily in the span ranges between 60 and 100 feet,
For longer spans, with some recently designed up to 300 feet, post-
tensioned box girders have been used extensively. In the past few years,
this type of bridge has comprised almost half of all the prestressed high-

way structures built in California. One set of current Plans calls for a

segmentally constructed'prestressed box girder bridge with a 450 ft. span

in Southern California.

"The typicél Cross sectibn of a concrete box girder bridgeﬁ,(Fig, 1lc)
consists of a top and bottom slab connecfed monolithically with vertical
'Webs to form a cellular or box—like structure. Transverse diaphragms are
Placed at the end and interior support sections and in some cases addi-
tional interior diaphragms are utilized between supports,

In a previous study ' [1] of over 200 box girder bridges constructed

in California, it was found that the majority of the bridges had a depth-
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span ratio in the ,050 to .065 range; a top slab thickness of 6 to’7 inches;
a bottom slab thickness of 5% inches, web thicknesses of 8 inches; and

cell widths (center to center spacing of webs)‘of between: 7 and 9 feet,

The number of cells, which is directly related to the overall bridge width,
ranged from 2 to more than 16, with a bPreponderance: of bridges having from
3 to 9 cells.

Because of the large use of concrete box girder bridges, it 'is evident
that research directed toward 1mproved design methods is desirable,  These
design methods should be based on rational analytical -and experimental
studies which can be used’to accurately Predict the structural’ response of
the br1dge to loads the most- important of which are--for the range of span
under con51derat10n——the standard design truck loadings ‘specified by the

American Association of State Highway Officials (AASHO) [117.

1.3 Previous Studies

The present report is the third in connection with a continuing re-
Search program on box girder bridges begun in 1965 at the University of
California,

The f1rst report [17] on: the analysis of simply ‘supported box glrder
bridges presented a general method .of analysis, based on folded plate
theory, for determining displacements and ‘internal forces‘and moments in
multi-celled box girder bridges Two general computer programs for per-
formlng these analyses were descrlbed and used to analyze several examples
of’51mp1e span bridges under a single concentrated 1oad pPlaced at various
transverse Positions at the midspan section, Results for the percentage
of the total midspan moment taken by each girder;, the midspan longitudinal
stresses; and the midspan transverse and longitudinal slab moments ‘were

presented and discussed,



The second report [2] on the analysis of oontinuous box girder
bridges presented three methods for analy21ng these br1dges The methods
used-to perform the analyses were the folded plate method, the finite
segment method, ‘and the finite €lement method, Each of the methods de-

veloped was shown to Possess certain advantages and disadvantages in

particular cases. A detailed comparison of ‘the results obtained by ‘the

_three methods was made for the general case of a 3-cell box girder bridge

under a single eccentric load at midspan, “In order to evaluate the effect

of continuity, a 3-cell bridge and a 6-cell bridge spannlng 60 ft, ‘and

. having various assumed end support condltlons vere . analyzed under g single

concentrated load at two transverse positions at midspan, Results for
the percentage of the total moment at midspan and at the supports taken
by each girder; the vertical deflections; the longitudinal stresses; -and
the transverse slab moments were presented and discussed.

A general review of publications and a list of references, up to 1967,
on box girder bridges have been given in the firStktwo reports [1] [2].

Of particular interest in connection with the bresent report are the
recent studies made by Mattock at the Un1ver51ty of Washington [3] [4]
and by Van Horn and his colleagues at Lehigh Un1ver51ty [5][6][7][8][9]
Mattock studied the wheel 1o6ad distribution in composite steel-concrete
bridges consisting of individual and separate thin-walled steel boxes
With’a composite cast-in-place slab deck.(Fig, 2a) . The design method

proposed from these studies formed the basis for a subsequently adopted

AASHO spe01flcation (1968) for wheel load distribution in these bridges,

Van Horn and his colleagues have made similar experimental and analyti-
cal studies on bridges consisting of individual and‘separate pre-cast

pPrestressed hollow box girders covered with a cast-in-place reinforced



concrete slab deck, (Fig, 2b) . Both of these bridge types differ from

the interconnected multicellular box girder bridges considered in this

report, (Fig., 1),

1.4 Scope of the Present Investigation

| This innestigation Was concerned with the development of .an improved
kdeSign method for determining the;wheel,load distribution inmulti-celled
non-skew bon girder bridges.

The basic apnroacn used was to analyze a large number of selected

‘ typical box girder bridges to determine analytical values .for the maximum
. number of wheel loads taken by ‘each girderkloaded by standard: HS 20-44
trucks in criticai positions, ‘The typical bridges,analyzed included varia-
tions inktne important parameters affecting wheel load distribution such
‘as span, total widfh, number of lanes, number of cells, cell width (web
spacing),and fixity at the supports., In ali, the results from about 120
separate computer analyses of box ginder bridges under different loadings
Were used in the study, Based'on fhesevreeults,a design method for wheel
load distribution wis developed which is believed to iepresent more
accurately the true design loads to be carried'by each girder of :a given

bridge, than does the present method of designQ



2. DESIGN APPROACHES

2.1 _Present Method of Design

The highway live loadings on'bridges specified by AASHO consist of
standard trucks or of lane—ioads which aré’equivélent to truck trains,
Except for long span box girder bridges the standard truck loadings
govern the design rather than the lane loadings,  In California; the HS
20-44 standard truck is used for desigh‘loédings and is assumed’to occupy  a
width of 10 ft., (Fig., 3). 1In each spaﬁ'one suchitruck per tfaffic lane
may -occupy any position which will prodﬁce the maximum’stress. ’Where maxi=-
mum stresses are prOducedkin any membérkby loading any number of traffic
lanes simultaneously, the following percehtages of thé resultant live load

stresses are used in view of the improbable coincident of maximum loading:

One or two lanes...... 100%
Three lanes........... 90%
Four lanes or more. ... 75%

A typical box’girder cross section which will be used as a design
mddel is shown in F;g. 4. The 1965 AASHO Specifications [11] specify a
'design prbcedure in which’the bridge is assumed to consist of a number of
similar interior I girders plus two exterior girders. Each interior gir-
der consists of a web and a top and bottom flange equal in width to the
web spacing while each exterior girder consists of an exterior web with
a top flange extending from the ﬁidpoint between girder webs to: the edge
of the cantilever overhang and the bottom flange being equal 'in width
to half of the web spacing (Fig. 4). Each of these girders is designed
as an independent member by applying to it a fraction of a single longi-

tudinal line of wheel loads from a standard truck. This fraction, defined
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as the "number of wheel loads, N is determined as follows:

WL
For interior girders,

S
NWL == @0

For exterior girders,

N. =

Lj
£
WL 7

(2)

where NWL = number of wheel loads: taken by ‘each girder.

[45]
i}

average girder web spacing. in:ft, = average box width in ft,

=
]

top slab width in ft. as measured. from midpoint between exterior
and interior girder webs to outside face of ‘slab overhang; the

cantilever overhang is not to exceed 'S/2,

ThekState of California used.a Procedure identical to the above in
their design specifications up until Decembe} 1967 af which timé a change
was made., The new method specifies that the entire cross section should be
designed as a ''whole-width unit,” in which the total number of wheel lines
applied to the unit shall be:

Total N = overall deck width in ft. )

WL 7

In this method no distinction is made bet@een exterior and interior girders
and the total moment developed at any section of the "whole-width unit"
under tﬁe loading given by Eq. (3) is apparently assumed to be cdnstaht
across the width of the bridge,

It is important to note that in using Eqs. (1), (2) or (3) no reduc—
tions are to be made for live loads in more than two lanes, since this is
assumed to have been already included in the development of these empirical

equations,
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Designing bridge structures by means Qf Egs. (1), (2) or (3) may
introduce some severe incongruities because each is baséd én a single
variable which cannot by itself’give,an accurate representation of the
correct distribution factor for the number of wheel lqads to be used for
design, While many variables affect this factor, the most important vari-
able ignored in Egs, (1), (2), and (3) is the humber of traffic lanes on
the bridge. To illustrate the incongruities in using Eqs. (1), (2) or (3)
consider an example of a 4-cell bridge (Fig. 5a) having girder webs spaced
at 7 ft,, an overall width of 34 ft.; and two'three foot-barrier curbs,
which reduce the usable roadway width to 28 ft. Using Egs. (1) and (2),
each interior girder and each exterior‘girder should’be designed respec-
tively for Nyr, = 7.00/7 = 1.00 and NWL‘= 6.5/7 = 0.928 or a total number
of whegl lines for the bridge, NWL = 3(1.00).+ 2(0.928) = 4,856, which
of course is the same as given by Eq. (3) for the whole-width unit,

Since the 28 ft, roadway lies within the 20 to 30 ft, rénge, the AASHO
specification for traffic lanes stipulates that the sfructure'be designed
for two lanes or 4 wheel lines,

Suppose, however, that the design of this structure had incorporated
California's Type I barrier railing, which has no safety curb and. is one
foot. in width (Fig. 5b). The usable roadway width would’thén become 32
ft., within the range of 30 to 42 ft, which’requires designing for three
traffic lanes or 6 wheel lines, |

It is readily apparent that if the'structﬁfe were designed wholly
on the basis of Egs. (1) and (2) or (3), the two-lane structﬁre, which
permits 4 wheel lines,; but is designed for 4.856 wheel lines, is probably

conservatively designed: However, the same Structure, with a slightly

wider roadway, would still be designed for 4.856 wheel lines, while the



11

traffic lane specification would permit 6 wheel lines to be carried by

the structure. Even with the 90% reduction factor for live load in three
lanes, the latter design would be non-conservative. Admittedly, an over-
riding AASHO specification sﬁipulates that a. structure must be designed to
carry all the loads which may be imposed thereon, however, this does not
excﬁse the inconsistencies obtained using Eqs. (1), (2), or (3). An improved

design method should be developed,

2.2 Basic Concepts and Definitions

In order to make a rational study of the problem of 1oad distribution

in a multi-celled contihnuous box girder bridge subjected to standard truck

loadings in critical positions on the bridge, two basic questions must be
aﬁswered.g
| 1, For a given loading, what is the longitudinal ‘division of the
total statical moment between the total positive moment at. the
midspﬁﬁ section and the total negative moment .at the ‘support
secfions?
2. For a given loading, what is_ the transverse distribution of the
above total positive or negative moments at a-section across

the cross section or to each independent . longitudinal girder?

In a previous report [2] it was shown that the longitudinal division
of the total statical momeﬁt in box girder bridges is the same as that
found in a continuous beam subjected to the same loading, Furthermore,
for practical purposes, this is true irrespective of the number of cells
in the bridge or of the transverse positions of the truck loads on the

bridge deck. Thus only question 2 above, need be further studied,
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2.:2,1  Transverse Distribution of Total Moment at a Section

Given a‘continuous of‘simply supported box girder bridge, the whole
cros; section will carry a moment at a given section which can be found
from a continuous besm analysis. This will be calied the "total moment at
a section;! Each girder of the bridge will carry some fractién of this
total moment, called "girder moment’, or in normélized form, "moment percen-
tage," which is simply the girderlmbment divided by the tdtal moment times

100, Thus, all girder moments add up to the total moment at-a section,

while the moment percentages must add up to 100%,

2.2,2 Load Distribution 'in Rigid and Flexible Bridges

A 'rigid bridge" is herein defined to be a bridge whoée cross section
does not distort and which deflects uniformly such that a uniform stress
distribution across the top and bottom slabs exists, Then each girder
moment is proportional to the contribution of fhatpgirder's moment of in-
ertia to the total moment of inertia of the bridge cross section.

Assuming that all interior girders have equal dimensions, it is pos-
sible to derive a general expression for the fatio of the moment of inertia
of -an. exterior girder to that of an interiér girder, Using the notation
of Fig, 6, this ratio is as follows:

S+ X+ Yo W
c

P = 25 + X a8
where
S = box width or girder flange width
Wc = cantilever overhang

3

3 w T 2
hT+hB g
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2hT
Y"“——z'
hT + hB 3
°s
§=c—
. T

If the contribution of interior girders to the total moment of inertia are

weighted 1, exterior girders should be weighted p, Thus, in evaluating the
moments taken by the girders of a rigid bridge, interior girders take the

moment percentage

100 100
Mi “n " n-2420 %
z op,
j=1 Y
while exterior girders take
100
M= . =M .
= 2 p=M «p (6)
z p,
j=1 J

where n is the numbe¥ of girders in the bridge, pj is unity for interior

girders and as given by Eq. (4) for exterior girders,

The ‘moment Percentages obtained for the rigid bridge are defined
to be the "average moménts" takeﬁ by the girders in a given bridge under
any loading. ' It is obvious that the load distribution cannot be: better
than that of the rigid bridge’except that under certain special conditions,

a particular girder in the cross section might take slightly less than

the averagé moment . (Eq. (5) or (6)), because of constraints imposed on the
transverse positions that the'trucks can occupy.

A "flexible bridge" is defined to be a bridge without any load dis-
tribution,among'girders, i.e;, all'girders act independently of the rest
of the bridge. This can be achieved by introducing hinges as shown in

Fig. 7. The flexible bridge thus represents the case of worst load
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distribution.’ All real bridges must therefore fall somewhere in between

these two bounds of the rigid and flexible bridges,

2,2,3 Girder Load Concentration Factors

Having the rigid bridge as a well-defined lower bound for load dis-
tribution, it is advantageous to normalize characteristic values of 1load
distribution with respect to this bound, i.e., to define a girder 1oad con-

centration factor @ as follows:

N
o = 2k !
NWL
where
NWL = maximum number of wheel loads taken by a girder in a
given bridge.
N;L = maximum number of wheel 1loads taken by the same girder in

the same bridge, but with rigid cross section,

It can be seen from Eq. (7) that o is a direct measure of the load dis-
tributing properties of a bridge. The closer o is to 1 for all girders

in a bridge, the better is the load distribution.

To illustrate some advantageskOf this-concept of the load concen=
tration factor o, consider Figs. 8 'and 9. ' These figures show o as a func-
tion of the cell width S for an interior and exterior girder of a flexible
bridge, respectively, with the lane width W being restricted to the limits
of: the practical range, 10 and lé feet. Although in practice the cell
width S takes on values only between about 6 and 10 feet, a larger range

is shown in Figs., 8 and 9 to better indicate the general behavior of the

variables under consideration.
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Both figures show very clearly that this & versus S relationship for
the flexible bridge is independent of the number. of cells, for any feasible
1ane-width. Moreover, Fig. 8 shows that a bridge witﬁ an& number of cells
is well represented by the infinitely wide bridge. The coﬁtinuous func-
tion shown for this bridge in Fig. 8 can be obtained ﬁsing'the following
formulas., A typical interior girder in the infinitely wide rigid bridge

takes the number of wheel loads given by

[}

NWL =1,5% : S (8)

where ' S = box width

w

lane width
and ‘where the reduction factor for four or more lanes loaded is included,
If the same bridge were flexible, a typical interior girder would take

the number of wheel loads given by

(1 for 0< S <4 ft;
1+(S—;4) ‘ for 4 ft. < S< 6 ft,
Nf =J (9)
WL S-4 S~6
1 + (?) + (T) for 6 ft, < 8 <10 ft.
\1+(§§4—)+(§;—6)+(-S‘L°) for 10 ft. < §< w

S

The function for o plotted in Fig. 8 can then be found by taking the

: T r .
ratio of NwL to NWL using Eqs. (8) and (9).

A variation of Figs, 8 and 9 has been plotted in Fig. 10, namely «
as a function of the number of lanes per girder. Again; it can be seen,
that the functional relationship is independent of the number: of cells,

This finding makes it possible to consider only. the infinitely wide

bridge in dealing with the bounds of rigid or flexible bridges,
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As an immediate application, Fig, 11 shows the bounds for the numbe{
of wheel loads for the infinitely wide bridge which has been shown to be

representative for all bridges with any number of cells, As can be seen

in this figure, the present AASHO design formula, Eq. (1), falls even be-

low the rigid bridge bound for the narrower lane widths, indicating that

the present design method may ‘lead to unconservative designs.

2.3 Alternate Approaches to Design

Based on the Preceding discussion, two alternate approaches to the
present design method suggest themselves,

‘The first approach retains the concept of designing the individual
girders of the cross section for a specified number of wheel loads NWL'

HoweVér, the present method for determining N... using Eqs. (1) and (2)

WL
is replaced by Eq. (7) rewritten as

r
NWL =@ NWL (73)

where h;L is the number of wheel loads taken by the bridge assuming a
rigid cross section; this can be found from the properties of the total
bridgé cross section. o is a girder load concentration factor to be ob-
tained from a formula to be developed and will be dependept on those para-
,meters considered most important. The upper bound or maximum value for o
is of course that for the flexible bridge and the lower bound is 1.0

, corresponding to a rigid bridge.

A second approach is to conéider the entire cross section as a "whole~
width unit” and to design it for a total number of wheel 1oads equal to

the actual total number of wheel loads on the rigid bridge times a total

~concentration factor. A question arises in this approach as to how the

- total moment across the section obtained from such an analysis: should be

distributed transversely.' Some desigﬁers have advocated that a simple
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uniform distribution should be used for design, arguing that even though

an elastic analysis might show one girder more heavily loaded than

anotﬁer, under overloads a redistribution will occur as the more heavily
loaded girder deforms Plastically and shifts its load to the less heavily
loaded girdérs. This assumption should be scrutinized carefully, however,
sincg the ability of the bridge to distribute load transversely is!primariiy
a function of the transverse stiffness §f'the box system and a loecal yield-
ing of ‘a girder longitudinally might be accompanied by transvérse moment
yielding in the slabs with a corresponding reduction in the transverse stiff-
ness and an inability to shift the overload to adjacent girders, Un-

desirable cracking and deflections could also accompany this,cbndition.
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3. ANALYTICAL STUDIES

3.1 Introduction

It is the objective of the studies presented in this chaﬁter to in-~
vestigate the load distribution characteristics of box girder bridges, or
specifically, to:study the maximiin numbers of wheel 1loads taken by the
individual. girders of a bridge., For this purpose, a procedure will be des-
cribed by which these numbers of wheel loads or the girder load concentra-
tion factors (see section 2.2.3) can be calculated. 1In the next chapter, re-
sults obtained by-this procedure will be ‘used to discuss the important
bridgekparameters influencing load distribution ahd to derive then design

formulas for the girder load concentration factors,

3.2 ‘Basic Approach

Three computer programs  have been used for all of the analyses to be
pPresented in this chapter. Al1l three pfograms have beén extensively des-
cribed in the two previous reports, fl] and [2].

