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A new simplified method for establishing the
live load design moments in most common types
of bridges is presented. The proposed method
was developed by using orthotropic plate theory
and was checked by the grillage analogy method.
The basis of the method together with the
details of development methodology are discus-
sed. Different variables which may affect
load distribution in bridges were examined,

and the main variables governing the distribu-
tion factors were selected for the present
study. The study deals mainly with single
span right bridges which can be analysed using
the orthotropic plate theory or grillage anal-
ogy. However the limits of applicability

of the distribution factors to continuous

and skew bridges and bridges with diaphragms
and edge beams are also discussed.

Vehicle loading on a highway bridge is distri-
buted transversely to the main longitudinal girders
by the floor system, which consists of deck slab
and supporting members. The interaction between
the different components of a highway bridge is
difficult to determine, thus the complete structural
analysis of a bridge is a complex undertaking.

For the purpose of designing new bridges or evalu-
ating existing ones, most codes (including American
(1) and Canadian (2) bridge codes) provide empirical
rules for transverse load distribution. Currently,
both AASHTO and CSA-S6 permit each longitudinal
girder in the bridge to be designed for some portion
of the wheel loads of the standard truck. 1In

1973, the AASHTO code introduced more realistic
empirical rules for load distribution in box girder
bridges. The formulae were based on work carried
out by Motarjemi and Van Horn (3). Further research
on three categories of bridges, mainly beam and

slab bridges, box girder bridges and multibeam
bridges, was carried out by Sanders and Elleby

(4). Based on the results of this research, dis-
tribution formulae for multibeam bridges have

been incorporated in AASHTO Interim Bridge Speci-
fications 1974 (5).

A new simplified method for establishing the
live load design moments in most types of single
and multi-span bridges (see Figure 1) is proposed
in this paper.

The method is intended to be used in the design
of new bridges as well as the evaluation of load-
carrying capacity of existing ones. The method
allows a bridge engineer to determine the maximum
bending moment in any girder due to the worst
loading condition without having to carry out
a computer analysis (grids, orthotropic plate
or finite element analysis). Because the load
distribution phenomenon is treated more realist-
ically in this method, some of the unnecessary
built-in conservatism of the old standards can
be eliminated. At the same time, the simplicity
of the current AASHTO approach is maintained in
the format of presentation.

The method may be used to derive load distri-
bution factors for any other type of truck con-
figurations. Recently, similar distribution factors
have been developed by the authors for the Ontario
loading and are now incorporated in a new bridge
code for Ontario (6).

At present, distribution factors are used
in four sections of the AASHTO code. The number
of variables considered in each section is differ-
ent, and, in each case, distribution factors are
based on studies done on a particular type of
bridge. It is appropriate at this stage to make
several comments on the current AASHTO specifica-
tions.

1. In the current AASHTO Code, bridge type
and girder spacing are considered to be the two
most important parameters affecting the distri-
bution of lateral loads. However, for some bridge
types (box girders, composite box girders, and
multibeam) distribution formulae also include
other parameters.

2. Apart from the Interim Specifications
(5) for multibeam bridges, AASHTO formulae do
not account for variation of the member stiffness
and its effect on structural behaviour. The for-
mulae, in general, appear to consider only the
geometrical variables of the bridge.
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3. Reduction factors tor multi-lane bridges
are either included implicitly in the distribution
formulae or neglected intentionally. Thus the
stochastic nature of the live loading phenomenon
may not be accounted for properly.

Variables that Govern Lateral Load Distribution

In general, the following variables may affect
load distribution in bridges. Each of them have
been studied and their effects on lateral load
distribution are accounted for in the development
of the simplified load distribution charts proposed
in this paper.

The Stiffness Characteristics of the Bridge

These variables affect the behaviour in many
ways. For example, if an equivalent orthotropic
plate is used to model the bridge, its stiffness
parameters (7) D,, Dy, Dy x+ D1, Dz appear
directly in the governlng equa¥1on of the ortho-
tropic plate, and their effect is self-evident.

