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ABSTRACT

This is the third report on the research investigation
entitled "Development and Refinement of Load Distribution
Provisions for Prestressed Concrete Beam-Slab Bridges'" (PennDOT
72-4) .- The beam-slab bridges included in this study are of the
I-beam type. Included are: (1) a structural analysis, based on the
finite element method, which describes superstructure response to
design-vehicle loading, (2) a comparison of the structural analysis
with results from the field tests of two in-service bridge super-
structures, (3) the analysis of 150 superstructures ranging in
length from 30 ft. to 135 ft. and in roadway width from 24 ft. to
72 ft., and (4) equations for evaluating live-load distribution
factors for interior and exterior beams, based onlthe definition of
traffic lanes set forth in the AASHTO "Interim Specifications -

Bridges: 1974",

iii



1. INTRODUCTION

1.1 General

Over the past eleven years, Lehigh University has conducted
a major research program on the structural behavior of prestressed
concrete beam-slab highway bridge superstructures subjected to design
vehicle loading conditions. The superstructures basically consist of
a number of longitudinal precast prestressed concrete beams, equally
spaced and spread apart, along with a cast-in-place composite rein-
forced concrete deck slab. The research program has included:
(1) field studies of eight in-service bridges, (2) laboratory studies
of 1/16-scale model bridges, and (3) the development of a complex

mathematical computer-based analysis.

The first part of the overall research program was devoted
to a study of.spread box-beam superstructures. Based on the results
from the study, a new specification provision was proposed, covering '
lateral distribution of live loads. This provision was adopted by
AASHTO in Fall, 1972, and now appears as Article 1.6.24 in the 1973
AASHTO Standard Specifications for Highway Bridgesl. Currently, the
overall investigation is progressing under PennDOT Research Project
No. 72-4, entitled "Development and Refinement of Load Distribution

for Prestressed Concrete Beam-Slab Bridges".



1.2 Objectives

The primary objectives of the overall investigation are:

1. To develop a new provision for live-lcad distribution in

prestressed concrete I-beam bridge superstructures, parallel-

ing the already adopted provision for spread box-beam bridges.

2. To expand the live-load distribution provisions for spread
box-beam bridges (Article 1.6.241), and the proposed new
provisions for I-beam bridges, to include provisions for

the inclusion of the effects of skew.

3. To investigate the possibility of extending the analysis and
specification development to cover: (a) the effects of
interior-span diaphragms, (b) the effects of curb-parapet

sections, and (c) continuous-span construction.

Currently, the AASHTO provisions for the distribution of 1live load in
prestressed concrete I-beam superstructures are listed under
Article 1.3.1 of the 1973 AASHTO Standard Specifications for Highway
Bridgesl. Both field tests and preliminary analytical work have
indicated the inadequacy of the current specifications. Under
Objective No. 1, two separate analyses have been conducted. The
first analysis, described in Report No. 387.2A entitled "Lateral

15

Distribution of Live Load in Prestressed Concrete I-Beam Bridges'™ ™,

was based on the definition of traffic lanes as specified in



Article 1.2.6 of the 1973 AASHTO Specifications. The second analysis,
reported herein, is based on the current definition of traffic lanes
as specified under the revised Article 1.2.6 as set forth in the

1974 AASHTO Interim Specifications - Bridgesz. There will be two
additional reports on this Project, Nos. 387.3 and 387.4, which will

cover Objectives Nos. 2 and 3, respectively.



1.3 Pfevious Studies

Load distribution in highway bridges has béen studied for
many years, both in this country and abroad. Though the previous
work has resulted in a greater understanding of the behavior of
bridges, a number of simplifying assumptions were made in each case
in order to overcome the mathematical difficulties involved in the
solution procedures. The methods used to study the behavior of
bridges have been the grillage analysis, folded and orthotropic
plate theories, the finite difference method, the finite strip
method, and the finite element method. Of all of the methods, the
finite element method requires the fewest simplifying assumptions
in accounting for the greatest number of variables which govern the
structural response of the bridge. Therefore, the technique chosen

was a structural analysis for stiffened plate structures, developed

. at Lehigh University, which utilized the finite element displacement

approach.

It is not the purpose of this report to provide a discus-
sion of previous work. An up-to-date annoted bibliography contain-
ing references which are directly or indirectly applicable to the
structural behavior, analysis, and design of beam-slab type highway

bridges was presented in a previous report14 from this project.
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2. ANALYSIS BY THE FINITE ELEMENT METHOD

2.1 Assumptions

The following assumptions were made in the finite element
analysis of the bridge superstructures investigated as part of this
research.

1. A small strain - small deflection theory was used.

2. Linearly elastic behavior of méterials was assumed.

3. All superstructures were analyzed with simple supports.
The effects of continuity were not included.

4. The longitudinal beams were prestressed concrete I-beams,
elither from Pennsylvania Standard8 or from AASHTO-PCI
Standard cross-sections.

5. All loading conditions were static. No dynamic effects
were considered.

6. The response of the slab was divided into out-of-plane and
in-plane behavior. The out-of-plane behavior accounted
for actions such as the normal stress assoclated with
composite action of the beams and slab.