The first program, MULTPL, analyzes simply supported cellular folded
plate structures using the elasticity tﬁeory, applying a direct stiffness
method of analysis, 'Thé Goldberg-Léve equations are used to evaluate
plate fixed edge forces,sﬁiﬁ@&ws; and fihal internal forces, mqments
and displacements. ‘A harmonic analysis with up to’100 non-zero terms of
..the appropriate Fourier series is used to apprdximate the lqads. For
more information see [17].

The seqond program, MUPDI, is an exfension of MULTPL, in that the
structure may have interior rigid diaphrégms which may or may not be
externally supported. Compatibility at these interior diaphragms is

accomplished by a force method of analysis. For more information see

[1].
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The third program, SIMPLA ; applies a finite segment method (ordinary
theory), so that it may treat folded plate structures having any end
boundary conditions and any combination of ‘interior supports. - Because
the matrix progression method used. . is very sensitive in numerical calcu-
lations, SIMPLA had been written for the IBM 7090/7094 computér (8 digit
arithmetic) in double-precision. But the CDC 6400 computer used for the
analyses of this report utilizes 14 digits;, 'so:that single-precision was
foond to be sufficient.  For more information see [2].

All three programs have been converted to the new computer system of
thekUniversity of California (1968). However, the necessary program modi-
fications were minor and covered mainly beripheral Processing of the
computing equipment,

The output of all three programs includes displacements and internal
forces anyWhere in'the otructure. Of prime interest are the longitudinal
stress resultanfs at a section, because if they are multiplied by their
respective distances to the neutral axis of the bridge and integrated over
a specific bridge girder, they yield the moment. carried. by this girder
'at that section, ' The programs MULTPL and MUPDI caloulate also the longi~-
tudinal plate bending moments, so that it was possible to also consider
their smail contributions to the girder moments.

The entire stress integration process has been performed for all
case studies automatically by appropriate subroutines which have been'
added to all three Programs. Thus it was possible to obtain all girder
momemts and moment percentages for any bridge and loading at. any longi-
tudinal section vory rapidly.

For ali.example bridges for which suffioient data were available,

the girder midspan moment percentages have been plotted in influence lines
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for a unit load moving transversely across midspan such that for example’
thekordinate at a point x of the influence line for girder J indicates
the midspan moment bercentage of girder Jjiwhen a single concentrated 1oad
is placed at midspan at the transverse position x:

The next step towards the determination of the maximum numbers of
wheel loads taken by individual girders is to combine AASHO standard HS 20-44
trucks as shown in Fig. 3 on the bridge such as to produce a maximum moment
in the girder under consideration; However, the available influence lines
are valid only. for loads rlaced at any transverse .position at midspan,; It
will be ‘shown later that the distribution of moment s among -the girders of a
given bridge due to a combination of wheel loads placed only at midspan is
not much different from the distribution of moments due to real trucks
Placed such as to produce maximum moments (Fig., 12). . Thus the midspan in~
fluence lines baSed on the truck loading idealization of Fig. 12 were used
throughout fhe following analyses resulting in a great saving in computa-
tional effort.

In moving the idealized trucks transversely into the most critical
positions, the following restrictions had to be. observed:

1) Bridge decks measured between curbs may be subdivided into a

number mf equally wide lanes with widths no less than 10 ft,
and not exceeding 16 ft.;

2) The 6 ft. wide standard.trucks may be moved only within the

lanes allotted to them;

3) Trucks are ailowed to come only as close as 2 ft. to.the curbs;

4) There must be at least 4 ft. between two adjacent trucks;

5) Any number of lanes may ‘be loaded simultaneously, provided

that the load reduction factors listed on Page 6 are applied,
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If these restrictions are observed, the problem of determining the
maximum moment percentages of all girders in a given bridge is a straight-
forw;rd problem of moving the trucks inte the most criticai positions, ' For
unit loads, these moment percentages thus obtained, divided by ‘100, give
the maximum numbers of wheel loads that these girders will ever have to take,

Dividing. these wvalues by the'corresponding values obtained when the
_Same bridge is considered to be rigid, leads to the’girder load concentra-

tion factors, which are the immediate objective of the analytical studies

of this. chapter.

3.3 Example Bridges

In selectlng example bridges which should represent as comprehensively
as p0551b1e the maJorlty of bridges which have actually been built in Cali-
fornia, over 200 bridges designed by the State had been reviewed in [1]
with respect to the major design parameters ef spaﬁ length, overall width,
overall depth, depth-to-span ratio, cellywidth, and number of cells, as
well as the use of intermediate diaphragms, 'On the basis of this study,
four typical bridge cross sections had been selected in [1] and are shown
again in Fig. 13, The 3-cell and. 6-cell bridges have box widths of 9 ft.

4 in., while the 4-cell and 8-cell bridges haﬁe box widths of 7 ft. 0 in,
Slab thicknesses are constant thioﬁghoutkall the case studies of this
report and are top slab, 6% inches; bottom slab, 5% inches; webs, 8 inches,
Bridge depths are variable, depending on the span, such that the depth-
span ratio is kept about constant., These depths and the resulting depth-

span ratios are as follows:
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 TABLE 1, DEPTH-TO-SPAN RATIOS OF EXAMPLE BRIDGES

S ;ﬁ Overall Overall Depth Center-to- Center-to-Center
P Depth Span Ratio Center Depth Depth-Span Ratio
60 ft.| 3-ft. 6 in. 0.0583 3 ft. 0 in, 0.0500
80 ft.| 4 ft 9 in, 0.0594 4 ft:3 in. 0.0531
120 ft.| 6 ft.6 in, 0.0542 6 ft.-0 in, 0.0500
“The 120 ft. span ‘has been added to the spans studied in [1] in order to

cover also the longer spans which are presently being designed..and con-

structed more frequently in the California highway system,
Each of the.12 bridge types (four cross sections with three different
spans each) has been analyzed for a certain number of different transverse

positions of a single concentrated 1oad ‘of 1000 1b: (Fig. 13). Some of

these bridgesfhave also been analyzed with respect to varying end boundary

‘conditions as indicated below,

TABLE 2. . BOUNDARY CONDITIONS OF EXAMPLE BRIDGES

Table 3 gives a summary

studies of this report .

sections and are shown in Fig, 13,

' Short Program
Case Left End Right End Notation Used
1 Simply Simply Simple- MULTPL
, Supported fSupported’ Simple
(SS)
Fixed Simply Fixed- MUPDI
2 Against . Supported Simple
Rotation (FS)
Fixed Fixed Fixed—' SIMPLA
3 Against Against Fixed
Rotation Rotation (FF)

of ‘all 116 cases that have ‘been run for the

'The different load positions refer to the midspan

Many of these example bridges have

already been analyzed for the previous reports, [1] and [2].



TABLE 3. CASE STUDIES

Span (ft) 60 80 120
: , Boundary Conditions Ss FS FF SS FS FF SS FS FF
- No. of | Load
' Cells Case
5 1 X X x x X X x
5 ; 2 x b3 X xk x x
3 3 X X X x x X b4
4 x x b < X x | x X X X
1 b 4 x b ¢ b4 x
2 X X X x X
4 3 X x X X
4 X X X X 4 X
O 5 x x x xﬁ%r‘ x
1 x b 4 x b9 X
2k x H b 4 x X X
z 3 x| x x X
6 4 x_w’,x o x
5 X x x X .
6 x k x x
7 < X x X b < P4 b < X
1 x b < x x X
2 X X X
3 X X
o 4 X X
8 5 x X
6 X x
7 b. 4 x
. 8 X X b4
- 9 x x X X X
Boundary Conditions: SS - Both ends simply supported,
i ~ FS - One end simply supported, the other end
fixed against rotation.
FF - Both ends fixed against ‘rotation.
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nfluence lines are even almost

4-

xtensively studied for
But bridges which are ac-—

tually being built generally have cantilevering slab overhangs as shown in

area is

he exterior girders,

studying bridges without slab overhangs,

modify the results obtained on bridges w

are valid for bz

of this procedur

3.4 Bridges Without Slab

In order to utilize

ridges witt

e will be

1 slab overhangs, The derivati

Overhangs

The load distributing

shown in Section 3.5

the large amount of information

ithout overhangs

will be studied in this section.

gathered while

such that they

on and validity

characteristics of the 18 bridges of Table 4

Inkfollowing the procedure outlined in

Section 3.2, two approaches will be used; one is called the "direct

stress integration" and the other is designated the

"deflection method."

The final results obtained using both methods will be compared,

a procedure has been developed to
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- , TABLE 4. 'EXAMPLE BRIDGES WITFOUT. SLAB OVERHANGS
r Span (ft) 60 80 120
Boundary Condition 8S | .Fs FF SS FS FF SS FS FF
Number of Cells
3 ‘ b'q b 4 b4 b 4 X X X
4 X X X X , X
6 X X X x
¢ 8 X x

Boundary Conditions: SS' ~~Both ends simply- supported:

: ; FS. - One end simpiy’supported, the other
Iy 5 ' ' end fixed against rotation,

FF - Both ends fixed against rotation.

3.4.1 Direct Stress Integration

The girder moments and moment percentages for any bridge and 1load
case were printed out directly by the computer so that it was possible

to plot them immediately in influence,lines which indicate the midspan

moment percentages of the girders under consideration for a single con-

centrated load moving at midspan across .the bridge. To conserve space,
they - are not given here, however, they look very similar to the equiva-

lent influence lines for bridges with slab overhangs, shown in Figs, 19-30;

The maximum number of wheel loads that a particular girder in a

bridgq would ever héve to carry was then determined by moving AASHO stan-
dard trucks into the most critical positions, while observing the res-
trictions mentioned in Section 3.2, Possible lane subdivisions are shown
in Fig. 14,

waever, it Should be pointed out that the bridges without slab over-

hangs are inconsistent analytical models in that the slab overhangs were
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assumed to be present for determination of the available bridge deck
width for load placement (so that wheel 1loads could go as far as over the
exterior web), however, the presence of the ‘overhangs for load-carrying
capacity was neglected. This inconsistency will be removed in the next
section where bridges with slab overhangs are analyzed.

In réferring the results thus obtained to upper. and. lower bounds, the
numbers of wheél loads in the corresponding rigid and flexible bridges also
had to be calculated.

For this purpose, Table 5‘gives the p-factors. for all example bridges,
‘caiculated according to Eq, (4), with Wc =0,

TABLE 5. p-FACTORS FOR EXTERIOR GIRDERS OF EXAMPLE BRIDGES
WITHOUT SLAB OVERHANGS., FOR INTERIOR GIRDERS, p =1,

Span: (ft) 60 80 120
3 or:6 0.534 | 0.547 | 0.563
cells

.4.or8 0.544 | 0.560 | 0.581
cells

As can be seen in Table 5, exterior girders are somewhat more than
"half girders" (p = 0.5), due to the additional half webs,

With these p~factors, average moments or moments carried by the
girders of a rigid bridge were calculated, using Eqs. (5) and
(6).

The flexible bridge wis analyzed as outlined in‘Section'3.2..-#
Similarly the present AASHO design—formulas, Egs. (1) and (2) were
applied directly,

All numbers of wheel loads found‘from the influence lines were then

divided by the corresponding values for the rigid bridge, leading to the
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desired girder load concentration factors o. The final results are listed
in Tables 6 to 9 and.are compared with the results of the deflection method

to be described below,

3.4.2 Deflection Method

It is proposed that the relative deflection of a girder in a box gir-
der bridge is a measure of the pércentage’of total moment which this girder
carries at the section where the 1load is applied.  This propo%ition is based
on the fact that relative girder deflections are related to relative strains,
_and these in turn are related to relétive longitudinal stresses which yield
after integration the relative girder moments.k Johnston 'and Mattock [3]

[4], based the main part of an entire experimental research series on this

assumption, however, they were deaiing with composite box girder bridges

with considerably less load distribution than the reinforced concrete box
girders of this research. It will be determined in this section if the

above proposition holds also for these box' girder bridges.

If the midspan deflections of allkgirders in a given bfidge are known,
say from experimental measurements, the moment percentages taken by these
girders at midspan can be estimated by.the following step-by-step method,

1. Calculate the average deflection of the bridge, by dividing

the_sum of all individual‘absolute girder deflections by the
number of girders, i,e., weighting exterior and interior girders
alike;’

2,. Calculate the relative girder deflections; by dividing the

absolute girder deflections by the average bridge deflection
found in Step 1;
3. Calculate the average moment taken by interior girders accprd-

ing to Eq. (5), i.e., dividing 100 by the sum of p—factors of
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all girders in the bridge, p being unity for interior girders and
as given in Table .5 (or.Eq.;-4) for exterior girders;

4. Change scale by multiplying the relative girder deflections of
Step 2’by the ‘average moment of Step 3;'

5. Multiply the exterior girder moments thus obtained with their
proper p-factors;

6.  Normalize all girder moment percentages thus far obtained such

that their sum adds up to 100%,

The moments obtained using this approach and those found by direct stress
integration, are compared for a few example cases in Figs. 16 and 17, As
can be seen in these figures, there may -be considerable deviations between

corresponding moment values.' However, the normal izing process of Step 6

enforces ‘the areas under all moment . curves to be constant so that the
overestimated regions balance the underestimated regions,  This fact in turn
has the téndency of reducing the errors of the maximum humber of wheel 1oads
taken by an -individual girder so that relatively good agreement between

the load concentration factors as determined by both methods, might be

expected fof these cases.

Tables 6-9 are a summary..of allygirder load concentration factors for
the example bridges without slab overhangs, for both, those calculated
according to the stress integration method and those found using the de-
flection method. To illustratelthe’magnitudes of these a~factors, the
upper bounds (flexible bridge) have been listed also, while the lower

bounds (rigid bridge) are always 1,0 . and therefore not recorded, For com-

kparison, Tables 6-9 show also the o-factors calculated on the basis of

the present AASHO design formulas, Eqs. (1) and (2).
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Using the reciprocity relations to be discussed in section 3.6.3, it

was possible to obtain soﬁe further results in addition to those bridges
for which complete sets of load positions had been analyzed, Table 3,
These results ﬁave been included in Tables 6-9.

Comparing the results of both methods discussed in this chapter so far,

the following comments may be made:

(a) The deflection method consistently underestimates the o-factors,
thus giving a better load distribution than the actual one, which
is assumed to be more accurafely determined by the stress integra-
tion method,

(b) This underestimation is especially pronounced for exterior girders

or if one or both end supports are fixed against rotation, for

all bridge girders;
(c) Only for the interior girders of simply supported bridges is the
deflection method considered to be accurate enough for design

purposes, for the type of box girder bridge studied in this re-

port, because the underestimations lead to unconservative designs,

(d) Over interior supports, the'defieetionkmethod does not give any
estimate of‘giider,moments because there are no relative girder
deflections over supports,

Concluding, one may say that the deflection method may be a valuable tool
in visualizing the behavior of various structural systems under loads; it
may also offer a simple method for design as long as distributed loads are
concerned. But its effect of smoothing out stress concentrations due to
wheel loads as they occur in the type of bridges considered here makes it
necessary to apply great caution if a general simplified method of design
were to be derived from it, especially if short effective spans are con-

cerned,
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TABLE 7. o-FACTORS FOR 6-CELL BRIDGES WITHOUT SLAB OVERHANGS