Through a mapping process (7) the above stiff-
ness variables can be reduced into two character-
istic nondimensional variables o and © where:
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In which D,, Dy, Dyy s Dyx, D1 and are stiff-
ness parameters, W is the width of the bridge
and L is the length of the bridge.

Figure (1) shows the variation of a and ©
for different types of bridges. The practical
range of o is between O and 2 while the practical
range of O is between 0.125 and 2.50. The values
of o and © for some 80 existing bridges are plotted
on the a-0 space. It can be seen from the figure
that different types of bridges fall into different
locations of the 0-0© space (for example, floor
systems incorporating timber beams have an o, between
0.0001 and 0.01 with a great variation of ©, while
concrete slab bridges have a constant a of 1.0).

The Width of the Bridge (W)

the behaviocur of the

This variable affects
bridge by determining its maximum number of lanes
(design lanes) and also by defining the aspect
ratio, W/L. The larger the aspect ratio, the
higher the flexural parameter, © of the bridge.
Bridges with small aspect ratios usually tend
to have better load distribution characteristics.

The Number of Lanes (NL)

In general, as the number of loaded lanes
on a given bridge is increased, the girders tend
to share the load more equally and thus the moment
distribution in the transverse direction becomes
more uniform.

The Number of Girders (NG)

The load per girder decreases as the number
of girders increases. In addition, the number
of girders affects the values of both o and O.

Truck Locations on the Deck

The transverse location of the truck may affect
the load distribution factors significantly.
The edge distance, defined as the distance between
the edge of the bridge and the outer most line
of wheel loads, and the distance between trucks
could result in very different load distribution
factors. Various combinations of truck locations
and edge distances have been studied. Critical
positions are used to determine the load distri-
bution factors.

Axle Width of the Truck

Axle width of the truck affects the load distri-
bution factors significantly. Different axle
widths may result in entirely different load distri-
bution factors, even if all the other variables
are kept the same. Therefore, strictly speaking,
the load distribution factors are applicable only
to the type of trucks that have the same axle
width as those used in the development of the
distribution factors. Fortunately, for the majority
of trucks, the axle width is a standard 1.83 m
(6 feet). Thus this variable has been eliminated
from the study.

Longitudinal Axle Spacing

Longitudinal axle spacing has very little
effect on the transverse load distributions.
Load distribution factors developed for a particular
axle spacing may be used for any other types of
truck configuration without sacrificing accuracy
within practical limits, provided the axle width
is standard (1.83 m).

Size of Patch Loads

For the types of bridges considered in this
study, this variable is known to have little effect
on the lateral load distribution. The sizes of
the equivalent patch load for different wheel
loads shown in Figure 2 have been used in this
study.

Methods of Analysis

Two well-established methods of analysis were
used in the current investigation; the orthotropic
plate analysis and the grillage analogy.

In the orthotropic plate analysis, the structure
is idealized as a plate of constant thickness
having different flexural and torsional properties
in two mutually perpendicular directions. The
series solution presented by Cusens and Pama (7)
was used. It covers the torsionally stiff and
torsionally soft decks, as well as the isotropic
decks. This solution was applied through a well-
established computer program, ORTHOP (8). The
area of loading for the different wheels is taken
into account (Figure 2) and edge beams, if present,
are accounted for.

In the grillage analogy method, a structure



is idealized as an assembly of beams. This method
was applied through a well-established computer
program, GRIDS (9). The grillage analogy method
was used to provide independent checks on the
ORTHOP results as well as to study the effect

of diaphragms reported elsewhere (10).

Development of Distribution Schemes

Development of distribution schemes for a
code is a complicated task made difficult by the
number of variables involved and the need to account
for all of them while maintaining simplicity.
In this study the task was accomplished in two
phases.

1. Preliminary and pilot studies of the differ-
ent variables and their effect on the load distrib-
ution were made in an attempt to determine the
importance of each variable and the minimum number
of variables to be maintained.