7. The in-plane and oﬁt-of—plane responses were superimposed.

8. The mid-plane of the deck slab was taken as the reference
plane for the analysis technique.

9. The deck slab was assumed to have a constant thickness.

Haunching for grade or camber was not included, nor was



the presence of permanent metal deck forms or the con-
crete below the top surface of the deck form. These
are conservative assumptions.

10. Local stresses produced by the individual wheel loads
were considered to have a negligible effect on the 1ive.
load distribution factors; and were not considered in
the analysis.

11. Beams and slabs were assumed to act in a completely com-
posite manner. Thus, the strain compatibility between
the deck slab and the beam was maintained.

12. The beams were modeled as eccentric stiffeners to the slab.

13. The action of each beam was satisfactorily represented by
a normal force, a bending moment about one axis, and a
torsional moment. Weak-axis bending was ignored because
of the relative stiffnesses of I-beam sections, and
because only vehicular loading was considered.

14. The St. Venant torsional stiffness of the beams was con-
sidered. Warping torsion was assumed to be small
because of the shape of the I-beams (Ref. 12). Appropri-
ate values of the St. Venant torsional stiffness coeffi—
ent were computed and reported in Ref. 7.

15. The cross-sections of the structures'analyzed in thié re-
search were reasonably proportioned. That is, for a
particular structure, the beam size and spacing were
appropriate for the span length, and the slab thickness

was appropriate for the beam spacing.

-6-



16. The effect of the curb-parapet section was considered, as

discussed in Sec. 3.3.4.

17. Intra-span diaphragms were not included in this analysis,

since past researchlo’l2 has shown that while these dia-
phragms are effective in distributing the live load from
a single vehicle, the effect becomes minimal when several
lanes are loaded.

18.  The number of loaded lanes conformed to the revised
Article 1.2.62, as discussed in Section 4.2.

19. AASHTO typé HS20 standard truck loading was used throdghout

the entire study, Ref. 1, Article 1.2.5.



2.2 Finite Element Analysis

The finite element method has three basic phases:
1) Structural Idealization
2) Evaluation of element properties

3) Assembly and analysis of the structural system.

In the current analysis, the beams and slab were treated
separately, and then combined in-the third phase. This presentation
will follow the same péttern by discussing first the analysis of
deck slabs, then the analysis of beams, and finally the assembly of
bgam and slab elements. This analysis is based on the formulation

by Wegmuller and Kostem.lz’13

2.2.1 The Deck Slab

‘As mentioned in Sec. 2.1, the response of the deck slab was

further divided into out-of-plane (bending) and in-plane (membrane)

actions.

2.2.1.1 The Out-of-Plane Behavior of the Deck Slab

The deck slab was analyzed using thin plate theory. Hence,

the following assumptions were made:

1. Sections which were plane and normal to the middle surface

before deformation remained plane and normal after defor-

mation.

2. Transverse displacéments were small compared to the plate

thickness.
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3. Since stresses normal to the plane of the plate were negli-
gible, shearing stresses in the transverse direction were
neglected, and the transverse displacement of any point on
the plate was essentially the displacement of the corres-

ponding point on the middle surface of the plate.

The deck slab was discretized into rectangular plate
bending elements. The element developed by Adini, Clough, and
Melosh3 was used. The plate elements were connected at node points.
A node point was common to all of the elements which surrounded it.
The displacements at the node points were the basic unknowns of the
finite element stiffness analysis. There were three out-of-plane
displacements assigned to each‘plate element node point. These
displacements were the transverse displacement, W, and the bending
rotations Gx and Gy. These di;placements occured at the mid-plane
of the plate. Thus, there were a total of twelve outFof-plane de-
grees of freedom (i.e., unknow£ displacements) associated with eagh

plate bending element.

A polynomial displacement function was used to describe

the displacements within the plate bending'element;

W=a, +0,X+0, Y+a, XY +0o X2 +0

1 2 3 4 5 6

Y2.+ o Xy? (2.1)

2 3 3 3 3
+ a8 X°Y + ag X° + alO Y® + all XY + ulz XY



The nodal rotations are given as derivatives of the trans-—

verse displacement, W.

o = aw/dy (2.2)

- ow/3x | (2.3)

<D
fl

There are twelve unknown constants in Eq. 2.1 and twelve

bbundary conditions for each element: three displacements at each

of four nodes. Substituting Eq. 2.1 into Egs. 2.2 and 2.3, and

then substituting the coordinates of the corners of the elements

with respect to the element axes (shown in Fig. 1), the following

equation is obtained:
‘ o
{85} = [€], {a} (2.4)

the subscript "o' indicates out~of-plane displacements. The constants

(o) are evaluated by matrix inversion.

o} = (€17 {80 (2.5)

The strains within the element are r

ment field by the strain displacement equations. wWithin the context

of the finite element method, strains and stresses are usually refer-

red to as generalized strains and generalized stresses.

The generalized strains for out-of-plane behavior are the

bending curvatures. Thus, it is possible to define the strains as:

-10-

elated to the displace—



(
- 3%w/3x?
ﬁ - 3%w/oy?
2
23 w/ax ay
L .