Span (ft.) 60 80 120
Section Midspan - Support Midspan Midspan

Bound.. Cond, Ss FS | FF ES FF SS_*# SS

i EZﬁe:f . 0.99 0.985 0.98

bl 1.16 [1.31 | 1.43 |1.20 [ 1.3¢ | 1.10 1,09

i c| 1,11 | 1,24 | 1.45 , 1.08 1.05

df 1.95 {1.95 {1.95 | 1.95 | 1.05 1.96 1.97

e 1,34 | 1,34 | 1,34 | 1 34 1.34 1.35 1,36

a o 1.235 = 1.23 1.22

b| 1.08 [1.10 [1.19 | 1,06 | 1.10 | 1. 04 1,03

ps 5 c{ 1,00 1,05 | 1.17 1.02 1.03

d| 1.56 | 1.56 | 1.56 | 1,56 | 1.56 1.57 1.58

e| 1.08 | 1.08 [ 1.08 | 1,08 | 1.08 1.08 1.09

) 1.48 1.48 1.47

bl 0.99 (0.97 |1.00]o0.95 | 0,93 0.98 0.99

5 c| 0.98 0,97 {097 | 0.98 1.00

df 1.30 | 1,30 {1.30 {1.30 | 1.30 1.30 1.31

e | 0.90 | 0.90 [ 0.90 | 0,90 [ 0.90 0.90 0,91

a ' 0,99 0,985 0,98

b| 1,22 1 1.33 [1.47 [1.27 [ 1 38 1.11

4 c , : - 1.05

df 1.77 | 1,77 177 | 1.77 | 1.77 1.79

] 1.34 | 1.34 | 1,34 [1.34 | 1.34 1.36

a | 1.235 1.23 1.22

b{ 1,10 { 1,17 [1.24 [1.08 | 1.17 1.05

Rl 5 C ' - o 1.03

d| 1.56 | 1.56 | 1.56 | 1.56 | 1.56 1.58

el 1.08 |1.08]1,08) 1,08 1.08 1.09

a 1.48 1.48 1.47

b | 1.01 |0.97 [0.99 [0.96 | 0,97 0.99

6 c 0.99

d| 1.30 [ 1,30 | 1.30 | 1.30 | 1.30 1.31

e| 0.90 [ 0,90 [ 0.90 | 0,90 | 0.90 0,91
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TABLE 7 (cont'd). o-FACTORS FOR 6-CELL BRIDGES WITHOUT SLAB OVERHANGS
‘ . Span (ft.) ; 60 . 80 120
Section e Midspan Support | Midspan | Midspan
Bound., Cond. SS | Fs |  FF FS FF Ss SS
No. ‘of ,
Girder | Lanes | a 0.99 ’ : 0,985 0.98
b{1.34 [ 1.49 | 1.63 1.38 | 1.49 1.17
; c : ; ; , 1.10
; d| 1,95 (1.95 | 1.95 1.95 | 1,95 1,97
€]°1.3¢4 | 1.34 | 1.34 [ 1.3¢4 | 1,34 1.36
a e 1.235 1,23 1,22
b 1.18 | 1.28 [ 1.33 1.25 | 1.32 1.06
R2 5 c : 4 ﬂ f 1.05
- d| 1.56 | 1,56 | 1.56 | 1.56 | 1.56 1,58
n €] 1.0811.08 1,08 | 1.08] 1.08 1.09
a 1.48 1.48 1.47
bl 1.,02]1.11 |1.16 | 1.08 ] 1.15 1.02
5 6 c : 1,00
: ‘ d | 1.30 [ 1.30 | 1.30 | 1.30 | 1.30 1.31
by e| 0.90 | 0,90 | 0,90 | 0.90 | 0.90 120,91
a | 0.53 : 0.54 0.55
bl 1.5311.94 | 2,12 1,68 1.81 1.40 1.28
9 c| 1.37 | 1.62 | 2.01 , ‘ 1.29 1.15
a1 2.56 | 2,56 | 2,56 | 2.56 | 2.56 2.52 2.48
€| 1.26 | 1.26 | 1.26 [ 1.26 | 1.26 1.23 1.21
a ' 0.66 0.673 0.686
bl 1.32 {1.65 | 1.81 | 1.45 | 1 58 1.22 1.13
3 5 e | 1.22 1 1.46 | 1.73 T 1.13 1,07
d| 2.06 | 2,06 | 2,06 [ 2.06 | 2.06 2.02 1.98
e} 1.01 ] 1,01 1.011.01]1.01 1,00 0.98
al| , 0.79 0.81 0.83
‘b 112]1.37 | 152 1.22 | 1,32 1.05 1.03
6 c| 1,04 | 1,22 | 1.45 1.03 1.00
d| 1.72 | 1.72 | 1,72 | 1.72 | 1.72 1.68 1,64
e]| 0.8 | 0.8 | 0.8 | 0.8 | 0.85 0.83 0.81

o (a) numbers of wheel loads carried by girder in rigid bridge

‘ﬁ‘ , - (b) a-factors for actual bridge, from stress integration method
b (c) o~factors for actual bridge, from deflection method

(d) a%factors for perfectly flexible bridge, upper bound

(e) o-factors, calculated from AASHO design formulas

Note’— a-factors for rigid bridge are 1,0 .




TABLE 8. - 0-FACTORS FOR 4-CELL BRIDGES WITHOUT'SLAB OVERHANGS

Span - (ft.) 60 80 120
Section Midspan , Support Midspan Midspan
Bound. Cond, 88 FS | FF FS | FF SS SS
No. of ;
Girder | Lanes | a ; 0.98 0,97 0.96
b 1.10...1,17 1,22 1.06 1.10 1.08 1,07
2 c 1.05 ' 1,04 1,03
d 1,60 1.60 1.60 1.60 1.60 1.62 1.63
e 1.02 1.02 1,02 1.02 1.02 1.03 1.04
¢ a 1,32 1.31 1.30
b 0.97 0.96 0.96 0,97 0.98 0.98 0.99
3 c 0,99 ' 1.00 1,00
d 1.05 1.05 1,05 1.05 1.05 1.05 1,06
e ] 0.76 | 0.76 | 0,76 | 0.76 | 0.76 0.76 0.77
a 0,98 0.97 0.96
b 1,09 1.14 1.17 1.13 1.16 1,08 1.06
2 c | 1.07 1.06 1,03
d 1.16 1.16 1.16 1.16 [ 1.16 1,18 1,19
; e 1.02 | 1.02 1.02 1.02 1,02 1.03 1,04
R1 — —— — ;
-a 1.32 1.31 1.30
b 1.02 1.02 } 1,02 1,04 1.04 1.01 1,01
3 e 1.02 ~ 1,01 1.00
d 1,19 1.19 1.19 1,191 1,19 1,20 1.21
e | 0.76 | 0.76 | 0.76 | 0.76 | 0.76 0.76 0.77
a ‘ ' 0.533 0.543 0,558
b 11,29 1.46 1.56 131 1.37 1,22 1.17
2 c 1.22 ‘ 1.11 1.08
d 2.14 2.14 2.14 | 2,14 | 2.14 2.10 2,04
RO e 0.66 0.66 0.66 0.66 | 0,66 0.65 0.63
a 0.718 0,734 0.755
b 1.11 18 1.26 1.14 | 1.15 1.07 1.05
3 c | 1.06 o ' 1,04 1.02
d 1.59 1,59 1.59 1.59 ]:1.59 1.55 1.51
e | 0.49 | 0,49 | 0.49 0.49 | 0,49 0.48 0.46
(a) number of wheel 1oads-carried by girder in rigid bridge:
(b) o-factors for actual bridge, from stress integration method
(c) o-factors for actual bridge, from deflection method
(d) o-factors for perfectly flexible bridge, upper bound
(e) ~o-factors,; calculated from AASHO design formulas

Note -~ a-faétors‘for rigid bridge are 1.0




TABLE 9. o-FACTORS FOR 8-CELL BRIDGES WITHOUT SLAB "OVERHANGS
Span: (£t;) 60 80 120
Section Midspan Support ‘Midspan|Midspan
Boundary Cond. | SS [ 'FS | ¥F FS | FF Ss Ss
No.of

cirder| Lanes ® 0.74 0.74 0.735
4 b|1.15 1.28 | 1.45 1.14 1.24 1.11 1.06

' cl1.15 1,20 1.37 1.06 1.04
d|2.12 2,12 2,12 2,12 2,12 2.13 2,14

e]1.35 1.35 1,35 1.35 1.35 1.35 1.36

a 0.93 0.93 0.92

" 5 b|1.02 1.03 1,13 1.04 1.06 1.02 1.02
c|1.03 1.04 1.10 1,01 1.01

d|1.39 1.39 1.39 1.39 1.39 1.39 1.40

el1.08 1.08 | 1.08 1.08 1.08 1.08 1,09

a 1,11 1.11 1.10

6 b {0,099 0.97 0.96 0.98 0.97 1.00 1,00
c|o0.99 0.97 0.96 0.99 1.00

d|1.43 1.43 1.43 1.43 1.43 1.43 1.43

e | 0.9 0.90 0.90 0.90 0.90 0.90 0.91
a 0.74 0.74 0.735

4 b{1.18 1.06
cl1.12 1,04

d|1.55 1.56

e|1.35 1,36

a 0,93 0.93 0.92

- b [1.05 1.03
R1 ® | ¢l1.03 1.02
d{1.69 1.71

e|1.08 1,09

A 1.11 1.11 1.10

5 b|{0.99 0.99
clo,o8 0.99

d|1.43 1.43

e|0.91 0.91
a 0.74 0.74 0.735

4 b[1.28 1.14
cl1.19 1.05

d|2.12 2.14

1.3

R2' e | 1,35 ’ 6
a 0.93 0,93 0.92

5 +b:|-1:05 1.04
c|1.04 1.01

d|{1.69 1.71

e|1.08 1.09

43



TABLE 9 (cont'd).

@-FACTORS FOR 8-CELL BRIDGES WITHOUT SIAB OVERHANGS

Note - o-factors for rigid bridge are 1.0

44

Span (ft.) 60 80 120
Section o Midspan Support Midspan Midspan
Boundary Cond. | SS [ FS |  FFr FS | FF Ss SS
. No.of : - :
Girder| Lanes| 2 . 1“11 1.10
‘ b }0.99 0.99
2 o
R 6. lieto. e 0.99
d}1.43 1.43
e]0.91 0.91
a 0.74 - 0.74 0.735
4 b {1.31 1.19
c 1,27 1,07
d|1.74 1.75
e | 1,35 1.36
a 0,93 0.93 0,92
b11.16 1,07
3 5 °
Peoladiletun 1.04
d|1.69 1.71
e 1,08 1.09
a 1,11 1.11 1.10
6 b11.02 1.01
, c 1,01 1.00
d|1.43 1.43
e |:0.91 0,91
a 0,40 0.41 0.43
4 b | 1.52 1.86 2,10 1.54 1.79 1.40 1.27
c|1.38 1.66 1.96 1.30 1.10
d|2.86 2.86 2.86 2.86 2,86 2.79 2,66
e | 1.25 1.25 1.25 1.25 1.25 1,22 1.16
a 0.50 0.52 0.54
R4 5 b |11.29 1.58 1.79 1,37 1.56 1,20 1.12
cll1.20 1.42 | 1.69 : 1.10 1.04
d|2,29 2,29 2,29 2,29 2.29 2,20 2,12
e | 1,00 1,00 1.00 1.00 1.00 0.96 0.93
a 0.60 0.62 | 0.64
6 b {1.10 1,32 1.49 1,17 1.30 1.07 1.05
: cl1.05 1.21 | 1.41 1.03 1.00
d|1.91 1.91 1.91 1.91 1.91 1.84 1.79
e]0.83 0.83 0.83 0.83 0.83 0.81 0.78
(a)  number of wheel loads carried by girder inkrigid bridge
(b) - a-factors for actual bridge,from stress integration method
(¢) "o~factors for actual bridge; from deflection method
(d) o~factors for perfectly flexible bridge, upper bound
(e) o-factors, calculated from AASHO design formulas
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3.5 Bridges With Slab Overhangs

The inconsistency of bridges without slab overhangs mentioned earlier
can be removed by including in the bridge analyses the slab overhangs whose
existence had been assumed for all cases in subdividing the available road
width between curbs into lanes. = The 3»ft. overhﬁng assumed in these studies
is in fair agreement with current bridge design practice. Usually the over-
hang thickness tapers, with the average thickness often being about equal to
the top slab thickness. Therefore, in thelpresent studies the bridge top
slab has been assumed to be of uniform thickness, including the cantilever-
ing overhangs,

In ‘order to utilize all the informatioh gathered in the studies on
bridges without slab overhangs, a method has been developed which permits a
transformation of thesekresults such that they apply to thg same bridges,
only with 3 ft, slab overhangs added on both’sides.

As mentioned before,'in a rigid bridge, the pPercentage of moment
which a girder takes is pProportional to its contribution to the total moment
of inertia of the bridge. On the basis of this fact, it is proposed that
a relative increase of the moment of -inertia of g specific girder (relative
with: respect to the total bridge moment of inertia) is Proportional to the
relative increase of moment percentage taken by this girder. Thus, if slab
overhangs are added to a bridge, the exterior girder moments will increase
while the moments taken by ‘interior:girders will decrease,

To modify the moment percenfages accordingly, consider a box girder
bridge without slab overhangs, having n girders (Fig, 15). Let Moj and
poj be the moment percentage and p-factor of girder J, respectively,
and let Mj and pj be the corresponding quantities in the same bridge,

but with slab overhangs, Let the relative stiffness factors in the bridge



without overhang be defined to be

i=1,2,3,...,n (10)

i=1,23,,, o, . an

Following the pProposition that the percentage of moment taken by a
girder is proportional to its relative stiffness inﬁthe’bridge, a set of
redistribution factors will then be defined as

k.
rl =i{'-1— o i=1,2,3,...,n 12)
oi- : .

with which the modified moment percentages become

M =rM . i=1,2,3...,n ~ (13a)

i

i n
T M
j=1 Y

*100° i =1,2,3...,n : (13b)

Sso that their sum adds up to 100%,
For convenience, Table 10 gives the p-factors of all examplé bridges

with overhangs, calculated according to Eq. (4), with Wc = 3.0 ft.

46
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TABLE 10, p-FACTORS FOR EXTERIOR GIRDERS OF EXAMPLE BRIDGES
WITH SLAB OVERHANGS. FOR INTERIOR GIRDERS, p =1

i Span (ft) 60 | 80 120

i 3 or 6

i! o 0.680 | 0.688 | 0,700

B ~

i 4 or 8

! 0. .743 | 0,
Celie 732 | 0.743 | 0.758

The comparison with Table 3 shows ‘the importance of the 3 ft, overhang for

exterior girders. In order to evaluate the accuracy bf the moment redis-
tribution method just outlined, the following three example bridges have also
been ‘analyzed independently by the computer, using the actual cross sections
With slab overhangs, and these "accurate" results have’been compared with

the approximate moments predicted by the above moment redistribution method,

Case 1: 3 cells, 60 ft, span, load over exterior girder

Case 2: 3 cells, 120 ft, span, load over exterior girder

Case 3: 8 cells, 60 ft, span, load over exterior:girder.

For illustration of the redistribution method, case 1 will be computed below:

Girder ‘ L, L, R R, z

M. (B 8.9 20.4 32.3 38.4 100.0

p, (Table 5) 0.534 1.0 1.0 0.534 3.068

| k_, (Eq. 10) 0.174 0.326 0.326 0.174 1.0
- p (Table 10) 0.680 1.0 1.0 0.680 3.360
k. (Eq. 11) 0.202 0. 298 0.298 0.202 1.0

r, (Eq. 12) 1.161 0.915 0.915 1.161
M; (Eq. 13a) 10.3 18.6 29.6 44.6 103.1

M, (Eq. 13b)  10.0 18.0 28.7 43.3 100.0
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These values and the results for cases 2 and 3 are plotted against

the accuraté'direct computer output in Fig. 18.  For comparison, also

Fhe ;oments in ‘the corresponding bridges without slab overhangs are shown,
it can be seen that agreement’bétWeen actual and estimated results is

good, especially if the cells are wider (9 ft. 4 in.). Then the 3 ft. slab
overhang is of less importance than for:bridges with 7 ft. wide cells,
Moreover, as in the deflection method of Section 3.4.2, due to the normaliz-
ing process, over- and underestimated moments tend to reduce theé errors as
éoon as several trucks are'placed on the bridge, In fact, taking as a fur-
ther example the 4-ce11’bridge with a 120 ft. span (cell width = 7 £t.),
the maximum numbers of wheel 1oads as predicted by the redistribution

method and as analyzed more accurately by the computer for the respective

most ceritical truck positions, compare as follows:

TABLE 11, MAXIMUM NUMBERS OF WHEEL LOADS IN 4-CELL, 120 FT, SPAN
' ' BRIDGE BY REDISTRIBUTION AND ACCURATE ANALYSIS

Girder
Method Used , e Rl ‘ R2
Redistribution 0:96 0.95 0.78
Accurate Analysis 0,97 : 0.95 0.75

This agreement is so sétisfactory that all further studies in this
report will be based on this redistribution method.

'Coﬁvertiné thus all moment percentages for the bridges Qf Table 4,
available from ;omputer output for bridges without overhangs, to those
with slab overhangs, leads to the influence lines shown in Figs, 19-30,
Similar sets of influence lines have been prepared for the correspond-

ing bridges withbut slab overhangs, both, using the stress integration
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/ 425

BRIDGE WITH SLAB OVERHANG (ACTUAL) —f 9.8 |-~ =

BRIDGE WITH SLAB OVERHANG (ESTIMATED)+ 10.0 |—-— 433
BRIDGE WITHOUT SLAB OVERHANG F 8.9 |— 384
18.3 29.4 :
18.0 28.7
204 32.3

-

Q) 3-CELL BRIDGE WITH SIMPLE SPAN OF 60 FT.