2. Analyses were made for different groups
of bridges that cover the practical ranges of
variables defined in the first phase. A total
of 1,344 hypothetical cases of bridges were analyzed
in this phase and the results formed the data
base for the suggested schemes.

Figure 3 shows a flow chart of the general

methodology used for the development of the distri-
bution schemes.

Observations from the Pilot Studies

To determine effects of different variables
on the governing values of moments, pilot studies
were conducted on a series of bridges. For each
analysis conducted the following three items were
extracted:

1. The maximum moments,

2. Intensity factors (defined as the ratio
of maximum moment to the average moment in the
bridge), and

3. The theoretical equivalent width D (as
used in AASHTO to obtain the distribution factor
S/D).

Some observations made on the effects of the
variables involved in the pilot studies appear
below.

Bridge Width

The width of the bridge has an effect on the
governing values of the moments in addition to
its contribution to the values of ©. Figure 4
shows a typical behavior for the effect of width
on the D values for two-lane bridges.

Girder Spacing

The theoretical D values are dependent on
the girder spacings. However, it was found that
for girder spacing of more than 1.52 m (5 feet),
the change in the theoretical D value with girder
spacing is small (less than five percent) for
all the practical ranges of a and ©.

Bridge Span
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A series of analyses for two families of bridges
was conducted. The first family had a constant
span of 18.29 m (60 feet) while the other family
had a constant span of 36.58 m (120 feet). All
the possible variations of the properties were
congidered (for example, 0. was varied from 0.0
to 2.0 while © was varied from 0.125 to 2.50).
Figure 5 shows a typical member of each family.
It was observed that bridges which had the same
a and © resulted in the same theoretical D value
independent of the absolute value of the span.
Thus, while the critical D value is dependent
on a and ©; it is independent of the absolute
value of the span. (Note that © itself is depen-
dent on the span). This approach was repeated
for different bridge widths and different numbers
of lanes. The conclusion was that two bridges
of different lengths but identical o and © have
the same distribution coefficients or D values.
As part of these analyses the theoretical D values
were calculated for different places within the
span. The results showed conclusively that the
theoretical D values are constant for most of
the span.

Number of Loaded Lanes

The number of loaded lanes affect the values
of D substantially, in particular for bridges
with low values of ©. Figure 6 shows a typical
behavior for a two lane bridge. The behaviour
shown in this figure suggests that the governing
loading case in a design may not necessarily be
the fully loaded case since reduction factors
for multi-lane bridges have to be introduced first
to arrive at the governing design moments.

Edge Distance

Edge distance, defined as the distance between
the edge of the bridge and the outermost line
of wheel loads, has a major effect on the govern-
ing values of the moments, especially when the
governing moments are in the vicinity of the free
edge. For example, Figure 7 shows a typical be-
havior of the effect of the edge distance on the
theoretically derived D values for a two-lane,
8.84 m (29 feet) bridge with o equal to 0.16.

Other Effects on the Load Distribution

Additional factors that affect the load distribution
have been studied and the results have been reported
recently by Aziz and Alizadeh (10). Some of the
observations that have a bearing on this study

are summarized below.

Continuity

While continuity of the bridge may affect
the absolute values of the moments, it does not
change the moment distribution pattern of the
bridge. The zones of negative moments in a con-
tinuous bridge behave in a similar manner as the
zones of positive moments. The proposed method,
although developed from analyses for single span
bridges, was found applicable with good accuracy
to both positive and negative moments. The only
adjustment required for continuous bridges is
to utilize the effective span (the distance between
contraflexure points) in calculating ©.
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Skew

Skew bridges with skew angle less than 15
degrees can be analysed by the proposed method
treating them as right bridges. From actual anal-
yses, it was confirmed the error arising from
this simplification was small and can be neglected.

Diaphragms

Although the proposed method was developed
for bridges without diaphragms, studies on the
effects of diaphragms on the transverse distribution
of live loads using grillage analogy methods (10,11)
concluded that the method is also adequate for
bridges with diaphragms. In this case, the proposed
method would generally result in a slightly conser-
vative estimate of the distribution factors.