{e} = Q] {o}

J

(2.6)

- Substitution of Eq. 2.1 into Eq. 2.6 results in the matrix equation:

(2.7)

Substitution of Eq. 2.5 into Eq. 2.7 relates the generalized strains

to the unknown nodal equations:

fe} = [a] [el}" (6%},

Stresses are related to strains by an elasticity matrix:

{c} = [D] {e}

(2.8)

(2.9)

The stresses corresponding to the strains given by Eq. 2.6 are the

bending moments per unit distance; M , M , and M_ .
Xy Xy

Using the well-

known equations of plate analysis (Ref. 9), the elasticity matrix is

defined as:

} -

izavy | V1T

¢
¢
1

Eh®

o |

.

> (2.10)

where E is the modulus of elasticity of the plate, h is the plate

thickness, and v is Poisson's Ratio.

Once these matrices have been

defined, the well-established procedures of the finite element

-11-



method lead to the following stiffness matrix (Ref. 14):

[K] = [C]"lT / T D dx dy [c]~t 2.11
= [a" s, el (D] [Q] déx dy [C]] (2.11)

The out-of-plane stiffness matrix, [K]o is given explicitly in Refs.

6, 12, and 16.

' 2.2.1.2 The In-Plane Behavior of the Deck Slab

The in-plane behavior of the plate is analyzed as a plane—.
stress elasticity problem. The discretization remains the same as
discussed of out-of-plane behavior. There are two in-plane displa-
cements at each node. The displacement in the x-direction (Fig. 1)
is called U, the displacement in the y-direction is V. Tﬁere are
a total of eight in-plane degrees of freedom. The polynomial

displacement functions are given by Eqs. 2.12 and 2.13.

U = a4 + %14 X + 015 Y + %6 Xy (2.12)

V=o.,+a.,X+o Y + o, XY (2.13)

17 18 19 20

As in the out-of-plane case, the eight unknown constants in Egs. 2.12

and 2.13 are evaluated using the eight nodal displacements:
e f_
{67}, = [€]; {a} (2.14)
{a} = [c1; {8%} | ' (2.15)

I

The generalized strains are taken as:

-12-~
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( du/dx ) rex W

. - ; - { )

{e} ﬁ dv/dy e > (2.16)
LBu/Bx + avlaxj ~LYXYJ

Substitution of Eqs. 2.12 and 2.13 into 2.16 results in:
{e} = [Q] {a} (2.17)

Substituting Eq. 2.15 into Eq. 2.19 results in the strain-displace-

ment relations:

(e} = [ [c]]* (&%) (2.18)

I

The stresses are chosen as the membrane stresses Ux’ oy and Txy'

The resulting elasticity matrix, based on the assumption of plane

stress, is given by:

fox h 1 v 0 €,
| E
= - 1 0 £ 2.1
<0y & 1_—\,2' v { y > (2.19)
T - 0 0 1-v Y
nyJ - 2 - \xy/

The basic matrices necessary. to evaluate Eq. 2.13 are now known for
the in-plane case, and the in-plane stiffness matrix, [K]I, can now
be evaluated. The in-plane stiffness matrix is also given explicit-

ly in Ref. 12.

~13-



2.2.1.3 Superposition of In-Plane and Out-of-Plane Behaviors

Since the analvsis is based on a small deflection theory with

linear material properties, as mentioned in Sec. 2.1, the in-plane

" and out-of-plane stiffness matrices may be superimposed as follows:

= (2.20)

[F]I and [F]o are the in-plane and out-of-plane nodal force vectors,

respectively.

©2.2.2 The Beams

Figure 2 shows a beam element, nodal points, coordinate

axes, and degrees of freedom. The degrees of freedom consist of an.

in-plane axial displacement, U, out-of-plane bending displacements,
W and Gy, and a torsional rotation, Gx, at each node. Beam elements

are positioned between plate nodes in the x-coordinate direction.

The in-plane and out-of-plane response of beam elements

"are considered simultaneously. The torsional response is treated

separately.

2.2.2.1 The In-Plane and OQut-of-Plane Behavior of Beams
The polynomial displacement functions for the response of

beam element, not including the effects of torsion, are given bhy:

14—
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U = Opq + Aoy X (2.21)

X% +a,, X3 (2.22)

W=a,, +a 26

23 F oy, X +a

25

These displacements occur in the same reference plane
that is used for calculation of tée plate displacements (Fig. 2).
In this formulation the reference plane was the mid-plane of the
deck slab, It should be noted that Eqs. 2.21 and 2.22 have the same
form as Eqs. 2.12 and 2.1 when the coordinate y is equal to a con-

stant. This fact, combined with a choice of beam eccentricity re-

ferenced to the mid-plane of the deck slab, provides strain compat-

Aibility between the deck slab and the beam. This 1s necessary to

correctly model composite beam~slab bridges. The bending rotation,

Gy, is defined by Eq. 2.3.

The six unknown constants in Eqs. 2.21 and 2.22 are
evaluated using the six nodal displacements, three at each end of

the beam:

e
{s }B = [clg {a} | (2.23)

-1 -
{a} = [clx (8%} (2.24)

The generalized strains are taken as the bending curvature

and axial strain.

dy/dx

{e} (2.25)

- d2%w/dx?