LOAD CASE 4
{
/’
-
13.2 —=Z 349
3.2 Z 36.3
1.7 ' - |323
! ' ; 223| 29.
: 21.6 28.9
240 32

b) 3-CELL BRIDGE WITH SIMPLE SPAN OF 120 FT.
. LOAD CASE 4

7
z7
2.0 2.9 3.6 4.8 s.sj 9.5 & 33.8
28 4. 4.7 5.7 7.3 9.6 31.3
2.3 45 5.1 6.3 8.0 10.5 255
g 13.3 2l.2
e T i

c) 8-CELL BRIDGE WITH SIMPLE SPAN OF 60 FT.
LOAD CASE 9

FIG. 18 COMPARISON OF MOMENT PERCENTAGES IN BRIDGES
WITH SLAB OVERHANG (MIDSPAN VALUES)
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method and the deflection method, but to conserve space they are not
given in this report.
The 1oad concentration factors obtained from these influence lines

are listed in Tables 12-15, together with the upper and lower bounds

as well as with those obtained using AASHO design formulas,

'In addition, for eéCh case the nﬁmber of wheel loads for the rigid
bridge case is listed by which the corresponding o-factors have to be mul-
tiplied to yield the maximum numbers of wheel loads to be carried by this
specific girder°

Similarly as for bridges wiﬁhout slab overhangs, the reciprocity re-
lation describedylater in Section 3,6.3 permitted the evaluation of some

additional information, which therefore has been included in Tables 12-15,

ASSuming bridges with slab overhangs to be more realistic than ones

without, the studies in subsequent chapters will be based on the information
presented in Tables 12=15.  The influence of the slab overhang on the girder
load concentration factors will be discussed. in Section 4.7,

While the o-factors clearly illustrate the load distribution proper-
“ties of a given bridge only the correspondlng numbers of wheel loads,
N L,ylndlcate the actual de51gn loads ‘on the bridge, Eq. (7a). For this

w

reason, Tables 16—19 summarize the numbersfof wheel loads for all cases

studied,
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- TABLE 14, o~FACTORS FOR 4-CELL BRIDGES WITH SIAB OVERHANGS
Span (ft.) 60 80 120
Section Midspan Support Midspan {Midspan
Boundary Cond. | SS [ F¥s [ Fr FS | FF 88 SS
No.o g
Girder Lanej a 0.896 ; ] 0.893 0.885
2 b | 1.09 | 1.20 1.22 1.06 1.07 1.09 1.08
c|21.75 1.75 1.75 1,75 1.75 1,76 | 1,76
dll1, 12 1.12 | 1.12 1.12 1.12 1,12 1.13
al 1.21 | 1.20° | 1.20
3 b|0.93 0.92 0.92 | 0.93 0.95 | 0.99 0.99
3 c | 1,14 1.14 1.14 1.14 1.14 1.15 1,15
d ] 0.83 0,83 0.83 0.83 0.83 0.83 | 0.83
al 0.896 0.893 | 0.885
o | p|2.05 | 110 | 1.14 | 1.08 | 1.12 | 1.06 | 107
cll.27: 1.27 1.27 1,27 1.27 1.28 1.28
Rl d{1.12 1,12 1.12 1,12 1.12 1,12 1.13
) | a 1.21 | 1.20 | 1.20
3 b '0=96 0.98 0.99 0.99 | 1,00 1.01 1.01
' c]1.30 1.30 1.30 1.30 1,30 1.31 1.31
d | 0.83 0.83 0.83 0.83 0,83 0.83 0.83
a 0.656 ' 1 0.663 | 0.671
2 b{1.34 | 1.46 1.55 1.34 1,39 1.24 1,16
cll.74 1,74 1.74 1,74 1.74 1,72 1,69
R2 d] 1.41 1.41. 1.41 1.41 1.41 1.40 1.38
a , 0.885 : 0.890 | 0,910
3 bl 1,15 1.19 l.26 | 1.16 1.17 1,09 1,05
ci1.29 1.29 1.29 1.29 1.29 1.28 1.25
d|1.05 1.05 1,05 1.05 1.05 1,04 1,02
'(a) ‘number'of wheel loads carried by girder in rigid bridge
(b). o-factors for actual bridge; from analyses
(c) o~factors for_pe:fectly flexible bridge, upper bound
(d)  o~factors e¢alculated from AASHO design formulas
Note - o-factors for rigid7bridge are 1.0
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TABLE 15. o-FACTORS FOR 8-CELL BRIDGES WITH SILAB OVERHANGS
Span (ft.) 60 80 120
Sectioﬁ Midspan Support ‘Midspan|Midspan
Boundary Cond. | SS | "FS | Fr FS | FF SS SS
oo | Nesoff 0.710 0.708 | 0.705
Girder] Lanes ;
4 | p[1.36 1.26 1,50 1.03 1.24 1.13 1.11
cl2.22 | 2,22 | 222 2,22 2,22 2.22 2.23
d|1.41 1.41 1.41 1.41 1.41 1.41 1.42
‘a 0.886 0.885 | 0.880
o 5 b|1.03 1.05 1.16 1.05 1.05 1,04 1.04
c|1.46 1.46 1.46 1.46 1.46 1.46 1.47
d]1.13 1.13 1.13 1.13 1.13 1.13 1.14
al| 1.061 1.060 | 1.056
; b{0.98 0.98 1.05 0.99 | 1.02 1.00 1.00
; c|1.48 1,48 | 1,48 1.48 1.48 1.48 1.49
d|o.94 0.94 0.94 0.9 0.94 0.94 0.95
a 0.710 ' 0.708 | 0.705
4 b[1.20 1.09
cl*1.61 1.62
d|1.41 1,42
a J 0.886 0.885 | 0.880
b |1.06 1.05
R1 5 c'[1.78 1.79
d{1.13 1,14
a 1.061 1.060 | 1.056
6 b |0.99 1.00
c|1.48 1.49
d]0.94 0.95
a 0.710 0.708 | 0.705
4 b {1,28 1,15
c 12,22 2,23
d{1.41 1.42
a 0.886 0.885 | 0,880
| bl1.05 1.04
R2f 5 1l7s 1.79
df{1.13 1.14
a 1,061 1.060 | 1.056
6 b [0.98 1.00
c|1.48 1.49
d|o.o4 0.95




TABLE 15 (cont'd).
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DGES WITH SLAB OVERHANGS

9=FACTORS FOR 8-CELL BRI

Note -

ahfactors for rigid brid

ge are 1.0

Span (ft.) 60 80 120
Section Midspan : Support Midspan Midspan
Boundary Cond. | 8S | Fs [ FF FS | FF SS SS
| No.o g
Girden Lane ’a 0.710 0.708 0,705
: 4 b 1.27 1.16
c|.1.82 1.83
d|1.41 1. 42
a .0.886 0.895 | 0.880
R3 5 b1.10 1.04
‘ c|1.78 1.79
d(1.13 1,14
a : 1.061 1.060 1.056
. b [1.00 ' 1.02
c | 1.48 1.49
djo0.94 0.95
a 0.52Q 0.526 0.534
4 bl 1.47 1,64 1.85 1.49 1.69 1.39 1.20
c | 2.20 2,20 2,20 2.20 2,20 2,17 2 14
d{1.79 1.79 1.79 1.79 1.79 1.76 1.
a 0.649 0.657 0.667
R4 = b11.27 1.41 1.59 1.30 1.47 1.15 1.07
. E c|1.76 1.76 1.76 1.76 1,76 1.74 1,72
d|1.43 1.43 1.43 1,43 1.43 1.41 1.39
a 0.775 0.788 | 0,800
6 b |1.08 1.18 1,33 1.09 1.23 1.02 0.99
c|1.47 1.47 1.47 1,47 1.47 1.45 l 43
d11.20 1.20 1.20 1.20 1.20 1.18 1.16
(a) number of wheel loads carried by girder in rigid bridge
(b) "a-factors for actual bridge, from analyses
(c) o-factors for perfectly flexible bridge; upper bound
(d) a—factors calculated from AASHO design formulas
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TABLE: 18. NUMBER OF WHEEL LOADS FOR 4-CELL BRIDGES WITH SIAB OVERHANGS
Span ' (ft.) 60 80 120
Section Midspan Support Midspan Midspan
Boundary Cond SS FS FF FS FF S8 SS .
‘ No.of , ,
Girder] Lanes a| 0.90 0.90 0.90 0,90 0.90 0.90 0.90
2 b10.97 1.07 1.09 0.95 0.96 0.97 0.96
C c. | 1.00. 1,00 1,00 1,00 1.00 1.00 1.00
3 a | 1.,21 1.21 1.21 1,21 1.21 1.20 1.20
b | 1,13 1.11 1.11 1.13 1.15 1.18 1.18
c| 1,00 1,00 1.00 1,00 1,00 1.00 1.00
2 a1 0.90 0.90 0.90 0.90 0.90 0.90 0.90
, b.1.0.95 0,99 1,02 0.96 1.00 0.95 0.95
R1 c. | 1,00 1.00 1.00 1.00 1.00 1.00 1.00
3 af1.,21 1,21 1.21 1.21 1.21 1.20 1.20
‘ b|1,16 1.19 1.20 1.20 1,21 1.22 1.22
¢ 1,00 | 1,00 1.00 1.00 1.00 1.00 1,00
5 2/0.66 [ 0.66 | 0.66 | 0.66 | 0.66 | 0.66 | 0.67
\ b 10.88 0.96 1.02 0.88 0.91 0.82 0,78
R2 ¢ |0.93 0.93 0.93 0.93 0.93 0.93 0,93
5 210.88 | 0.88 | 0.88 | 0.88 | 0.88 | 0.89 | 0.01
, b 11.02 .05 1.12 1.03 1.03 0.97 0.96
¢ 10.93. 0.93- 0.93 0.93 0.93 0,93 0,93
(a) number of wheel loads in bridge with rigid cross section
(b) number of wheel loads in actual bridge, from analysis
(c) number of wheel loads, determined by use of present AASHO

formulas
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TABLE 19. ' NUMBER OF WHEEL LOADS FOR 8-CELL BRIDGES WITH SIAB OVERHANGS

Span (ft.) 60 80 120
Section Midspan Support MidspaniMidspan
Boundary Cond. SS FS FF FS FF SS S8
No.of

Girder] Lanes| a {.0;71 0.71 0.71 0.71 0.71 0.71 0.70
4 b 1.0.82 . 0.89 1.06 0.73 0.88 0.80 0.78
¢ 1.00 1.00 1.00 1,00 1.00 1.00 1.00
o 5 | 2/0.89 | 0.89 | 0.89 | 0.89 | 0.89 | 0.88 [ 0.ss
b10.91 0.93 1.03 0.93 |- 0:93 0.92 0.91
c | 1.00 1.00 1,00 1.00 1.00 1.00 1.00
6 all.06 1.06 1.06 1.06 1.06 1.06 1.06
b1 1.04 1.04 1.11 1.05 1,08 1.06 1.06
c¢| 1,00 1.00 1.00 1.00 1.00 1,00 1,00
4 a:]0.,71 0.70
b ] 0.85 0.77
c]1.00 1.00
, a | 0.89 0.88
Rl 9 b ] 0.94 0.92
c|1.00 1.00
6 al 1,06 1.06
b|1.05 1.06
c| 1.00 1.00
4 al|0.71 0.70
b} 0.91 0.81
c{1.00 1.00
, a | 0.89 0.88
R2 | v]o.03 0.91
c| 1.00 1.00
6 all.06 1.06
b} 1.04 1.05
c| 1.00 1,00
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NUMBER OF WHEEL LOADS FOR 8-CELL BRIDGES WITH SIAB

OVERHANGS
Span 60 ‘80 120
Section Midspan Support Midspan |Midspan
Boundary Cond., SS FS FE ES FF SS SS
No. of
Girder] Lanes| a ] 0.71 0.70
4 b | 0.90 0.82
c] 1.00 1.00
0.89 0.88
R3 a .
2 b1 0.98 0.92
c | 1.00 1,00
6 a}l 1l.06 1.06
b }1.04 1.07
c]:1.00 1.00
a|0.52 0.52 | 0,52 0.52 0.52 0.53 0.53
b 0.77 0.85 0.96 0.77 0.88 0.73 0.64
c 10,93 0,93 0,93 0.93 0.93 0.93 0.93
R4 5 a |-0.65 0.65 0.65 0.65 0.65 0.66 0.67
b ] 0.83 0.92 1.03 0.85 0.96 0.76 0.71
c | 0.93 0,93 0.93 0.93 0.93 0.93 0.93
6 a|-0,78 0.78 0.78 0.78 0.78 0.79 0.80
b 10.84 0.91 1.03 0.84 0.95 0.80 0.79
c]10.93 0.93 0.93 0.93 0,93 0,93 0.93
(a)  number of wheel loads in bridge with rigid cross section
(b)  number of wheel loads in actual bridge, from analysis
(c) number of wheel loads, determined by use of present AASHO-
formulas
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3.6 Longitudinal Variation of Load Distribution Characteristics

3.6,1 Introduction

Before interpreting the data pPresented in Tables 12-15 for design
purposes, itkappears to be necessary to study how 1load distribution charac-
teristics of concrete box girder bridges vary along the span, - The first
study will deal with the longitudinal variation of load distribution under
concentrated loads aéting at ‘some fixed position, say at midspan. The next
step ‘will be to discuss influence surfaces for box girder bridges which sub-
sequently will be the basis for an exact design approach, Finally, the
effect of lumping reél truck loadings into midspan loadings as shown in

Fig. 12 will be investigated.

3:6f2 LongitudinalkVariation df Load Distribution Under Midspan Loads

Consider a qu girder bridge with arbitrary end support conditions,
subjected to a concentrated 1oad acting at midspan, The transverse 1load
distribution characteristics’at midspan where the load is acting have al-
ready been discussed extehsively and have been presentéd graphically for

example in the influence 1lines. (Figs. 19-30).

But now it is desired to investigate how this distribution varies

longitudinally, while the load remains fixed at its midspan position,

Figures 31, 32 and 33 introduce as an example the 3-cell pridge with a
span of 120 ft. and with the concentrated 1load acting at midspan over the
exterior girder, having the end boundary conditions simple-simple, fixed-
simple, and fixed-fixed, respectively, ' These figures show the individual
moment -diagrams cérried by each of thé girders of the bridge considered,
for the given load case and boundary condifiohs.

The following observations can be made from these figures:

(a) At any section of the bridge, the sum of all girder moments
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(b)

(c)

(d)

e)
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equals the theoretical moment of the equivalent continuous beam
at that section within a few percent; which is a check on the
methods of analysis.used,

In order to make the moments of interior and exterior girders
comparable’in terms. of longitudinal Stresseés, fhe latter have
been divided by the proper p~factor (in this case, p =-0,563,
Table 5). Thisktransformation leads to the dashed lines shown in
Figs.’31, 32, 33. The girder on which the load is acting is sub-
Jjected to the maximum longitudinal stresses and therefore in
general to the biggest moment at the section of load application,

However, ‘it can be seen that this peak moment decreases very

~rapidly as the concentrated load is distributed to the rest of

the bridge,

There exists g section with almost uniform stress distribution
across the whole bridge (for example in Fig. 31 at about
x = 32 feet). This means that at this section all girders carry

approximately those moments which they would carry in a rigid

_bridge,

Beyond the section of uniform stress and away from the 1oaded
section, a moment redistribution occurs such that girders take
slightly more stress (and therefore moment) the further they are
away from fhe loaded.girder.

The moment curve in the equivalent continuous beam has in each

case a finite slope discontinuity under the load, It can be

seen very clearly how. this discontinuity in a box girder bridge
is entirely picked up: by the:1oaded girder; while the moment

curves of all other girders are smooth at the section of 1oad
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application. - This béhavior illustrates the fact that the
loaded girder forces the rest of the bridge into certain deflec-

tions, and since the moments are second derivatives of the de-

flections; all unloaded girder moment curves are smooth under

the load. Similar phenémena in slab-girder bridges have been
studied by Newmark [10]. In Fig, 34, girders R2 and Rl of the
simply supported bridge of Fig;'31 have been isolated as ' free

bodies, . .+ 'The'loading on gi}der'Rz consists of the downward

-applied- concentrated 1oad and an upward distributed reactive force

whose magnitude and:longitudinal distribution is dependent on the

longitudinal and transverse stiffness of the remainder of the

bridge to which R2 is connected. The resulting moment diagram for

R2 has a peak directly under the load which démps out at.a rate
which is dependent on the magnitude of the upward reactive force,
The downward and upward loading on girder Rl are both distributed
loads over the span, however, the downward ‘1oad again has a greater
concentration near midspan than the upward reactive force pro-
vided by the stiffness of the remainder of the bridgg, This type
of load transfer or longitudinal spreading reéults‘in less and

less concentration of the'distributéd load héaf midspan 'in each
succeeding girder and explains why thekmoment curves get flatter

and flatter in Fig., 31 as one proceeds‘SﬁCCesSively from girder

‘R2 to Rl to Ll to L2,

Figs. .32 .and 33 show very clearly that each girder has its own
point.of inflection.: ‘The spread of all thesejpoints in the longi-
tudinal direction amounts in Fig. 33 to morekthan 10 feet, In

this light ‘it may appear questionable to define an inflection
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point for the whole bridge, or an effective span between in-

flection points, Nevertheless, later such an equivalent effec~-

tive span between inflection points will be used and will be con-

sidered accurate enough for design purposes.

3.6.3 Influence Surfaces for Box Girder Moments

The study of transverse 1oad distribution at midspan under midspan
loads is the first step towards the construction of influence surfaces for
girder midspan moments., The next step would be to study midspan moments due
to loads which are moving longitudinally along . the bridge. For this purpose

it will be useful to introduce a reciprocity theorem which Will be stated

without proof but 'which can be verified partially with some of the data

presented in this report, The theorem may be stated as follows,

Theorem, For a given box girder bridge (Fig. 35), the moment carried
by girder i at section x (say point A) due to a unit load on girder j at
section € (say point B) is equal: to the moment carried by girder j at sec-

tion € due to a unit load on girder i at section X.

M(i!x!jlg) = M(.j’g;i-x) 1,3,x%,8 arbitrary (14)
or in short, —MAB = MBA

which may also be wtitten in terms of,percentages of ‘the total moment

at a section,

% _ % | |
Mg = MBA (15)

Both Eqgs, (14) and (15) are valid for simply supported bridgés for any
points A and B, If M or M% is measured in an exterior girder, it has to

be divided by the proper p-factor., Thus, if A is a point on an exterior

girder and B on an interior girder, Eq. (15) becomes
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%
M
_‘:;B = M?B;A (16)

For bridges with one or both end supports fixed against rotation,
Eq. (14) is no longer valid, however Eq. (15) still holds, except for
roundoff errors which average about 2%.

There are two corollaries of fhe above theorem, While Eqs. (14) and
(15) reflect symmetry of the bridge system in both directions, x and y, one
corollary specializes in the symmetry in 'y only (transversely) while the
other one deals with symmetry in x only (longitudinaily).

Corollary 1, Considering moments and ldads oniy at a given transverse
section x, the moment carried by girdér i due fo a unit load on girder j

equals the moment carried by girder j due to a unit load on girder i.

M(i,x,j,x) = M(j,x,i,x) i,j,x arbitrary a7
or in short, M, . =M
ij ji

or in terms. of moment percentages;

T e}
ij ji

Both Eqs. (17) and (18) are true for box girdér bridges with any end

boundary conditions, If exterior girders are involved, their moments or

moment percentages have to be again modified as in Eq, (iG). Taking x

at the midspan section, Eq. (18) can directly be verified using the moment

influence lines (Figs. 19-30). A relationship similar to Eq. (17), applied

to slab-girder bridges, has been stated by Newmark [107.

Corollary 2 Considering moments'carried only by girder i and
loads on girder J, the moment carried by girder i at section x due to

a unit load on girder j at section € equals the moment carried by girder

i at section E due to a unit load on girder j at section X,
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M(i,x,5,8)

1}

M(1,E,5,x) i,j,x,€ arbitrary 19)

or in short,

M

xE = ng

or in terms of moment percentages,

While Eq,

0y
Ml = M L (20)

(20) is valid for any box girder bridge, Eq. (19) is true

only if the bridge is simply supported.

With the help of the above reciprocity relations it is very easy to

construct ‘influence surfaces for girder moments, Specifically, these in-

fluence surfaces are constructed as follows:

(a)

(v)

Simply supported qu girder bridges.