Distribution Charts for AASHTO Loading

Following the pilot studies, a total of 1,344
hypothetical cases of bridges were analyzed by
ORTHOP to develop the distribution charts given
in Figures 8, 9, 10 and 11 for the AASHTO HS truck.
All bridges were assumed to have a minimum curb
width of 45.72 em (1 foot 6 inches) on each side.
Thus, the edge distance in these analyses was
maintained at a practical limit of 1.07 m (3 feet
6 inches). The values of © and o were varied
in the range of 0.125 to 2.50 and 0.0 to 2.00
respectively. This should be sufficient to cover
all practical bridges.

All the possible loading combinations were
considered, from the worst concentric case of
loading to the worst eccentric case of loading.

In accordance with the AASHTO specifications,

when there were three or four lanes loaded, reduc-
tion factors of 0.9 or 0.75 respectively were

used. All the partial loading possibilities were
considered as well. The bridges were loaded to
produce the maximum bending moment. The governing
theoretical D values were calculated from the
moments integrated over a 1.52 m (5 feet) width.
The differences observed between an outside girder
and an inside girder were not significant enough

to justify a special treatment or presentation

for each. Finally, contours were drawn to represent
the D values for each category of bridge (two

lane, three lane and four lane). Because the
width of a bridge has an effect on the load dis-
tribution in addition to its contribution in ©,

a correction factor chart was devised to deal

with bridges having lane widths larger or smaller
than 3.35 m (11 feet) (for which the basic contours
were drawn). While this correction; C.; was

found to be less than 15 per cent in most cases,

it was decided that by developing such a chart

the proposed method would be made even more accu-
rate. Finally, a total of 100 bridges were analyzed
by the developed charts as well as by ORTHOP and
GRIDS. The maximum error observed was very small.

Steps in Applying the Method

After discussing the foregoing distribution
charts and the derivation procedures, it is appro-
priate to summarize here the steps to apply the
proposed method, in a format similar to that used
in the AASHTO code.

For shallow superstructures (shown in Figure
1) having either right spans or skew angles smaller
than 15 degrees, the longitudinal moment due to

HS loading is computed as follows.

1. The values of o, ©@ and u are calculated
from:

(n

2 vD_D
Xy
W Dx 0.25
y
Lane width - 3.35 m (for SI units)
H =
0.61
(Maximum of 1.0) (3)
o= Lane width - 11 feet (for Imperial units)
- 2
where:

W = Width of the bridge.

L = Span of the bridge or equivalent simple
span for a continuous bridge (span between contra-
flexure points for positive or negative moment
regions).

2. Corresponding to the values of o and ©
determined previously, D desiagn is found by reading
a D value from the applicabIe chart (Figures 8,

9, and 10), and a correction factor "C¢" from
a variation chart (Figure 11), and substituting
in the following expression.

c
D. . =Dl 1+"r¢ ]
design BT (4)

3. The governing design bending moment is
the fraction S/Ddesign ©f the moment resulting
from one line of wheel loads, applied to a girder,
or a web of a voided slab, or a unit width of
a solid slab,

where:

S
or,

S = spacing of webs, in the case of voided
slabs; or,

S = a unit width, in the case of solid slabs
or laminated timber bridges.

Examples of the use of these analysis charts
appears below.

the actual spacing of longitudinal girders;

Examples

1. The proposed method is applied to a three-
lane beam and slab bridge with a span of 18.29
m (60 feet) and a width of 13.72 m (45 feet).
The cross section of the bridge is shown in Figure
12. The steps in arriving at Dqegign » are:

D, = EI/ (beam spacing)

E (5629033.8 cmu)/236.22 cm

23829.62 E



E (slab thickness)® /12

o
n

E (19.05 cm)3 /12

576.11 E

neglecting the contribution of the steel I beam
to the torsional inertia; since the torsional
inertia of an I beam is very small.