-15-



The generalized stresses corresponding to these strains are the

axial force and bending moment.
. ‘ ,
{c} = ‘ ] : (2.26)

The strain in the beam can be related to Eq. 2.25 as

shown in Fig. 3.

— _du d’w :
€E=4x~ Zax? - (2.27)

The bar indicates that the strain is referred to the reference plane.

The stress is equal to Young's modulus times the strain.

— 2
3=E€=E[%— %‘7"] (2.28)

The generalized stresses are related to O by the integrals:

_ = _  du - d%w _ 7 Gu = d%w
N=/, E€dA=EG [, dA-E gz [, ZdA=EAG -ES o7 (2.295_
_ - _ o du . d’w 2 _ o = du — d?w
M—fAEZe:dA—defAZda—n.a—x-z-fAZ dA = E § 3~ - El =7
(2.30)
The elasticity matrix is defined by using Egs. 2.29 and
2.30:
N A S dy/dx ] .
M s I - d%w/dx? (2.31)

The bars in Eq. 2.31 indicate that the appropriate quantities are

referred to the reference plane, not necessarily to the centroidal

-16-




axis of the beam.

Substituting Eqs. 2.21 and 2.22 into Eq. 2.25 leads to the
definition of [Q]. Once this is done, all of the matrices are defin-
ed to evaluate the nontorsional stiffness matrix of the eccentric

beam element: —lT T -1
[K] = [e]g~ 7 Q1" [D] [Q] dx [c]g (2.32)

The beam stiffness matrix above is given explicitly in Ref. 12.

2.2.2.2 The Torsional Behavior of the Beams

The St. Venant torsional stiffness of the prestressed
concrete I-beams is included in the analysis. The warping torsion
effects are neglected. The St. Venant torsional moment12 can be re-
lated to the unit angle of twist by:

T, = 6Ky ¢' (2.33)
The unit angle of twist can be related to the axial rotation of the

d 9 oW

beam by: _ = .9 = .2 MV
el =9¢' = ox Oy d9x 9y (2.34)

Substitution of the displacement function for the plate (Eq. 2.1) in-

to Eq. 2.34 results in the assumed displacement function for ex along

a line defined by a constant y coordinate.
ow

B, =s-=0a,, + 0

x =3y - %7 YO X (2.35)

The elemental displacement vector consists of values of
6x at each end of the beam. Thus, a connection matrix analogous to

Eqs. 2.4, 2.14, 2.15, and 2.23 can be defined.

-17-



{83y = L]y {a) 2.36)

{a} = [c];l ‘{Gé}T (2.37)

The generalized stress and strain are the torsional bend-
ing moment and the unit angle of twist, respectively. Thus, an

elasticity matrix is defined as shown above.
{r} = [ex.) {¢'} (2.38)

The matrix {Q] is again defined by substituting the dis-
placement functions given by Eq. 2.35 into the definition of strain
given by Eq. 2.34. When this is doﬁe, all of the matrices needed to
define the sqiffness matrix are known, and evaluation may proceed.

An explicit torsional stiffness matrix is given in Ref. 12.

2.3 Assembly of Elements

The assembly of elements in the finite element method is
analogous to the assembly of member-stiffness matrices in convention-
al matrix structural analysis. The slab element stiffness matrix
relates a force at one node to the displacements of the remaining
nodes in that element. Each nodé may be surrounded by aé many as
four slab elements which join that node. Thus, a force at one node
may be related to the displacemepts of all the nodes in four ele-
ments. ' This means that, including the fact that some nodes will be-
common to the adjoining elements, a total of 9 nodes having forty-
five degrees of freedom could be related to the single force compon-

ent. The process of relating the force to all of the adjoining ele-
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ments and their degrees of freedom is called assembly of the global
stiffness matrix. The problem of finding the appropriate node points
related to a given node point is a matter of specifying structural
topology to the computer program which actually performs the arith-

metic operations, and will not be discussed in this report.

The superposition of beam stiffness components is accom-
plished by straight-forward addition of corresponding beam and slab
element stiffness components. This includes isolating the nodes to

which beam elements are attached. The force at a node having a beam

. element is related to the beam displacements at the adjacent nodes

in the x-direction. This is also a matter of topology which is
specified as input to the computer program, and will not be discuss-

ed in this report.

2.4 Solution and Back Substitution

The assembly of the element stiffness matrices results in
a set of simultaneous equations relating nodal forces to nodal dis-
placements. These equations are solved for the nodal displacements
after the boundary conditions:are enforced. Once the displacements
are known, it is possible to back-substitute them into appropriate
equations to compute the generalized stresses. Thus, substitution
of nodal displacements into the beam stiffness matrix results in the
normal force, bending moment, and torsional moment at the beam node
points. These forces act at the plane of reference, i.e., the mid-
plane of the plate. This fact is important in evaluating the later-
al load distribution in bridges.
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Substitution of the appropriate nodal displacements into

Eq.2.8, followed by substitution of the results into Eq. 2.9,
enables the evaluation of the unit bending moments Mx, My, and Mxy

at the node points. The inplane stresses (or forces) can be evalu-

ated in a similar manner.