It is desired to obtain the influenqe surface. for the moment of

girdér i at’x. Place a unit concentrated lqad on girder i at x
and analyze the bridge, Plot for each girder the moment diagram
carried by that girder.  If i isg an interior girder,kthe exterior
girder moments first have to be.:divided by the proper p-factor,
If i is an exterior girder, ail interior girder moments first
have to be multiplied with the proper p-factor as given by Eq.
(4). By virtue of Eq. (14), the result is the influence surface
for thé ﬁomgnt of girder i at x,

Box girder bridges with one or’both ends. fixed,

It is desired to obtain the influence surface for the moment of
girder i at x. Proceed as in (a), but using moment percentages

rather than absolute moments,  Multiply each. ordinate thus ob~

tained by the total statical moment which the whole bridge carries

at section x and which can be found from an -equivalent continuous
beam analysis, The result is the influence surface for the moment

of girder i at x.
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Proof: It is desired to obtain MAB’ i.e., the moment at point

A due to a unit load at B, where A is given and B is arbitrary,

%% %
From Eq. (15), MAB = MBA' But by definition, MAB = MAB/MA’

Where MA is the moment taken by all girders at section A,

R % %
From this it follows that MAB = MAB MA = MBA

° MA.

In view of the above, the solid curves of Fig. 31 already describe the
influence surface for the midspan: moment of the exterior girder, except that
the interior girder momenf’curves have to be multiplied by p = 0,563,

For illustration, Fig. 36 shows the influence surface for the midspan

moment of the exterior girder of the simply supported 4-cell, 120 ft. span

bridge. Figure -36a gives the girder moment curves in their modified form,
while Fig. 36b shows the influence surface contour lines, Similarly, Fig.
37 gives the influence surface for the quarterspan moment of the exterior
girder in the same bridge. The accuracy 6f fhe influence surfaces for this
Simply supported bridge, which have been constructed as outlined above has

been checked for numerous points by independent Separate analysis and the

differences never exceeded 1%,

The final goal of the research described in this report is a general

design procedure which leads to a 'safe and economical ‘design of all bridge

girders at any longitudinal section, In this section, an exact approach
will briefly be outlined, followéd by an approximate approach whose assump-
tions will be discussed.

In. a hypothetical one-girder bridge, the problem of finding the maxi-
mum moment envelope is a one-dimensional one, and.the solution is straight~

forward by moving-a truck into the respective most critical position,
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In a multiple-girder bridge, the problem is two-dimensional and the
exact approach must utilize girder moment influence surfaces, because load

distribution affects the critical truck positions, Consider for example

Fig, 37, the influence surface for the quarferspan moment of the exterior
girder of a 4-cell bridge, To produce the maximum moment, the two trucks
(assuming two lanes on the bridge) have to be placed as shown in Fig, 37,
i.e., the "near" truck with one wheel on the peak and the "far' truck moved
away from the quarterspan séction towards midspan, where the influence
ordinatesfare‘higher in this lane, k

: UAlthough;girder moment influence surfaces are easily established as
was pointed out in the last secfion, an exact design approach requires a
great number of influence surfaces (for each girder fbr,several transverse
sections), and in each casé the tfucké have to be moved by trial ‘and error

into the most critical positions,

In order to simplify this rather time~consuming process, certain -
assumptions or approximations may be méde aiming at the decoupling of the
two dimensions of the problem, ie., by neglecting the influence of 1oad

distribution on the most critical truck positions. Specifically, this de-

coupling process is based on the following twd'aSSumptions:

(a) If loads are acting at a section other than midspan, then the
distribution of moments among the girders at this section is
not much different from the distribution of moments at midspan
under midspan loads.

(b) If real trucks are placed sﬂéh asAfo’produce maximum midspan
moments in certain girders, then the distribution of moments
among the girders at midspan is not much different from the dis-

tribution due to equivalent truck loadings with all wheel lines
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lumped ‘at midspan according to Fig, 12.
For a check of assumption (a), the moment distribution at midspan under
midspanyloads'hasrbeen compared with that at quarterspan under quarter-
span loads, and the results are shown in Fig.’38. As can be seen in this

figure, agreement is fairly good and could be expected to be much better

if the loading becomes more uniform,;

Assumption (b) is muéh more severe because it neglects the distribution
which wheel loads not acting at midspan undergo before their influence is
felt at midspan. Although the absolute influencg~of these 16ads which are
not acting‘af midspaﬁ is smaller thénﬂfhatxof ﬁidépan loads, higher o/~factors
are assumed forﬁthe fbrmer 6nes, résulting in an over-conservative design
as illustrated qualitatively in Fig, 39,

In order to investigate the errors introduced by assumption (b),
several bridges have been analyzed with real standard trucks on the bridge,
and the resulting maximum numbers of wheel loads afé compared in Table 20

with those resulting from the idealized truck loadings,

- TABLE 20, ERRORS DUE TO TRUCK IDEALIZATION

——

Example Bridge : 3 Cells with 2 Lanes Cells with 5 Lanes
~ Span and 60 £t. 120 ft. 60 ft,
Boundary Conditions Simple-Simple Fixed-Fixed Simple-Simple
Girder Rl ‘R2 Rl R2 R3 R4

(Inter.) [(Exter.)| (Inter.) |(Exter.) | (Inter.) (Exter.)

ML,

From Real Trucks 1,32 0.93 1,33 1,01 0.97 0.744
YL , ,

From Idealized Trucks 1,35 0,99 | 1.35 1.12 0,98 0.826

Percentage Error | +2.3% +6.4% +1.5% +10.9% +1.0% +11.0%
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As can be seen from these‘results, the errors for interior girders are

in all cases negligibly small. However, for exterior girders; especially
for narrower cell widths, the oﬁerestimation may be considerable, although
~on the conservative side.

At least half of the latter erfor is due to the extrapolation method
with which slab overhangs were taken into account, as described in Section
3.5. For bridges with narrower cell widths it was found tnat this extrapola-
tion method does not Yield highly accurate results under eccentric loading,

and tended to overestimate the actual numbers of wheel loads taken by the

exterior girder.
:‘  The rest of the error is due to the localized effect of the peak
. stresses as illustrated in Fig. 39. The moment peak due to an eccentric

load: damps out very fast (Figs. 31, 32 33) and when 1ts 1nf1uence arrives

at a section 14 feet away'(as is the assumed distance between wheel axles
of ‘standard trUCks),'the peak moment is almost completel& distributed onto
other bridge girders, independently of the span and width of the bridge.
Bridges having cells with narrower widths are faster in this load distribu-
ting Process .than those with wider cells; due to their higher transverse
stiffness,

Concluding, it may be said that the truck loading idealization upon
which the main work of this report is based, is permiss1b1e w1th1n engin—
eering accuracy for a simplified de51gn method, especially if 1nter10r

) girders are concerned. For exterior girders, the truck'loading idealiza-

tion leads to a consistent overestimation which in a few cases may go as

- high as 11%, so if desired, reduction factors might be applied to the o-
factors when applied to loads which are more than a certain distance away

from the section at which a critical moment is being determined,
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4. DISCUSSION OF RESULTS

4.1 _Introduction

The objective of thls chapter is to furnish the necessary informa-
t10n for deriving a safe and economiecal design method for box girder
brldges which is 51mp1e in 1ts _use,

’ The actual bridge behav1or is a very complex problem, subject to
the 1nf1uehce of‘a large number of parameﬁers, In this chapter; this
.aetualybridée behaviorkrill be studied by investigating the:influence
of.the design veriabies oohsidered most:important, each separately as
‘fer as possihie, in order to prepare the basis for a .design procedure
to be presented in Chapter 6, which Will take account of most of these
de51gn parameters In order to deal with the more realistic ‘bridges
w1th slab overhangs, the follow1ng studies w111 all be based on the girder
load concenfratlon factors given in Tables 12 ~15 . The . influence of the

slab overhang on these results will be studied in Section 4.7.

4.2 Exterior Versus Interior.Girders:
In returning to the load concentration factors for bridge girders, o ,
2 look at the Tables 12-15 reveals a pronounced difference between
interior and exterior girders, the o~factors for the latter girders
being in all of the cases studied much higher than those for the former
ones. However, their actual -design loads,~NwL , summarized in Tables
16-19, are smaller than those for interior girders, as one would expect.
The:reason for the higher o-factors for exterior girders lies'in
their much less uniform moment influehce lines, because loads placed over

interior girders can be distributed to two sides.

Figures 40-43, which will be discussed in detail in the nexf section,
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show the.o~factors and NWL—values'for SOme simply supporfed bridges as a
function of the ‘number ‘of traffic lanes per girder, = In. these’
figures, it can be seen how the exterior girders (markedkwith asterisks)
.-are clearly distinct from the interior girders.
Thus; oné might propose design formulas separately for interior and
exterior girders as a continuation of preSent’AASHC design practice. But
one could also attempt to make a design formula generally applicable to -

exterior as well as interior 'girders.

4.3 Number of Traffic Lanes per Girder

This impdrtant parameter will for the purpose of short reference

* be denoted by B, i.e.,

. N N , '
L L '
X ﬁ = o = B (21)
{ Z P. n-2+2p :
j=1 7
where

N. = number. of lanes

n = number of girders

p_ =

-{1 for interior girders

P for exterior girders

P-values for the cases studied within this report are listed in Table 21,

TABLE 21. NUMBER OF LANES PER GIRDER, B, FOR EXAMPLE BRIDGES

Number of
Cells
Number of
Lanes

B-values 0.59210.888|0.446|0.669(0.627 0.78410.941]/0.471]0.590|0.707

3. g 8 8

2 3 2 3 4 5 | 6 4 5 6
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These B-values vary slightly,with the span because of variations in the
p-factors, but Table 21 lists the averages.

Ebr some simply supported: bridges, .the .functional relationship between
o and B as’well as between NWL and B has been plotted in Figs. 40-43,
In each figure, bridges of the’same cell width are being compared, i.e.,
3-cell with 6~cell bridges or 4-cell with 8-cell bridges. ' For further
compafiéon, the values obtained. from the present AASHO design formulas,
qus. (1). and (2), have also been included,

From the Figures 40-43, the following observations can.be made:
(a) The relative ordinates of the iﬁdividual girder dhcurves for a

given bridge remain uﬁchanged througﬂ the transformation from ‘'« to

NwL » because all interior girders of a given bridge have the same

rigid bridge multiplier.

(b) In all figures, the importance of the B;parameter is shown very
clearly. While the o-factors decrease rapidly with increasing
B-values, due to more uniform loading on the bridge, the NWL-values
increase with B  because more trucks are cohsidered on the bridge.

(c) There may exist a considerable range of o~ or Nyy-values among the
individual girders of a given bridge. This range tends to decrease
markedly with an increase in B but also with an increase in span.

(d) This general behavior applies to interior girders as well as to
exteribr‘girders, irrespectively of the fact that for exterior girders

the o-factors are always much higher and: the NWL—values much smaller

than the corresponding values for interior girders.
(e) The preSent AASHO design formulas yield Nwlrvalues which are inde-~

pendent of B .  For the lower P-range, i.e., wider lane widths or
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narrower cell widths, the AASHO formulas tend to overestimate the actual
design values considerably., - For example, for the 120 ft. 6-cell bridge,
at . B.=0.627. (4 lanes), Fig. 41b, the AASHO design formulas would
overdesign all girders, including  the exteriors, by about 30%. For
- larger B-values, i.e., narrower lane widths or larger celltwidths, the

AASHO formulas might become unsafe. For example, for the 120 ft. 3-cell
bridge, at p = 0,888 (3 lanes), Fig. 41b, the AASHO design formulas
would underdesign the interior girder by ‘about 20% and the exterior

girder by about 6%.

The ‘above observatibns indicate Very clearly the need for a design formula
which takes the B—paramefer into acéount. This does not necessarily mean
that bridges which were'designed according to the AASHO formulas are unsafe,
In fact, the higher B—valuesvfor which the AASHO formulas aie becoming
unconservative, are based on 10 ft. wide traffic lanes which are not gen-
erally being built in'Califorhia todﬁy, whiie the celi widths have a
feasible range of variation only between about 6 and 9 ft. However, the
above finding illustrateskthat present desigﬁ practi¢e is’overconserva-
tive and that greater economy may be aéhieved by ‘employing ‘a refined ﬁethod
of design.

Summarizing, it'may be said that with an increase of B, i.e., the
number of traffic lanes per girder, the girder concentration’factors de-
crease rapidly while the maximum-numbers of wheel?loads to‘be designed for
increase. But a decrease of the ahfactors’towards unity is a sign of an
improved overall 1load distribution of the bfidge towards the ‘optimum of

the rigid bridge case.



100

4.4 Number of Cells

. The effect of the number of cells on:the girder load concentration
i , ; : ; .

}L factors, or maximum numbers of wheel loads, can be ‘studied by keeping all

other variables constant, i.e., changing only the number of cells,  For

example, ‘combining two 3-cell bridges or two.4=ceéll bridges to obtain' a

6-ce11 or an 8-cell bridge,Arespectively, the results can again be studied
immediately in Figs, 40-43 in terms of the maximum numbers of wheel loads.
Allkthese figures have the commbn characteristic with respect to this
parameter that, by doubling the ‘number of cells; the NWL—values are re-
duced very uniformly by a constant amount so that the slopes of the almost
¥ straight lines remein about unchanged. For example, in Fig. 41b, the
interior girderkRi of the 3—ce11, 120 ft. hridge,has N. L-values which
d arevery constantly about 0.25 hlgher than the corresponding values in the
6—ce11 brldge, although the correspondlng ahfactors are smaller.
The reason for this behavior lies in the rigid bridge multipliers
which’are all’smalier for the wider bridges because there are always at
least 4 traffic lanes assumedkw1th a resultlng reduction factor. of 0,75,

Although the narrower brldges carry approx1mate1y the same number of lanes

per glrder, no reduction factor can be applied.

On the basis of this finding; it can be said that for even wider
bridges, the o-factors will increase slightly and then stabilize, while
the r1g1d brldge base remains about unchanged so that the Nwlrvalues do
not change 51gn1f1cant1y_for bridges with more than 8 cells.

Conciuding, it may he said that the number of cells is of special

| impoftance for the NWL-values as well as for the o~factors, at.least

within the range between 3 and 8, studied in this report, and therefore it

has to be considered in a refined design formula.
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4.5 Cell width

Investigating now the inflﬁence of the cell width on the load dis=-
tribution characteristics of box girder bridges, one will immediately
conclude by intuition that the ioad distribution decreases for wider cells,

with resulting higher design loads, and this because of two reasons:

(a) . . The wider the boxes become, the more trafficylanes fall -on one girder,
resulting in higher maximum numbérs,of wheel loads to .be designed for,

(b) Keebing slab thicknesses constant,: the transverse bridge stiffness
decreases with wider cells, resulting in worse transverse load dis-

tribution and higher design loads,

The first reason is closely associated with the previously discussed

B-value, i.e., the number of traffic lanes per.girder. .  In fact, for a

fixed B-value, the number of traffic lanes per girder is by definition
independent of the cell width, Thus the actual difference between 4~ and

8-cell bridges with cell widths of 7 ft. on the one side and 3- and 6-cell

brldges w1th cell w1dths of 9 ft. 4 in. on the other side; must be studied

by keeplng B constant,

Under thls condition, Flgs 40-43 confirm the intuitive reasoning.
Wh11e the slopes of the NWL versus B - curves are about independent of the
cell width, the girders in bridges with 9 ft. 4 in. wide cells have to

carry éonsiderably more wheel loads than those in bridges with 7 ft, wide

cells. The difference between 4- and 3-cell, 60 ft. bridges is for any

B ‘about 0,26 wheel loads and between 8- and 6—ce11,60‘ft. bridges, about

0.20 wheel loads. With the longer spans, load dlstrlbutlon 1mproves also
for brldges with wider cells so that the above dlfferencee decrease to 0.16

and 0,11 wheel loads, respectively, for the 120 ft, spans,
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Similar observations hold for the corresponding o~factors, for which
however the comparison is not so easy to make because of’the curvatures
of tse o versus B' telationships

Thus, it may be sald that wider cell widths lead to much higher
a-factors and maximum numbers of wheel loads for which the girders have
to be designed. The economy however is not much impaired since less girders
have to be built. But still, for allrexample bridges of this report, summing
up the maximum numbers of wheel loads for which all glrders of a bridge

have to be designed, leads to slightly smaller totals in br1dges with

7 ft. wide cells than in bridges with 9ft;14in. wide cells For example,

the 6-cell, 60 ft, bridge carrylng ‘five  ‘lanes has to be de51gned for 3.7% more

wheel loads than the corresponding 8-=cell brldge,k

4.6 Span and End Boundary Conditions

' The change of the girder load concentration factors o with varying

spans and end boundary ébnditions is shown for 3=, 4-, and 6-cell bridges in

 Figs. 44-46, respectively, The end boundary conditions are simulated by

defining a’'theoretical effective spah between inflection points, L'p of
the equivalent continuous beam. Both relations, « versus L and o
versus L', are shown in these figufes from which the following conclusions

may be drawn?

(a) For lohger spans; the: transverse stiffness-tp—longitudinal stiffness
ratio of the bridge iscrsaSes, resulting in bettsr load distribution.
Hence, the ahfactofs of all girders in a given bridge converge with
inCreasing span towards 1, i;e., tswards the rigid bridge With perfect
load’distribution. However, thsre may be slight oscillations of
individual girder curves around lydue to the’complexity of critical

truck loading‘positions.