D =D = G(slab thickness)3 /6
Xy yx
~ E (19.05 cm)%
B 2 (1 + 0.15)
= 500.96 E
D.l = D2 = v (lesser of Dx and Dy)

= 0.15 x 576.11 E
= 86.42 E

o = 0.5 (500.96 + 500.96 + 86.42 + 86.42)
/ (23829.62 x 576.11)%"%

= 0.16

¢] = 0.5 x 1371.53 (23829.62/576.11)0'25

/ (1828.71)
= 0.95

The lane width is 4.27 m (14 feet), therefore

u = 0.5 (4.27-3.35)
0.61
& 15 % 1.0
Use u = 1.0

from Figure 9, the value of D for a = 0.16 and
© = 0.95 is 1.74 m (5.70 feet) and from Figure
11 the value of Cf is 5.8. Therefore,

Ddesign = 1.70m (1 + 1.0 x 5.8/100)

1.84 m (6.10 ft).

(The corresponding value of Ddesign according
to the current AASHTO method is 1.67 m (5.5 feet.))

2. In this example, the proposed method is
used to calculate the load distribution factors
for the Conestogo River Bridge, a 2 lane, 3 span
continuous plate girder bridge (Figure 13) with
a central span of 44.20 m (145 feet) and side
spans of 34.75 m (114 feet). The distribution
factor for the central span of the bridge was
calculated and the results are compared with AASHTO
load distribution factors and field test values
in Table 1.

While the above examples indicate that use
of the AASHTO load distribution formulae generally
result in over congervative load distributions,
it has also been found (13) that for certain cases,
these AASHTO load distribution factors can be
unconservative. On the other hand, consistently
safle but economical load distribution factors
were obtained from the proposed load distribution
charts for all cases.
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Table 1. Comparison of distribution factors ob-
tained by AASHTO, proposed method and reference 12

Methods Distribution D .
design
Factors
(Wheel Load) Meters Feet
AASHTO Code 1.58 1.67 S.Sa
Proposed Method 1.44 1.83 6.0b
1.31 2.01 6.6
Testing (12) ] 1.04 2.43 8.0

81f p is limited to Maximum Value of 1.0
If actual u is used (p = 3.0)

Conclusions

A simplified lateral load distribution procedure
has been presented. The method is believed to
provide a more accurate load distribution than
the AASHTO and CSA-S6 codes while maintaining
the simplicity of an AASHTO-type approach. Analysis
charts have been developed and presented for AASHTO
HS vehicles. It was confirmed that the longitu-
dinal axle spacing of the truck has little effect
on the lateral load distribution factors. There-
fore, the analysis charts developed for AASHTO
loading may be used with reasonable accuracy for
other truck configurations, provided that the
reduction factors for multi-lane loading are the
same as those in the AASHTO specifications. This
has in fact been done for the Ontario Highway
Bridge Design Load proposed for the new Ontario
Bridge Code (10, 13).

The methodology for developing a simplified
method as presented, can be utilized for developing
distribution factors for other types of trucks
and reduction factors.
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Notation
c = A correction factor for width

f
effects.
D = Load distribution factor.
Ddesign = Load distri?ution factor,
used in design.
Dx = Longitudinal flexural rigidity
per unit width.
- = Longitudinal torsional rigidity
per Gnit width.
D = Transverse torsional rigidity
y per unit span.
D, = Coupling rigidity per unit
width.
D2 = Coupling rigidity per unit
span.
E = Young's Modulus.
G = Shear Modulus.
I = Moment of Inertia.
L = Span of bridge.
N = Number of lanes
Ng = Number of girders.
3 = Girder spacing
W = Width of bridge.
a = Torsional parameter
D.+D_ + D, + D,
Xy yx | c
0.5
z(Dx Dy)
] = Flexural paramater
0.25
i |
2L Dy
v = Poisson's ratio.

Figure 1. Bridges of common use for which the
proposed method applies.
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Figure 3. Analysis flow chart.
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Figure 9. D values for 3 lane bridges - AASHTO Figure 12. Example bridge number 1.
loading.
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