2.5 Computation of Moment Percentages

A moment percentage is defined as the bending moment

" carried by one beam, where the beam can be considered as the total

: composite.cross-section, divided by the total of the moments carried
by all the beams, and multiplied by 100. The moment carried by one

composite cross-section is given by:

M =/ Z dA (2.39)

c beam Ux zda+ /S

slab cx

where Z is a coordinate from any reference plane. If the reference

plane is chosen as the mid-plane of the plate, Eq. 2.39 may be re-

~ written as:

b
M = +reff oy ae (2.40)

¢ beeam ° Xslab

in which beff ig the effective width of the slab. It was noted in
Se;. 2.2 that provisions were made to reference the beam moment to
any arbitrary reference plane, including the mid-plane of the plate.

It ig this moment which is found by back-substitution, as discussed

in Sec. 2.2.4.
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The problem of finding the effective flange width is
simplified by the relative sizes of the unit slab bending moment,
stlab’ and the beam bending moment about the mid-plane of the.
plate. The total slab moment across the bridge width is only a
small percentage of the total of the composite beém moments.
Sample calculations indicate that for beam-slab bridges, the total
slab moment is generally < 5% of the total. Therefore, the effect

of a small error in the effective flange width is an insignificant

difference in the moment percentages as calculated in this research.

‘As a result, the following approximate effective flange widths were

used in lieu of more exact calculations:
1. For interior beams, ;he actual beam spacing was used.
2. For exterior beams, éne half of the spacing, plus the
over-hang was used.
Having the effective flange width and choosing the slab moment at
the node over the beam as representative width of the superstructure,

Eq. 2.40 reduces to:

Mc = Mbeam + (Mi ) (beff) (2.41)
slab

The moment percentage of one beam i1s then calculated as:

M
¢4
My = (2.42)
L M,
i=1 %
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in which i denotes the beam in question and n is the total number
of beams. These moment percentages were used to produce influence
lines for a given bridge. These influence lines were then loaded

to determine the maximum distribution factor for a given bridge.




3. ANALYTIC MODELING: STUDY

3.1 Purpose of Analytic Modeling Study

The finite element technique described in Chapter 2 of this
report was used in the study of lateral load distribution in I-beam
bridges. A preliminary study was undertaken to investigate different
methods of analytically modeling the I-beam bridges so as to use the
finite element method effectively and efficiently. In this study

4,5,10,11
the analytic models were compared to the field test results

of two in-service I-beam bridges located near Lehighton and

Bartonsville, Pennsylvania.

The results of the analytic modeling study were threefold.
First, important design parameters of a bridge were isolated, des-
cribed, and analyzed using analytic approximations. Thus, the
influence of these design parameters such as the curb-parapet section
and permanent metal deck forms were taken into account. Second, the
analysis was verified by comparison with the results from the field
tests. Third, the analytic bridge model was refined, to enable an

accurate and efficient study of lateral load distribution.

3.2‘ Description of Field Test Bridges

The field testing of the Lehighton and Bartonsville bridges

~ analyzed in this investigation is described in detail by Chen and

4,5,10

VanHorn, and Wegmuller and VanHorn.ll Initially, only the field
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test results of the Lehighton bridge were used in comparison with
different analytic models. The reason for the emphasis on the
Lehighton bridge was two-fold. First, the Lehighton bridge was test-
ed both with and without midspan diaphragms between beams. Second,
there was only one curb-parapet section on the Lehighton bridge,
which allowed the effect of the curb-parapet section on load distri-
bution to be seen more readily. The Bartonsville bridge test results
were then compared to an analytic model which included all of the
features of modeling discussed in this chapter which are appropriate

to the Bartonsville bridge.

The cross-section of the Lehighton Bridge is shown in
Fig. 4. Thé main supporting members were six identical PennDOT 24/45
prestressed concrete I-beams spaced 6 feet 9 inches center-to-center.
The slab was cast-in-place over a permanent metal deck form, with a
nominal thickness of 7-1/2 inches. With a curb and parapet section
on only one side of the superstructure, the roadway width was 35 feet

11-1/2 inches. The span length was 71 feet 6 inches, center-to-center

of bearings.

The cross-section of the Bartonsville Bridge is shownvin
Fig. 5. The main supporting members were five identical AASHTO-PCI
Type III prestressed concrete I-beams spaced 8 feet center-to-center.
The slab was cast-in-place with a nominal thicknesé of 7-1/2 inches.
The roadway width was 32 feet. The span length was 68 feet 6 inches,

center-to-center of bearings.
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3.3 Analytic Modeling

3.3.1 Discretization of the Superstructure

Using the finite element technique, the actual bridges
were modeled by a discretized bridge containing a suitable number
of finite elements. Figure 6 shows the cross-section of the
Bartonsville test bridge. Also shown is the plan view §f the
bridge, with the discretization indicated. The lines indicate
boundaries between elements, and the intersections of those lines
are nodal points. The beams were also discretized into beam ele-
ments, connected at the appropriate nodal points. In the discreti-
zation shown in Fig. 6, there are two plate elements between the
beams. In the analytic modeling study, the discretization was

varied according to the requirements of a particular analytic model.