103

a vs. L FROM ANALYSIS
———g s L FROM ANALYSIS
o) —_—-—a vs L, L' FROM AASHO FORMULA
> 6 +'RI, 2 LANES
% 5 o\ x R, 3 LANES
= N O R2,2 LANES
Qe o A R2,3 LANES
w o—=-0-"_. 0 ,
> o~ T oTo———o— %
O 1.3+ o S —~
E ~
= S ~
E:t ~ 0\0-\
E 1.2+ \
: b e .
1®] IR * *t \+
g ‘ 1 ——— +
Q ol e o
a 1.0 A=rm=A== E———='=D—_—A.__ —_——k
g ;
0.9
] e x—x -—
0 0.8+ e
o
1 T - l T T —
30 436 60 80 90 120

SPAN L, OR EFFECTIVE SPAN L' (FT)

FIG. 44 VARIATION OF @a WITH LOR L' FOR 3 CELL BRIDGES

CTOR, a

GIRDER LOAD CONCENTRATION FA

1.6

o
art

C, 2 LANES
C, 3 LANES
RI, 2 LANES
RI, 3 LANES
R2,2 LANES
R2,3 LANES

O———-O-.-—Q‘___ O

/
box4+edq

—\—\Q

2 436 60 80 90 120
SPAN L, OR EFFECTIV,E SPAN L (FT)

FIG.45 VARIATION OF @ WITH L OR L' FOR 4-CELL BRIDGES



104

a vs. L FROM ANALYSIS
—=~ays L FROM ANALYSIS
—-— a vs L,L' FROM AASHO FORMULA

.61 =
::f- V  C, 4 LANES + RI, 4 LANES
o | A ¢, 5 LANES X RI, 5 LANES
5 1.5 3 O . C, 6 LANES @ Ri, 6 LANES
2 \'\\ :

1.4 V=X '*‘, —— “ i - 7
2 : ,

S N
'é 1.3
2 ,{:\
§ e N
8 i1 e
=
S 1.0 8§§§8
5 o —_0
o l y TR T
x 456 120
) SPAN L, OR EFFECTIVE SPAN L' (FT)
a) GIRDERS C AND R!
2.0- ;
) o kN v R2, 4 LANES
- 1.9 A R2, 5 LANES
1 d \ , © R2, 6 LANES
e L N\ + R3, 4 LANES
&J 1.8+ \+ X R3, 5 LANES
w + \ © R3, 6 LANES
& 171
g
£ e
2
O 15
&
O e
2 :
=
14
|
S 12
(G)
114
1.0
o =0 c - - (o]
30 40 436 80 873 120
SPAN L, OR EFFECTIVE SPAN L' (FT)

'b) GIRDERS R2 AND R3

FIG. 46  VARIATION OF @ WITH L OR L' FOR 6-CELL BRIDGES




T e

Gy

i

105

(b) The o 'versus L’ relation is not directly comparable to the ¢«
versus L relation, atyleast fof some cases. - For example,7 the o~factor
of the exterior girder of a 3-cell bfidge with both ends of the 120 ft.
span fixed, i.e., with an effective span‘of 60 ft.; is about ;0%
higher than the eduivalent o~factor in a simply supported.GO ft. span
bridge. Obviously, the end fixities reduce’the effecti§e spans more
than assumed, with a resulting worsening’of the load distribution.
Remembering that each girder has its own poini of'inflecfion and
therefore its own effective span (see Section 3.6.2), the definition
of an inflection point for the whole bridge cénnot be very:accurate,
However,; the abovementioned discrepancy of 109% is a’maximum, the other
discrepancies averaging about 3%,

(c) For comparison, the o~factors resulting from AASHO design formulas
have,also been plotted in Figs. 44-46., It can be seen that these
values are independent of the span-and ‘end boundary conditions, the
slight decrease with span being due to the change of the p~-factors and
in turﬁ an’.of' the rigid bridge case. ' The neglect of the span and
end boundary condition parameters leads to overconServafive designs
for especially longer spans (coupled with fewer lanes per girders)
and to very unconservative designs for short Spans, especially if one

or both ends are fixed against rotation (coupled with more lanes per

girder).

. The above observations clearly indicate the need for a design formula

which takes into account the span:between supports and especially of the
end boundary conditions by choosing an equivalent effective span bétWeen

inflection points. In fact, it must be stressed that the boundary
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conditions are ‘of much more importance than the clear span: between supports,
Indreasing the spans beyond 120 feet will lead to more and more uni-

form load distribution in the bridge. In addition, for these long spans,
truck ioadings will be replaced by lane loadings, and finally, dead load
moment s begin to be more and more important until 1live load moments play

only a secondary role in the bridge design so that the question of wheel

load d;stribution becomes less critical,

4.7 Slab Overhang

The effect of a 3 ft. slab overhang on the girder 1load concentration
factors can be immediately studied by comparing the two sets of tables,
Tables 6-~9 and 12-15; From this comparison, the following observations

can ‘be made:

(a) . This influence is in general small, decreasing with the longer spans
and increasing with the end fixities, i.e., with décréésing effective
spans between inflection points. It also inereases slightly with the
number. of cells,

(b),,The influence of the slab overhang is in general mﬁch’more pPronounced
for exterior girders than for interior girders. The average .change
in o for exterior girders due to the slab overhang iskabout'S%, but
with maximum values for fixed~fixed bridges going as high as 9%,

(c) Concerning interior girders, the influence of the slab overhang is
almost negligible, changing the o« concentration factors an average

of about 2%, and in only a few cases reaching a maximum: of 5-6%.

Keeping these observations in mind, ‘it appears to be Jjustified that  the
results for. bridges having a 3:ft, slab overhang already studied and summa--

rized in.Tables 12-15 can:'be used in developing a generally applicable
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design method.

Almost all bridges actually being built do have slab overhangs in order
to get for little additional cost ‘more roadway area. - The effect on the load
distributing characteristics of the bridge due to the addition of the 3 ft,
overhang has been shown to be generally small., Therefore it is permissible
to neglect the influence of the slab overhang width as g parameter on the

a-factors, ‘since actual variations from the assumed 3 ft, rarely exceed

+ 1 ft,

4.8 Additional Parameter Studies

The parameters so far diScussed are believed to be the major factors
to be considered in a study on load distribution in box girder bridges.
However, the influence of intermediate diaphragms is very important, in
fact it is perhaps the most important parameter and will therefore be dis-
cussed separately in the next chapter, o

There are still some additional paraméters which influence the 1load
distribution of bridges, but their fange of variation is limitéd, for
example fhe depth-span ratio or the slab and web thickﬁesses.

As for the depth-span ratio, an increase will stiffen the bridge
longitudinally so that a worse load distribution will be the result,
However, the depth~span ratios uséd fbr the example bridges of this report
(Table ‘1) are good averages'of the feasible range between 0.050 and 0.065
into which most Califorhia highWay bridges fall [1]. 1If due to prestress,
the depth-span ratio can be dropped far below these averages, then the
transverse bridge stiffness becomes very high compared:to the longitudinal
bridge stiffness so that better load distributionkmay.be expected. For this

reason, it might be useful to havedasimplified method of taking into account
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the variation of the depth-span ratio,

: Since a variation in the depth-span ratio has basically the same effect
as a variation in span, it is proposed that the true span be replaced by an
imaginary span such’that the. bridge under consideration with the given depth
obtains the same-depth-span ratio as that on which this report is based.

Slab and web thicknesses are-also factors which decisively influence
load distribution of box girder bridges, but the feasible range of varia-
tion is very limited. Web thicknesses of 8 inches-are“almbst’standard3 as
are 5% ‘inches thick bottom slabs. Very few bridges deviate from these
standards [1]. Similarly, the selected top slab thickness of 6% inches
is faifly representative fer 511 bridges built in California; and very few
top slabs are,thinnerthan 6 inches or thicker than 7 inches,

Assuming, however, that the web or slab thickness of a bridge under
consideration does fall out of the abqve standard range, then it may be
possible to replace the actual cell widths by imaginary ones such that the
transverse sfiffness ofkthe given bfidge with.the unusual slab thicknesses
becomes about the same ae the ones assumed for the example bridges of this
report. |

In a similar way, slab haunches might be treated. These haunches
reduce’the effective eieb span between webs, resulting in better load
distribution. Thie effect may’be simulated by assuming for the load dis-

tribution analysis a reduced cell width, using engineering judgment.

4.9 Load Distribution Over Interior Supports

The results of the analyses of Chapter 3 have now extensively been
discussed, as far as load distribution characteristics at midspan are con-

cerned.  In Section 3.6, 'also, the longitudinal variation of load
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distribution has been studied. . Therefore there remains to investigate the
distribution of wheel loads over the interior supports of continuous box

girder bridges. In fact, the high negative moments - there make the support
sections for design purposes at least as important as the midspan sections.

At midspan, the deflection méthod mentioned in Section 3.4 was a
valuable tool for visualizing the bridge behavior .under concentrated loads
by studying relative girder deflections. Over interior support on the other
hand, ﬁo relative girder deflections exist. Nevertheless, the girders are
subjected to stresses which may in general be very nonuniform. These stresses
are therefore referred to as deformation stresses.

From the longitudinal studies of Section 3.6.2 one might expect that
due to moment redistribution fhe distribution of moments over an interior
support may be completely different from that at midspan, However, this is
not true, The distribution of -moments at midspan and over supports are very
similar, the latter distribution being more uniform because the midspan load
effects do become distributed somewhat when they arrive at interior supports,

In studying now the a-factors at supports as they are given in Tables
12-15, it will be of main concern to study the improvement of load distri-
bution (convergence of o-factors towards 1) in comparison with the midspan

results,. -In-this respect, the following observations can be made:

(a) Except for cases in which the load'distribution is already very good
at midspan (o~factors very close to 1), the load distribution over
supports is always considerably better than at midspan where the loads
' are acting.
(b) This improvement of load distribution depends very much on the number
of lanes on the bridge, or the pPreviously defined B-value, and decreases

rapidly with more uniform loadings on the bridge. For example, in the
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4-cell, 60. ft; span bridge with only one support fixed, the o-factor
.of girder C changes from 1,20 at midspan to 1;06 at the support
(i.e., 11.7%) if two lanes are on the bridge; and only from 0,92 to

0.93 (i.e.; 1:1%) if the bridge is loaded with three lanes,

(c) = The percentage reduction of the o-factors over interior supports is

almost independent of whethér one or both end supports are fixed against
rotation, although in the latter case the o-factors themselves are
always considerably higher because of the shorter effective span for

this case,

(d) As an average, the o-factors at the lower B-values (i.e., 2 lanes on
the 3- and 4-cell bridges, 4 lanes on the 6- and 8-cell bridges) are
’ébout 10% lower at the support than at midspan, However, in some
excgptional césés, where the o-factors are already close to.1 at
midspah, there may be only small improvements, In other cases, the
improvement ﬁay be considérably higher, up to 16% (3—ce11; 120 ft,

span bridge, with 2 lanes, both ends fixed, girder R2).

(e) Exterior girders which .always have the highest midspan o-factors, are

also subject to the highest reductions, ‘even in ‘terms of percentages,

This demonstrates the localized nature of the stress concentrations

in exterior girders under loads,

(£) The above findings are approximately independent: of the number of
B cells (i.e., 3 versus 6 cells) and of the cell width (i.e., 3 versus

4 cells),

From the above observations, it appears to be Jjustified to reduce the ao-

factors obtained for midspan sections somewhat, if they are to be applied to
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interior support sections, especially if fewer lanes fall on one girder.
However, it might also be good design practice to keep. some reserve strength
over the supports where.the bridge, due to the ‘external indeterminacy, is

often subjected to higher stresses than at midspan.
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5. INFLUENCE OF INTERMEDIATE DIAPHRAGMS

5.1 _‘General Remarks

Transverse diaphragms in concrete box girder bridges can be classified
into support and intermediate diaphragms, The first type séf&es to provide
high transverse rigidity of ‘the bridge over supports to distribute the reac—
tions evenly over the entire width of the bridge. Especially if the bridge
is supported by single columns--as is a very. .common-desigh practice becatuse
. of ‘the aesthetical appearance--then support diaphragms are absolutely essen~-
tial for the proper functioning of ‘the bridge.

In this chapter, only the second type of diaphragms will be discussed,
whose sole purpose is to improve the load distribution Properties of bridges
between supports, assuming that rigid support diaphragms are always present,
However, as this report is concerned mainly with bridges without diaphragms,
in this chapter only more general ‘design considerations concerning the use

of diaphragms will be presented.

5.2 Feasibility and Design Considerations

The ‘essential question concerning the use of intermediate diaphragms
is if their addition, if at all, is necessary and. more specifically, if fhe
reduction in longitudinal girder reinforcement due to any improved load dis-
tribution justifies the additional cost of g diaphragm or diaphragms.  This
question is a matter of feasibility and has to be decided upon by the de-
signer for each bridge anew,

In order to classify and measure a given bridge according to its load
distribution characteristics, a quantity may be introduced which might be
called the "nonuniformity" because it is the weighted average of the devia-

tions of the o~factors of all bridge girders from the rigid case, i.e.,
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_ ?lai'llpi

= , (22)
o % Py

Table 22 lists the nonuniformities Ea for all example bridges of this

report.

TABLE 22. NONUNIFORMITIES Eg (in %)
Span (ft.) ' 60 | s0 120
; Sectioh ; - Midspan Support |Midsp.| = Midspan Support
Boundary Conditione| SS | FS | ¥F | S | ¥F | sS | ss | ¥s | FF | ¥s | 5F
No.of|No.of. - ‘ ‘ :
Cells|Lanes B
3 2 0.592 [16.7(27.1(35.6|15.0[21.9 15.1]11.7/18.2(23.6| 6.3 | 9.9
3 0.888 |3.2| 5.0 9.2| 4.2| 4.6| 2.6 2,1 3.7| 4.1| 5.0
. 2 0,446 (15.9/24.0/29.2 16.1119.7|13.3| 9.8
3 0.669 | 8.3| 8.9 9.4(10.4| 6.7 3.7| 2.6
4 0.627 [30.8149.4/61.3|37.2(48.0] = |16.5]
6 5 0.784 /13,7 [26.1(34.6[19.6(27.7| 6.5
6 |o0.04a1(3.5|7.8/13.9] 5.0[11.1 |10
4 0.471 p7.8] e - |14.3
8 5 0.590 {10.0 L | a.7
6 0.707 | 2.3 0.7

Many of the observations made with the o-factors themselves, apply also to

the nOhuniformities. They decrease rapidly with the number of 1anes which

are placed on a given bridge, i,e.,; with more uniform loadings¢. They in-

crease with decreasing spans and with end fixities, i.e., with décreasing
effective spans between inflection points. But for bridges with the same

overall Width, the Ea's do not greatly depend on the number of cells. Al-

though, for example, there are an average of about 0.2 more lanes on a girder
in the 6-cell bridges than in the 8-cell bridges, the corresponding Ea—values

for “the same 'span ' are fairly close, those for bridges with wider cells being
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slightly higher.

Bridges with very uniform loadings--narrow lane widths or high numbers.
of lanes per girder--or with large effective spans have Eaf values s0 small
that ‘intermediate diaphragms are’hardly justified from ‘a pure load distribu-

tion point of view.  Even considering transverse slab bending moments, the

design will usually be  controlled by local bending stresses under wheel
—loads; “compared to which the bending moments resulting from:differential

‘,girder deflectlons are small [1], Therefore, the use of 1ntermed1ate dia-

phragms will seldom be controlled by transverse slab bendingkmoments,

5.3 Effect of Intermediate Diaphragms on load Distribution

In order to study the immediate effect of 'a rigid midspan diaphragm of

1 ft. thickness on the girder load concentration factors or the numbers‘of

wheel loads carried by the girders, a few additional analytical studies have

been made with the computer program MUPDI, the results of which are sum-

marized:in Table 23; The,bridge studied had a 60 ft. span, 6 cells, and 4

traffic lanes. Values given in Table 23 are for an exterior girder,

TABLE 23, EFFECT OF A MIDSPAN DIAPHRAGM

Section b At Quarterspan, x=15 At Midspan, x=30
N o L o
With or With—k With- With With- With‘ With- With With- With
out Diaphra out out out out
Bound, Ideal. Truck .
Cond . Placed at
Simplec b idepan  |0.71 | 0.58 1.10 /1 1.07 [0.95 | 0.75 | 1.48 | 1.16

Simple

SUMP1” | Quarterspan |0.81|0.80 | 1.27 | 1.25 | 0.71 | 0 .08 1.10 | 1.06
Simple ; '

Fixed— 0., 72

Midspan = - 1.13 /1.15(0.79 | 1.79|1.23
Simple :
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While the results of Table 23 for the bridge without a diaphragm are based

on 2 of the 4 lanes loaded at full capacity, the corresponding bridge with a
diaphragm was in all cases loaded with 4 trucks at 75% capacity. ‘These load
conditions pProduced maximum valies af midspan in'each case, Due to load
distribution, results for the quarterspan sections might be:slightly increased
by choosing different loading arrangements,

Table 23 shows: that a midspan diaphragm improves the lbad distribution
of a bridge with high o~factors at midspan tremendously,kbut’ohly as long as
the idealized trucks are acting over the’diaphragm, if the loads are acting
at quarterspan rather than at midspan where the diaphragﬁ is, the improvement
of load distribution due to the'diaﬁhragm is only smail, bbth at quarter- and
at midspan, due to the high warping stresses devéloped between the end and
support diaphragms; Moreover, using an'a_factor obtained for the m1dspan
section--with a diaphragm--to design the whole glrder mlght be ‘unconserva-
tive. ~While for example in the simply supported brldge with a d1aphragm,
the exterior girder would be de51gned for 0 75 wheel 11nes at mldspan, Table
23 reveals that the same girder might have to carry 0.80 Wheel lines at
quarterspan,

..Although this error on the ﬁnconservative side:Will in general be small
and will become smaller if real standard trucks 1nstead of 1dea11zed ones are
'placed on the bridge, the preceding discussion shows that the matter of dia~
phragms heeds study in each case before ahfactors lower than those for a
bridge without diaphragms are uséd in an overall design,

A recent- paper by Abdel-Samad, Wright and Robinson [12] contains addi-
tional information and studies regarding the effect of diaphragms in box

girder bridges.
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6. PROPOSED METHODS OF DESIGN

6.1 General Design Considerations

One of the main decisions which a designer has to make is'the choice
betweed an aecurate, but more time-consuming method of analysis and design,
and a simplified, but only‘approximate method,

The optimum design ofka,box girder bridge is distinguished in that each
of its girders, at any section, is being designed for exactly the maximum
moment that will ever be developed at that point.,  Such a design is very in-
volved becauee-many complete bridge analyses are required for this purpose.

A simﬁlified design is characterized by two features, Firstly, the
ameunt of ﬁqukinvolved is reduced to a certain degree, and secondly,. the
fidal design is lead more or less away from the optimum design, be this
then an’overconservative and therefore,less economical design; or an under-
designed‘structure violeting safety,requirements, But since safety require-
ments cannot be violated, a simplified method of design will usually lead
to overdesigned and therefere‘less economical structures.

For a complex structural system such as the box girder bridge, there
is ho eimple law describing the numbers of wheel ‘loads carried by'a typical
interior orkexterior girder in terms of the various bridge parameters. In
fact, as ean be seen very clearly in Figs, 40-43, ‘these deSign values may
vafy ameng’individual girders as much as 10%. Designing all bridge girders
fof the highest number of wheel loads will lead to an overconservative
design,’and choosing,some,average value will lead to an economical but not
necessarily safe design, unless proper. structural ‘means (for example inter-
mediafe transverse diaphragms) insure that .overloads on any girder are

transferred to neighboring girders.
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In‘the light of these general design considerations, two methods of
design will be proposed in this chaptér. The first one, called "Accurate
Method of Design,” is based on the influence surface approach and involves
considerably more work than the secohd method, but can lead tp any degree
of accuracy and therefore economy .. The second method, termed "Simplified
Method of Design," is an exfension of pfesent degign practice with which
bridge engineers in general are more familiar. Here the design loads are
determined with thekhelp of‘empiricai:formulas*‘ aﬁd are in fair agreement

w1th those obtained u51ng a more accurate method of analysis,

6.2 Accurate Method of Design

The accuraﬁe determination’of internal stresses in a box girder bridge
requires for each case a complete bridge analysis, using computer programs
such as have been developed within this research sequence [1] [2], Thus,
the method of design outlined in this section will be based on the availa-
bility of a computer program, which gives all important internal forces
at any point of the strﬁcture, due to wheel loads, placed anywhere on the
bridge. For convenience, the program may also,contain a. subroutine fbr

stress integration to yield the bending moment carried by any girder of the

' bridge at any longitudinal section, such as described in Section 3,2, = Fur-

thermore, a'standard subroutine for Plotting contour lines of influence

surfaces will increase the efficiency of this design method considerably,

Once such a computer program is available, the design procedure will
be as follows: | |
(1) Select for each bridgé girder a set of points for construction
of the maximum moment envelope-—for continuous bridges also for

minimum moments, . Make use of symmetry wherever possible,
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(2) Place a unit concentrated load at any point selected in step
(1), say over girder i at section x. ’Analyze the bridge for
this loading and reeord the moment diagrams for all girders,

MIf i is an exterior girder, all interior girder moments have to
be scaled with the proper p-factor as given by Eq. (4),  If i'is

' an interior girder, the exterior girder moments have to be scaled
with 1/p,

(3) The moments thus obtalned are best arranged by recording them along-
the glrders of a bridge plan view and by interpolating contour
lines between them such as shown for example in Figs, 36 and 37.
By virtue of the reciprocity relations of Sectlon 3.6.3, the plot
g1v1ng the mod1f1ed moments of all glrders for this one ‘load ‘con-
dition is the 1nf1uence surface for the moment of girder i at
section x,

(4) Repeat steps (2) and (3) for’eacn of the pointe selected in step
. |

(5) Find for each influence surface the most cr1t1ca1 truck posi-
tions, loading any possible comb1nat1on of lanes and applying
the reduction factors of Section 2,1, if more than two lanes are
loaded simultaneously. For the critical truck combination, add
up the influence surface ofdinates to obtain the maximum (or
minimum)'deeign noment,for the girdei under consideration at

that section where'the unit load was placed.

The design method outlined above leads directly to the critical design
‘moments rather than to maximum numbers of wheel lines falling on individual
girders, from which the critical moments would have to be determined in

additional steps,
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Before this method of design can be applied to bridges with inter-
mediate diaphragms, further theoretical studies would have to be made on
the validity of the reciprocity relations of section 3.6,3,

Ly This refined design method is recommended for any unusual structure

for which an approximate method of analysis is not reliable. It will also
lead to substantial savings in material whenever applied to repetitive stan-

dard structures, It requires the availability of a high~speed digital com-

puter and a program such as used for the studies of this research: series,
Execution times on the computer may become appreciable in certain

cases. Then the cost of this computer time should be weighed against the

savings in material expected from a refined method of design. The deter-

mination Qf critical moments using influence surfaces, finally, is a familiar

problem for bridge engineers and does not require excessive amounts of work,

once the shapes of the influence surfaces are understood,

6.3 Simplified Method of Design

Present design practice treats all interior bridge girders alike,
irrespective of the fact that different girders might be subjected to cri-

tical moments of different mégnitudes. Nevertheless, the design method

presented below also still retains this simplification for ease of applica-
tion,

The key step in this simpiified design method is the use of empirical
formulas giving the various girder load concentrafion factors, o, of a
bridge in terms of the most important parameters,

From a study of the résults Presented in this reporf it ‘has been

determined that. the 1o0ad concentration factors for interior girders can

be given approximately by

@ =1+ @ -0+ 0.033)(§c'— 0.6) (23)
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, - 1,37
i - .
Vhere B=51a7% B
. )
{ C=0.709 +=-'0.006 N
S c
T 18.5
~ L'-0.1(L-L")+3.16
N_ = (0.0966 S = 0.21)N
c c
with L= span between supports, in feet
L' = span between inflection points of equivalent
continuous beam (=L, if simply supported), in feet
B = number of lanes per girder, ‘Eq. (21)
S = cell width or web spacing;, in feet
4
Nc = number of cells

The o-factors for exterior girders are then apprbximated by

ae = A o SR (24)

L' - 1,3L-0.2L'
1.44 - 0,225 - -——;EB————

i}

where A

R
[t}

interior girder concentration factor,
given by Eq. (23)

Equations (23) aﬁd’(24) were derived empirically to approximate -as closely
as’poésible the bridge behavior as it is reflected in Tables 12-15. To
illustfate the degree of accuracy of these formulas, Tables 24 and: 25
compare the o-factors of interior and exterior girders, respectively, as
they aré listed in Tables 12-15 with those calculated according to Eqs.

(23) and (24). The error percentages also listed in Tables 24 and 25

indicate that the general agreement is good -enough for design purposes.
. For interior and exterior girders, respectively, the .average absolute
errors are 1.8% and 5.2%, the highest overestimations, +.5,2% and &+ 9.0%,

and the largest underestimations, -4,5% and =7.0%. . The relatively high
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TABLE 24, COMPARISON BETWEEN @i FACTORS FROM EQ. (23) AND CRITICAL
&=FACTORS FOR INTERIOR GIRDERS FROM TABLES 12-15
Span (ft.) 60 80 120
..Boundary Conditions SS FS FF Ss Ss FS FF
Number of | Number of
Cells Lanes
a 1.13 1.19 1.25 1.11 1.08 1.12 1,15
2 b 1,13 1.18 1.26 1.10 1,07 1,10 1.15
c 0.0 -0.8 +0.8 -0.9 -0.8 -1.8 0.0
3
a 1.02 1.01 1.01 1.01 1,00 1.00 1.00
3 b 1.02 1,03 1.04 1.02 1.01 1.02 1.02
c 0.0 +2.0 +3.0 +1.0 +1.0 +2.:0 +2,0
a 1.09 1.20 1.22 1.09 1.08
2 b 1.12 1.17 1.24 1.10 1.07 1,09 1.13
c +2.7 =2.5 ¥1.6 +0.9 =0.9
4 -
, a 0,96 0.98 0,99 1.01 1,01
3 ‘b 1.01 1,02 1.02 1.01 1.01 1.01 1.01
c +5.2 +4.1 +3.0 0.0 0.0
, a 1.32 01,47 1.58 1.18
4 b 1.31 1.42 1.62 1.24 1.17 1.23 1.34
c -0.8 =-3.4 +2.5 =0.,8
a 1.14 1.24 1.28 1.06
6 5 b 1.15 1.21 1.30 1.12 1.09 1.11 1,17
: ‘ c | .40:9 -2.4 +1.,6 +2.8
, a | 0,99 1.08 1.12 1.00
6 b 1.03 1.04 1.07 1,03 1.02 1.02 1.04
c +3:0 =3.7 4.5 +2.0
a 1.27 1.16
4 b 1,28 1.38 1.585 1,22 1.16 1.21 1,31
c +0.8 0.0
a | 1.10 1.05
8 5 b 1.13 1.18 1.26 1.10 1,07 1.10 1.14
c +2,7 +1.,9
a 1.00 1,02
6 b 1.02 1.03 1.04 1.02 1.01 1.01 1.02
c +2.0 =-1.0

(a) Critical o~factors for interior girders; from Tables 12-15

(b) @, -factors calculated according to Eq..-(23)

(e) Percentage errors of (b) with respect to (a)
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- Span (ft.) 60 80 120
Boundary Conditions S8 FS FF SS SS ES ’l FF
Number of | Number of
Cells Lanes
a 1.23 1.39 1.51 1.21 1.17 1.27 1.36
2 b 1,27 1.39 1,85 1.21 1.11 1,20 1.31
c +3.3 0.0 +2.6 0.0 .].-5.1 -5.5 -3.7
3 ,
a (1,05 1.11 1.,22.11.05 1.05 1,08 1.10
3 b | 1,14 1.21 1.28 1,12 1,05 1.11 1.16
c +8.6 +9.0 +4.9 +6.7 0.0 +2,8 +5,4
| a 1,34 | 1.46 1,55 1.24 | 1.16
2 b 1.26 1.39 1,83 [1.21 1.11 1.19 1.28
c -6.0 -4.8 =1.3 2.4 =4.,3
4
, a 1.15 1.19 1.26 1.09 1.05
3 b |1.14 1.21 1.26 1.11 1,05 1,10 |1.15
c | -0.9 | 41.7:]0.0 +1.8 .0.0
a|1.48 |1.,78 |1.04 1.26 | 1.43 | 1.61
4 b |:1.,48 1.68 2.00 1,36 1.22 /| 1.32 1.52
c 0.0 -5.6 +3.1 =3.2 -6.3 -5.6
a ) 1,29 11,53 1.69 1.11 1l.24 1.35
6 5 b 11,291 1,43 | 1,60 1,23 [1.,13 [ 1,21 1,33
c 0.0 -6,5 | -5.3 ' +1.8 -2.4 =1.5
a 1,10 11,27 1.42 1,03 ] 1,04 1.14
6 b 1,16 | 1.23 1,32 1.13 1.06 1.11 1,18
c +5.5 =31 | -7.0 +2.9 | 46,7 +3.5
a | 1,47 [ 1.64 1.85 1.39 | 1.20
4 b 1.1.44 |.1.64 1.91 1.34 1,20 41,32 [1.49
c | .-2,0 {0.,0 +3.2 | -3.6 | 0.0
a 1.27 1,41 1,59 |1.15 1.07
8 5 b 1,27 1.40 1,56 | 1,21 1,11 1.20 1,30
c 0.0 -0.7 -1.9 +5.2 +3.7
aj 1,08 |.1.18 1.33 |1.02 0.99
6 b | 1,15 |1.22 |1.28 1.11 1.05 1.10 1.16
c +6,5 +3.4 -3.8 +8.8 | 461

(a) o-factors for exterior girders, from Tables 12-15

(b) aeéfactors calcuiated according to Eq, (24)

(c) Percentage errors of (b) with respect to (2)
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negative errors for exterior girders have been permitted because the
assumptions on which Tables. 12~15 were based lead to consistent over-
estimation of abfacfors for exterior girders.

For illustration of ‘the effect of’two important bridge parametérs,
Fig. 47 shows for some of the example bridges the influence of fhe effective
span between inflection points and of the number of ‘lanes per girder on the
interior girdef load concentration factor as given by Eq. (23). A compari-
son with the corresponding figufes in Chapter 4 demonstrates the essence of
the inflﬁence of these parameters.

If a bridge is contihuous over several spans, the girder load concen-

tration factors for midspan design are still given accurately enough by

Egs. (23) and (24). Over interior supports, however, they are consistently

smaller and are fairly well approximated by ‘the formula

@ = o (0.86 + BP) (25)

where as = interior support girder load
concentration factor
@ = midspan girder load concentration

factor, from Eq. (23) ‘or (24)

B _{0.15 for interior girders
10.10 for exterior girders

For the range of B‘ studied in this report, this formula effects a reduc~
tion of the midspan o~factors of #bout O?S%kfor interior girders, and
about 5-9% for exterior girders; before they are applied to internal
support sections;

The accuracy of Eq. (25) éan be studied with Table 26, in which the
oa-factors for interior support sections are compared with those listed in

Tables 12-15. The average absolute error for interior girders is 2,9%,

' ranging from -5.3 up .to +5,3%. For exterior girders, the average absolute
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error is 3.6%, varying between -6.0 and +10, 0%,

Based on these basic design formulas (Eqgs. (23) (24), and (25))

A

the procedure for a simplified design method can be summarlzed as follows,

(1) Locate the neutral axis of the complete bridge cross section,
(2) cCalculate the moments of inertia of 4n exterior and a typiCai
interior girder about the neutral axis of the bridge found in

step (1), and form the ratio

: Iext : '
p = (26)
I ;
int .

where Iext = moment of inertia of exterior girder about

bridge neutralraxis

Iintk= moment of inertia of interior girder about

bridge neutral axis.

Interior and exterior girders are then aséigned'the relative

stiffnesses 1.0 and p, respectively. An explicit formula for p

has been given by Eq. (4) in Chapter 2.
(3) Determine the total number of wheel loads on the bridge, Noo

using re&ﬁétion factors,fOr multiple lane ldadings.

NT =4.,0 for bridgekwith 2 lanes, both lanes loaded @ 100%
NT =5.4 for bridge with 3 lanes, 3 lanes loaded @ 907%
N.,. =1.5 N. for bridge with N_>4 lanes, N. lanes loaded @ 75%

T T o T L’ 'L

Find also the number of lanes per girder, as given by Eq. (21), i.e,

(zi)

o,
j=1 J

(4) Calculate the numbers of wheel loads taken by .a typical interior

and by an exterior girder in a rigid bridge, using the formulas
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o
T i 1 ,
N gplip= n2+2p N7 27
j J
N = e N. =pN (28)
e Zp, T P i ;
3j J

where Nzk,‘NZ = humber of’wheel loads taken by a typicai interior
| (exterior) girder iﬁ a rigid bridge

NT = total number of whéel loads on bridge,ufrom step (3)

: 1 fér'intérior girders

pj ={p for exterior girders, as given by Eq. (4) or (26)

Calculate for exterior and interior girders the load concentra-

tion factors using Eqs. (23) and (24), and if the bridge is con-

tinuous, find ‘the support o~factors thereafter with the help of

Eq. (25),

Find the maximum number: of wheel loads for g typical interior

girderwfor midspan and support: sections according to

=y s 2
NWLi @, Ni 29)

where ai and Nz are given by Egs. (23) or (25) and (27),
respectively. For exterior girders, the maximum numbers of wheel

loads for midspan and support sections are found similérly,

NWL.e - aé .'N: ‘ (30)

with o, and NZ being given by Eqgs. (24) or (25) and (28) ,respectively.
Analyze a single independent girder as a simplé or continuous

beam as the case may be and construct maximum and minimum moment
envelopes for a typical interior girder and for an exterior girder,

by moving a standard truck with NWL = 1.0 wheel lines into the
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respective most critical girder positions,
To obtain final design moment envelopes multiply maximum

ordinates by N found by Eq. (29) or (30) for midspan sections,

WL

and multiply minimum ordinates by NWL found by Eq. (29) or (30)

for support sections,

Concluding, it might be appropriate to summarize once more the limitations

of the simplified mefhod of design just outlined, and the assumptions on

which ‘the calculation of the girder load concentration factors o was based.

¢))

(2)

(3)

(4)

AASHO-standard trucks were approximated by idealized one-axle
vehicles, resulting in moderate overestimations of interior girder

o-factors, and-in considérable overestimations of exterior girder

. a-factors. Equation (24) was designed to léssen this error

somewhat ,

o-factors were calculated for midspan sections and' were assumed
to be.valid anywhere along the span in ‘the positive moment: region.
This assumption was also shown to be ‘a source of moderate over-
estimation of the a—factors for both, exterior and interior
girders,

The extrapolation method taking slab overhangs into account was
bgsed on the assumption that moments of individual girders are
proportional to their relative stiffnesses, It was shown that
this assumption introduced errors which were not always on the
conservative side. However, the errors due to assumptions (1)
and (2) are more significant and on the safe side,

All interior girders have the same dimensions. However, if the
variations are small, say not.to exceed 10%; it is recommended

that average values be used, as the present AASHO design formula
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does . in determining the average web spacing,
(5) A1l interior girders are designed for the loads on the most

2y heavily 1loaded girder, resulting in varying degrees of reserve

strength of less 1oaded girders,

(6) The simplified design method is valid only. for the range of

variables studied in this. report;, icer,

number of cells, Nc - from 3 to 8

cell width, S = from 7' to 9'-4q"

from 10' to 16!

lane width, wL'

span L, or effective Span, L! - from 30' to 120

3 Interpolations between cases studied ‘in this report are permissible

without objections. Extrapolations outside the cases studied should be

~ used with caution, with: the exception that extrapolations to longer spans

~than those studied are permissible gs discussed in Section 4.6.