In comparing the analytic and field test results, the
moments at a cross-section called the maximum moment section of the
bridge were used. The maximum moment section, shown as section M
in Fig. 6, is the section at which the absolute maximum moment
would occur in a simple beam of the same span as the bridge, when
loaded with the test vehicle. The test vehicle, which closely

approximated the AASHTO HS20 design vehicle, is shown in Fig. 7.

Comparisons of different analytic models were made using
moment percentage diagrams. The definition of moment percentage

for a particular beam is defined in Section 2.5 of this report.
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3.3.2 Refinement of Slab Discretization

Figure 8 shows a typical segment of the cross-section of
the test bridge. The figure shows that portions of the slab are
.supported by the relatively stiff flange of the I-beams. Because of
the support provided by the flanges, the first investigation under-_
taken was the analytic modeling of the effective bending span of the

slab between the beams.

Two different models were used to model the effective bend-

. ing span of the slab, The first model was a mathematical approxima-
tion that was an accurate and efficient modeling technique. The
"second model was a theoretically better approximation, but was a far
less efficient model. Though this second model would not be used
in an extensive study, it was used here to verify the first modeling

technique.

The first model, shown in Fig. 8, consisted of nodes posi-
tioned above the center of the beams and midway between the beams.
This discretization, which consisted of two slab elements between
' beams was designated the 2 PL mesh. Using this discretization, the
effective bending span was approximated by introducing an orthotropy
factor (Dy) in the analysis. This factor was defined as the ratio
of the transverse-to-longitudinal stiffness of a unit érea of slab.
The orthotropy factor was calculated as the square of the rgtio of

the center-to-center beam spacing to the flange-to-flange spacing.
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As shown in Fig. 8, the orthotropy factor calculated for the

Lehighton Bridge was 1.69.

The moment percentage diagram (Section 2.5) shown in
Fig. 9 is a comparison of two analytic models with the field test
results. One model included the orthotropy factor in the analysis,
while the other did not. As shown in Fig. 9, the test vehicle is
located between the third and fourth beams, as indicated by the
wheels and axle. Comparison of the analytic models with the field

test results showed that a closer correlation to the field test

~results was obtained when the orthotropy factor was iﬁcluded'in the

.analysis.

To verify that this method was an effective way of model-
ing the bending span of the slab, a comparison was made with another
theoretical model. The discretization for the latter model is shown
in Fig. 10. There are four slab elements between the beams, with two
elements over the flange of each beam, and two elements between the
flanges of the beams. This discretization was designated the 4 PL
mesh. The slab elements over the flanges of the beams were assigned
an orthotropy factor of 100.0. This orthotropy factor defined the
stiffness of the slab elements, above the beam flanges, in the trans-
verse direction to be 100 times greater then stiffness in the longi-
tudinal direction. In effect, the slab elements above the flanges
were allowed to deform in the longitudinal direction, while essen-
tially remaining rigid in the transverse direction. This prevented

relative deformation of the slab with respect to the beam flange in
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the transverse direction. The elements between the beams were as-
signed an orthotropy factor of 1.00, therefore those elements

would deform in an isotropic manner.

In Fig. 11, the results from use of the 4 PL mesh are com—
pared with those from the 2 PL mesh. The position of the test
vehicle is indicated. It is seen in this comparison that both
models yielded virtuaily the same results. Thus, the methods of
modeling the appropriate bending span were verified. Based on the

comparison, the 2 PL mesh was selected for the remainder of the

study because it was as equally effective as, and more efficient thanm,

the 4 PL model in representing the bending span of the slab.

A further investigation was then performed to determine the
effect of a different slab discretization on the analysis. The
discretization in Fig. 12(a) is the 2 PL mesh, described earlier in
this section, while the discretization in Fig. 12(b) has one slab
element between the beams, and will be designated the 1 PL mesh.
Both of these models contain the appropriate orthotropy factors and
results from their use are compared in Figs. 13 & 14. Two differ-
ent truck positions are indicated. These figures both show that

there was no perceptible difference between either of the modeling

techniques,
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3.3.3 Permanent Metal Deck Form

The concrete slab of the test bridge was placed over a
permanent metal deck form whicﬁ had ribs running in the transverse
direction (Fig. 15). The effects of the deck form on lateral load
distribution were modeled by introducing another grthotropy factor
(Dy)‘ As indicated in Fig. 16 the orthotropy factor was claculated
as the ratio of moments of inertia I'/I, where I' was defined as the
moment of inertia of the transformed concrete section and the metal
deck form in the transverse direction, and I was the moment of
inertia of the concrete slab of nominal thickness in the longitudi-

nal direction. For the Lehighton test bridge, the orthotropy factor

was calculated as 1.48. The effect of including this factor in the

analysis is shown in Fig. 17. When the permanent metal deck form
was included in the analysis, the agreement between analytic and

field test results was improved.

3.3.4 Curb-Parapet Section

In order to verify that the analytic model accurately
represented the actual superstructure behavior, it was also neces-
sary to make an investigation to assess the effect of the single
curb-parapet section, shown on the right side of the cross-section
in Fig. 4. The curb-parapet section was considered as a beam
element in the analysis. Two different models of the section were

studied: (1) The section, shown in Fig. 18, was considered to be
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fully effective. (2) The section was considered to be partially

effective. That is, only the cross-sectional properties up to the
dashed line were considered, as indicated in Fig. 18. 1In the
actual bridge, the curb-parapet section was interrupted by deflec-
tion joints one inch in width at intervals of approximately 14 feet
along the span length. The joints.were filled with a pre-molded
joint filler in the portion of the section between the top of the
slab and the dotted line. Therefore, the two models represented

the upper and lower bounds of effectiveness.

Both modeling techniques are compared to the field test
results in Figs. 19, 20, and 21. Each figure corresponds to a dif-
ferent truck position. It is seen in Fig. 19 that there is very lit-
tle difference between results from the two models. This was expect-
ed for a truck position which was as far as possible from the curb-
parapet section. 1In this case.the bending moments in the beams in
the vicinity of the curb-parapet are negligible, and therefore? the
influence qf the curb-parapet would be small. In Fig. 20 the test
vehicle is placed between the third and fourth beams of the bridge.
For this load case, there was a noticeable difference between the
fully effective and partially éffective models. Use of the partial-
ly effective section produced results which correlated better ﬁith
the field test than those obtained with the fully effective section.

In Fig. 21 the truck is positioned as close as possible to the curb-

parapet section.
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With this position of the truck, use of the fully effective curb-
parapet section, resulted in an over-estimation of the moment car-
ried by the exterior beam under the curb-parapet section, while use
of the partially effective curb-parapet section, yielded very good
correlation with the field test results. Thus, it was concluded
that the effect of the curb-parapet section on lateral load distri-
bution increases as the load approaches that section. These studies
have also indicated that the partially effective section is a more

realistic model of the curb-parapet than a fully effective section.

3.4 Summary

| A study of different analytic modeling techniques has
been presented. 1In this study, an accurate and efficient model was
developed for use in the study of lateral load distribution.
Figures 22 and 23 show the correlation between analytic and field
test results for two additional load cases on the Lehighton Bridge.
Figures 24 and 25 compare analytic and field test results for two
load cases on the Bartonsville Bridge. The difference between the
analytic and field test results is no greater than 67 for any load

case.

Based on this study, the following conclusions are drawn:
1) The permanent metal deck form and the top flanges of the
beams stiffen the slab in the transverse direction. This

stiffening effect can be accounted for by using an orthotropy
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factor. Suggested methods of computing these orthotropy

factors are presented in Sec. 3.3.2 and Sec. 3.3.3.

2). The number of elements between beams can be reduced with
a considerable increase in efficiency, but without a signifi-
cant loss in accuracy.

3) The curb-parapet section affects the distribution of live
load. The results from this preliminary study indicate that a

partially effective curb-parapet model yields more realistic

results than a fully effective model.
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4. DESIGN OF ANALYTIC EXPERIMENT

4.1 General

To obtain a general method for the evaluation of distribu-
tion factors that will be reliable for all bridges over a range of aif-
ferent dimensions, many bfidges were considered in the investigation.
Although field tests were important in establishing the validity of
analytical techniques, an investigation of the number of structures
required in this study eliminates the possibility of sufficient field
testing to provide the basis for a general specificatioﬁ provision.
Therefore, an analytic experiment was designed to yield the information
which would form the basis for development of new design proﬁisions for
live-load distribution factors. In this analytic experiment, 150
bridges were designed and analyzed. The experiment was a computer
based analytic simulation, based on the theoretical technique described

in Chapter 2, and the analytic model developed in Chapter 3.

4.2 Type of Superstructure and Loading Configuration

The bridges that were considered in the analytic experiment
were all simple-span, without skew. The bridges consist of a rein-
forced concrete deck slab supported longitudinally by equally spaced
prestressed concrete I-beams. The effects of the curb-parapet section
and the intra-span diaphragms were neglected. All bridges were de-

signed using the provisions of the 1973 AASHTO specificationl, the 1974
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AASHTO interim specificationz, and the PennDOT Standards for Bridge

Design, BD-2018. AASHTO HS20 truck loadings were used.

4.3 Bridge Dimensions and Variation of Parameters

The following bridge design parameters were varied in the

- analytic experiment. A representative range of roadway.widths were
chosen, using Art. 1.2.6 of the 1974 AASHTO interim spécification2 as
a gulde. The roadway widths used were 24, 36, 48, 60, and 72 ft. For
each roadway width, the number of beams was varied, which provided a
range in beam spacing from 4 ft. to 10 ft. - 3-1/2 in. For each beam
spacing, the length of the bridge was varied from approximately 35 ft.
to approximately 135 ft; The slab thickness used for each case was

. the thickness appropriate for the beam spacing and length, as specified
in PennDOT BD—2018. The beams for each bridge were selected as the
straight strand beams, having the smallest cross-sectional area, which
would meet all current design requirements. The consideration of
draped-strand beams would have yielded smaller beams in many cases.
The use of larger beams in the analysis yielded distribution factors

which were slightly larger, and therefore, were on the conservative

side. Both PennDOT and AASHTO-PCI prestressed I-beam shapes were used.