The. above design method has been ‘developed  for bridges -without

intermediate diaphragms., 1If diaphragms are used, this simplified design

method based on Egs, (23) and (24), if not modified, will lead to more

conserVative designs, because then neighboring girders of the most heavily

loaded girders are forced to carry a greater share of the total ‘load so

that all critical a-factors are reduced somewhat, However if advantage

of this phenomenon were to be taken by reducing the o-factors for analysis,
this should be done with caution, since the findings of Chapter 5 indicated
that the advantage of the load distributing effect of diaphragms is of im-

portance only in the vicinity of diaphragm sections,

ot 6.4. Example

For demonstration of the two Proposed design methods, and for com-

Parison of their results with the present AASHO design method, a 3-cell
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I| * 32|_ O‘u : ’ ll
CASE I : 2 LANES @ 16'-0" ; ,
. CASE2: 3 LANES @ 10'-8" '
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" ) ; " . 3'
§5 172 E 8 ' || f
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3@ 9-4": 28'-0" , 3

b) CROSS SECTION

FIG. 48 EXAMPLE BRIDGE FOR COMPARISON OF DIFFERENT
DESIGN METHODS
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~b) FOR QUARTERSPAN MOMENT

X- WHEEL POSITIONS TO PRODUCE MAXIMUM MOMENTS IN 2-LANE BRIDGE
+- WHEEL POSITIONS TO PRODUCE MAXIMUM MOMENTS IN 3-LANE BRIDGE

FIG. 49 INFLUENCE SURFACES FOR GIRDER R2 OF EXAMPLE
BRIDGE
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b) FOR QUARTERSPAN MOMENT

X = WHEEL POSITIONS TO PRODUCE MAXIMUM MOMENTS IN 2-LANE BRIDGE
+ - WHEEL POSITIONS TO PRODUCE MAXIMUM MOMENTS IN 3-LANE BRIDGE

FIG. 50 INFLUENCE SURFACES FOR GIRDER RI OF EXAMPLE

BRIDGE
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( bridge, simply supported over G0 ft., (Fig. 48) will be analyzed as a de-

sign example, applying the wvarious methods,

6.4.1  Accurate Design Method

(1) Because of double symmetry of the bridge, select the midspan
and quarterspan points of girders Rl and R2 to approximate the

maximum moment envelopes for these two girders;

(2) and (3) The moments in the four bridge girders at various sec-

tions, due tb each of the four load conditions, are directly out-

put from the computer ahd are listed in Table 27. Modifications

due to the p-factor; which is 0.680 for this example bridge

.

= : , (see Table 10), are also listed in Table 27.

(4) - The modified girder moments listed in Table 27 are plotted in

the influence surfaces, (Figs, 49 and 50).

(5) Critical truck positions are shown in Figs. 49 and 50 for the
case that 2 lanes of 16 feet width are placed on the bridge

or 3 lanes of 10 feet 8 inch width. Detail calculations for

détermination of critical moments are given in Table 28,

6.4.2 Simplified Method of Design

(1) and (2) Neutral axis lies 1,713 ft. above bottom slab center

line. p = 0,680 is found from Table 10.

(3) Total number of wheel 1oads on 2-lane bridge, NT2 =4,0

2
I

Total number of wheel loads on 3-lane bridge, =6,0.(0,9) =54

T3

Number of lanes per girder,

2
B = 0.68+1.0+1,040.68 ~ 0-59 for 2 lanes

0.595 (3/2) = 0.893 for 3 lanes

(Compare these values with the averages of Table 21).
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TABLE 27. GIRDER MOMENTS FOR EXAMPLE BRIDGE, FIG. 48
. Moment :
Unit . of Moment at x =
Load at | ivder| 7.5 | 15.0 18.75) 22.5]26.25(28.125] 30.0 :
L2 0.607]1,09211.262(1,379(1.446]1.463|1.468
| g2 Ll 1.05411.95812.301(2.547/2.688|2.723|2 734
Midspan | L1P |0.716/1.331|1,565|1,732|1.828]1.851|1. 859
x=30 'Rl 1.30412.647{3.291(3.880 [4.274 4,371 |4.402
Rlep 10.887|1.800(2.238(2,638(2.906|2.973 2.994
R2 - 10.775|1.787(2.473|3.427]4.700|5.4986.360
Moment at x =
7.5 111.25|13125] 15.0]16.875(18.75] 22.5] 30.0 37.5( 45.0
R2 L2 10.357/0.529/0.61210.693[0.769/0.841[0.965|1.092|1.021]0. 775
uartoro| L1 0.885/1.25211.41111.554 (1.680(1.788(1.939|1.958(1.661|1.174
Span Ll*p ]0.602/0.851)10,960(1.057(1,142|1.216{1,3181.3311.130]0.802
B R1 2.005/2.763/3.03313.229/3.355(3.408(3.304 |2.637(1.865]|1. 175
Rlep | 1.36311.87912.062(2.195|2,281|2.318(2.247|1.793(1.268/0.799
R2_12.352/3.864[4.786|5.9684.971(4,236(3.122 (1,774 |1.048(0 601
Moment at x =
7.5 15.0118.75| 22.5(26.25]28125] 30.0
L2 0.69311.28811.515(1.679(1.776][1.799|1.807
Rl L2/P | 1.020|1.895|2.229|2.470(2.612|2.647|2 658
Midspan L1 1.095/2.167|2.675|3.126 |3.456|3.456|3,576
x=30 R1 1.089(2.285|2.994 |3.868|5.043|5.821|7.053
R2 0.853[1.722(2.144 (2,521 (2.793|2.867!|2 891
R2/P 11.255|2.533|3,154|3.708(4.109]|4.217|4. 253
Moment at x =
7.5 111.25/13125] 15.016.875[18.75] 22.5]| 30.0] 37.5| 45.0
L2 0.58410.82810,934(1.028 (1.111(1.180(1.277|1.288(1.095]0.779
R1 L2/p 10.860(1.218(1.373|1.512(1.634|1.736]1. 870 1.895(1.611(1.146
Quarter— 1.45912,053 (2,278 2,445 [2.553|2.602 [2.554 2. 167|1. 667 1.131
Span R1 2.26213.726 |4.6426.010 |4.911(4.267(3.352|2.285|1.606|1.043
*=15 R2 1.292(1,797(1.981(2.113 (2.193|2.222|2.145 |1 722 1.229(0.778
R2/P |1.900|2.643|2.914(3.109/3.226|3.268(3.155(2 533 1.808]1,144
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TABLE 28, CAICULATION OF DESIGN MOMENTS OF EXAMPLE BRIDGE

g ,
L ; 2-Lane Bridge 3~Lane Bridge
@{ Girder At Truck 1 Truck 2 Truck 1 Truck 2 Truck 3
I 16(7.05) 16(4.57) 16(6.10) 16(5.25) 16(3.05)
% 16 (4. 86) 16 (3.32) 16 (4.55) 16 (3.65) 16 (2.64)
i Midspan | 16(2.64) 16 (2.83) 16 (2. 86) 16 (2.79) 16 (2.37)
x=30 16 (2.65) 16(2.53) 16 (2.73) 16(2.60) 16(2.16)
4(2.64) 4(1,89) 4(2,32) 4(2.00) 4(1.78)
4(2.65) 4(2.00) 4(2.45) 4(2.08) 4(1.92)
T 296.4 227.6 278.9 245.0 178.3
2 Trucks |296.4 + 227.6=524.0"" | 278.9 + 245.0 = 523 olk S
3 Trucks (523.9 + 178,3) 0.9 = 632.0
k1 16 (6.01) | 16(3.44) 16 (5.36) 16 (4.13) 16 (2.28)
¥ Quarter— | 16 (3.83) 16 (2.24) 16 (3.58) 16 (2.64) 16 (1.80)
{ ; span 16 (2.58) 16(2,22) 16 (2,59) 16 (2.25) 16 (1.80)
S %215 16 (2.42) 16 (2, 35) 16 (2.45) 16 (2.16) 16 (1.76)
4(0.29) 4(0.12) 4(0.29) 4(0,53) 4(1.04)
4(0.29) 4(0.09) 4(0.29) 4(0.,41) 4(0.76)
. z 239.8 | 164.8 226.0 " 182.6 129.4
¢ 2 Trucks | 239.8 + 164,8=404.6°F 226.0 + 182.6 = 408.6°% 1k
, 3 Trucks (408.6 + 129.4) 0.9 = 484 .2
16 (6, 36) 16 (2. 30) 16 (6.36) 16 (2,81) 16(1.84)
16 (4.14) 16(2.10) 16 (4,14) 16 (2.25) 16 (1.56)
Midspan | 16(2.00) | 16(1.82) 16 (2:.00) 16(2.14) 16 (1.50)
x=30 16 (1.96) 16 (1.66) 16 (1.96) 16(1.79) 16 (1.26)
4(2.00) | 4@.17) 4(2.00) 4(1.50) 4(1.08)
1 a@.9) 4(1.00) 4(1,96) 4(1.25) 4(0,95)
z 247.2 134.,8 247.2 154.8 106.7
2 Trucks | 247.2 + 134,8=382,0"" | 247.2 + 154.8 — 402 0¥ i
3 Trucks (402.0 + 106.7) 0.9 = 457.8
R2 16 (5.97) 16(1.76) | 16(5.97) | 16(2.37) 16 (1.22)
Quarter— | 16(3.25) | 16(1.41) 16 (3.25) 16 (1.63) 16 (1.20)
span 16(1.94) 16 (1.24) 16 (1.94) 16 (1.39) 16 (1.10)
215 16 (1.91) 16(1.18) 16 (1.91) 16 (1.43) 16 (0. 98)
4(0.30) 4(0.62) 4(0,30) 4(0,69) 4(0.51)
4(0.25) 4(0.42) 4(0,25) 4(0,40) 4(0.37)
z 211.2 ' 93.6 211.2 113.5 75.5
¢ 2 Trucks | 211.2 + 93.6=304.8'F | 211.2 4+ 113.5 = 324 71K i
3 Trucks (324.7 + 75.5) 0.9 = 360.2
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(4) Number of wheel 1oads taken by rigid bridge girders,

r 1 L
' : Y = 5.68:1 0.1 07055 Ny = 0298 Np

For 2-lane bridge, girder R, N 0.298 (4) =1.192

girder R2, N 0.68 (1.192) = 0,811

i

For 3-lane bridge, girder Rl, N 0.298.(5,4) ="1.609

girder R2, N 0.68 (1.609) = 1.092

(5) .o-factor for girder R1, from Eq, (23),

154
]

1.37 ( 18,5 '\ ]
sl [\o 14+/.595 ) 0 799 + 9 33" ° 006(3))] { 60+3. §0+3.16) * 0-033] x

[((0.0.0966) (9.33) - 0.21)'(3) - 0,6]
~ = 1.13 for 2-lane bridge
For the 3-lane bridge, replace B = 0.595'by 0.893, leading to
‘ di =1.02.
.
For girder R2, Eq. (24) gives
o ='[1_44 ~ 0.225 (1.0) - (1—5151J2 (60)] 1.13
e 750
2
=1,27 for 2-lane bridge
o = [1.44 - 0.225 (1.0) - 5‘3'—0'2-) ©0) | 1.02
e SR ' 750 :
3 i ; , .
=1.14  for 3-lane bridge
For comparison; the corresponding o-factors from Table 12 are
&i =1.13; o = 1.02; o =1.28; de =1,05
2 13 €2 3
s (6) Maximum number of wheel 1loads,
for 2-lane bridge, girder R1, NWL =1,13 (1.,192) = 1.349
girder R2, NWL =1,27 (0.811) = 1,030
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¢ for 3-lane bridge, girder R1, N =1.02 (1.609) = 1,640
girder RZ, Nyp = 1.14 (1.092) = 1,246

(7)  Moving one wheel line, consisting of two concentrated loads. of
16K and one load of 4K, spaced at 14 feet, along the midspan
(x=30) and quarterspan  (x=15) moment influence lines of a simply
supported beém with a span of éO feet, leads to the critical

moments

o _ . _ 1K
Mx=30 =16 (15) + 16 (8) + 4 (8) =400
o n 1K
MX‘15 =16 (11.25) +16 (7.8) + 4 (0.9) = 308.4
Multiplying these moments with: the number of wheel lines
~ obtained in Sfep'(G), yields: for the 2-lane bridge
. . ' 8 1K - : 1K
Mﬁl,SO =-1,349 (400) = 540 ’,Mhl 15 = 1,349 (308.4) =416
d i = 1.030 (400) = 412K, = 1,030 (308.4) = 318K
¢ ' Mh2,3o Bk T o MR2,15 ’ : B
and  for the 3-lane bridge, '
o = lK_ e = 1K
MR1,3O =-1.640 (400) = 656 ; MRl,lS =:1.650 (308.4) = 506
B s kK . - 1K
= = 498 ; Mﬁ2,15 =.1.246-(308,4) = 384

Mp2 .30

The corresponding moments for the case that the ahfactors from

1.246 (400)

Tableﬁ12 had been uSed instead of Eqs. (23) and (24), are

5401K, 4161K, 3961K, 306lK for the 2-lane bridge

656 %, 506%%, 456K, 351K .. the 3-lane bridge.

6.4.3 Present AASHO Design Method

'1 o Using the present AASHO design formulas for comparison, no distinec-
tion is made between the 2-lane and thd 3-lane bridge. ' Thus one gets for

the ‘number of wheel loads

¢ for girder R1, N = 2%22 ='1.331

WL

]
] v

We . 3+4.667

= = =1,095

for girder R2, NWL’
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and the critical moments become

1K 1K
M 532.4 MR1,15 =-1,331 (308.4) = 411

RL, 30 1,331 (400)

1]
1]

1K 1K
= 0 = . = -
Yrg,30 = 1:09 (400) =438 % M ) = 1.005 (308.4) - 338

6.4.4 Discussion
Al1l design moments so far obtained are summarized in Table 29. Also
listed there are the percentage errors of the various methods with reference

to the accurate method.

TABLE 29, COMPARISON OF DESIGN MOMENTS IN FT, KIPS FOR EXAMPLE
BRIDGE, USING DIFFERENT METHODS OF DESIGN

Desion Motiid A , Simplified Simplified AASHO
esien Yetho ceurate | mgs(23)a(24)| (Table 12) | Des. Form,
No. of| Gir-| Des.| Des.| .. | Des.: Des,
Lanes der At Mom, | Error%| Mom. Error%! Mom. | Error%| Mom: Error%
'Mdsp 524 - 540 +3,1 540 +3.1 532 +1.5
R1 . ol i
Qtrspl 405 - 416 +2,7 416 +2.7 411 +1.8
2
: Mdsp 382 = 412 47.9 396 +3.7 438 +14.7
R2
Qtrsp| 305 G 318 +4,3 1..306 +0.3 338 +10.8
Mdsp 632 - 656 [ 43,8 656 +3.8 532 -15.8
Rl
Qtrsp| 484 = 506 +4.5 1 506 44,5 411 -15.1
3 , , ;
Mdsp 458 = 498 +8,7 | 456 =0.4 438 ~4 .4
R2 '
Qtrsp| 360 - 384 +6.7 352 -2.2 338. -6.1

As can be seen in Table 29, the proposed simplified design method
does yield fairly good results, .On1y~the exterior girder is somewhat
overdeéigned at midspan, because Eq. (24) overestimates the o-factors given
in Table 12, As Table 25 reveals, this discrepanby for the example bridge
studied in this section, is one of the few extremes,

A refinement of design Eq. (24) would lead towards the results ob-

tained by using the o-factors from Table 12, and agreement with the accurate
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¢ method of design would be excellent,

A design using the AASHO~formulas: would overdesign the exterior girder
considerably, if 2’1anes were to be placed on the bridge. However, if the
bridge were to carry’3 traffic lanes, the AASHO formulas result in both,

’exterior’and interior girders being underdesigned. - This result affirms the

conclusion drawn from Fig, 40, that for higher B-values, the AASHO-formula

leads to,underdesigned structures.

e
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7., : CONCLUSIONS

.The concrete box girder bridge has‘proveh to be an economical structural
system to satisfy the needs of a modern highWay system, While'its use is
therefore widespread, an accurate‘éhalysis:iéﬂvery cﬁmplex and feasible -only
with the aid of a high-speed digital computer, ’

The method of design presently being used\is 6versimplified, The deter—
mination of wheel loads on a bridge girdér ié based onl& on fhe web spacing
of the girders, neglecting all other important bridge parameters such as the
number of lanes, number of cells, span and end boundary conditions, It has
been shown that this might-lead to underdesigned structures in cases where
narrower traffic lanes are used or effective Spans are small, while c¢on-
versely for wider traffic lanes and longer effective spans overdesigned
structures may occur, |

The widespread use of this bridge type ‘makes it mandatory to have a
method of design available by means of which the real structural behavior
is better described, with the result that at any point in the bridge, stress
or strength requirements are met satisfactorily with the greatest possible
economy ,

In this investigation, previous analytical studies have been used to
study the characteristics of wheel load distribution in straight box girder
bridges, both simply supported and continuous, in terms of the major design
variables, - As a measure of load distribution, the concept of a girder load
concentration factor has been introduced, which is a magnification factor
of the number of wheel loads carried by ‘a given girder of a rigid bridge
whose cross section can only deflect uniformly. These load concentration
factors were calculated from the actual number of wheel loads taken by

the bridge girders using influence lines for girder moment percentages under
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concentrated loads moving across.the bridge at midspan which were deter-
mined by accurate computer. analyses, : Extensive studies have beeniyade to
determine how these girder load concentration factors are influenced by

the number and width of cells; by the. number of lanes, the span and con-
tinuity to adjacent spans, by the longitudinal position considered (midspan
or interior support), .and by ‘a.slab overhang,

It has been shown that the present design concept of treating each in-
dividual bridge girder independently of the rest of the bridge, may lead to
satisfactory designs provided that the fractions of wheel lines for which
the girders are being designed, are determined more accurately than at the
Present. Instead of basing the calculation on the cell width only, the
other aforementioned parameters should be considered also.

Empirical formulas based on the above parameter studies have been de-
rived in this report which permit a more accurate calculation of the number
of wheel loads for which an individual bridge girder should be designed
than does the present method of design,

As ‘an alternative, an accurate design method has been presented which
is based on the determination of girder moment influence sﬁrfaces, While
the simplified method of design is ‘easy to use, the accurate design method
is lengthy, altheugh it can be automated to a great extent by interaction
with a digital computer.

The reports published to date in the research on box girder bridges
being conducted at the University of California have dealt with straight,
non-skew box girder bridges, At Present, analytical and experimental
studies are being made on skew box girder bridges and additional studies

on curved box girder bridges are being initiated,
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