Table 1(a) gives the overall scope of the range of the ana-
lytical experiment. For each roadway width (Wc), the table indicates
the number of beams (NB), the beam spacing (S), the maximum and mini-

mum lengths‘(Lmax and Lmin)’ and the number of bridges analyzed.
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Table 1(b) demonstrates the scheme used to vary the bridge
parameters in the analytic experiment. The table provides a detailed
outline of the experiment for all bridges. Each X represents one of
the 150 bridges that were designed and analyzed. The table is divided
into five broad vertical columns, each representing a roadway width
(Wc). Each broad column contains several single coiumns, each repre-
senting a number of beams (NB), for that width. Each horizontal line

in the table represents the S/L ratio indicated in the left column.
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5. RESULTS OF THE EXPERIMENT

5.1 General

The design of the analytic experiment to study lateral load
distribution was presented in Chapter 4. This chapter presents the
procedure in which the results of the bridge analyses were utilized to
develop the maximum distribution factors for interior and exterior
beams in the 150 bridge superstructures included in the overall‘inves-
tigation. The development of the proposed new specification provisions

for live-load distribution is presented in Chapter 6.

Following is a brief outline of the steps leading to the pro-

posed specification provisions:
1. Analyze the bridges listed in Tables 1(a) and 1l(b).
2. Obtain influence lines for each beam of each bridge (Sec. 5.2).

3. Calculate the maximum distribution factors for the interior
and exterior beams of each bridge, for one loaded lane, two

loaded lanes, -- up to the NB specified in the revised

Art. 1.2.62.

4. Plot maximum distribution factors versus the S/L ratio, for

both interior and exterior girders.

5. Determine new lateral load distribution equations, ome for
interior and one for exterior girders, by fitting the data

plotted in step 4 with appropriate equations.

This chapter provides a description of steps 2-4.
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5.2 Development of Influence Lines

The finite element method described in Chapter 2 was the

method used to analyze the bridges in the experiment. For each bridge,

. a single HS20 vehicle was placed in a number of positions across the

width, and an analysis was performed for each position. The longitudi-
nal position of the vehicle was always the one that would produce an
absolute maximum moment in an analogous single beam of length equal to
the span length of the bridge. The bridge was discretized in such a

way that the maximum moment was obtained directly in the analysis.

For each position of the vehicle, a moment percentage diagram
was obtained, similar to the diagrams shown in Figs. 19-25. The moment
percentage diagrams were then used to produce the influence lines for
each beam. The influence line for a particular beam is a plot of the
moment percentage for that beam, as a function of the lateral location
of the center of the design vehicle. A series of influence lines re-
presenting all of the beams in one of the bridges (W = 48 ft.,
S=8ft., L =96 ft.) is shown in Figs. 26-29., These influence lines

were then used to produce two distribution factors, one for the exter-

' jor beam (Beam 1) and one for the interior beams (taken as the maximum

value developed in Beam 2, 3, or 4). Each of the 150 bridges was

analyzed in this manner.

5.3 Determination of Maximum Distribution Factors

The widths of the bridges analyzed (24, 36, 48, 60, and

72 ft.) were chosen as multiples of the 12 ft. wide design traffic
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lanes specified in Art. 1.2.62. Since any bridge with 24 < W < 36

would be considered as a two—-lane bridge, bridges with W 24 and
36 ft. were analyzed with two design traffic lanes to represent the two

extremes for two-lane bridges. Likewise, since any bridge with

36 < W < 48 would be considered as a three-lane bridge, bridges with

W = 36 and 48 ft. were analyzed with three design traffic lanes. This
process was continued with analyses of bridges with W = 48 ft. as a

60 ft. as four-lane and five-

four-lane bridge; of bridges with W

72 ft. as five-lane and six-lane

lane bridges; and of bridges with W
bridges.

As an illustration of the determination of maximum distribu-
tion factors, consider the analysis of the bridge shown in Figs. 26-29.
This bridge has a roadway width of 48 ft., which is the minimum width
for four 12 ft. wide design traffic lanes. The width of 48 ft. also

represents the maximum width for three design traffic lanes.

In the analysis, the bridge was first considered as a three-
lane structure. For the ekterior beam (Beam 1, represented by the
influence line in Fig. 26), a design vehicle was placed in each of the
thrae design traffic lanes. The lanes were then positioned écross fhe
width, and the vehicles were positioned within the lanes, to produce
the magimum positive moment percentage. For this exterior beam, only
two lanes were loaded to produce the maximum positive value. Since the
influence line indicates negative ordinates over the right portion of
the roadway, only two vehicles, appropriately placed within two lanes

crowded to- the left side of the roadway, would produce a maximum
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positive moment in the exterior beam. The sum of the two ordinates was
then multiplied by two to yield the maximum distribution factor for the
exterior beams in this bridge. The reason for the multiplication by

two was to produce a distribution factor which would be applied to a

single longitudinal line of wheel loads. Since the moment percentages

were developed considering truck loadings (which consist of two
longitudinal lines of wheel loads), the multiplication by two was
appropriate.

To develop a distribution factor for interior beams (Beams 2,

3, and 4, represented by the influence lines in Figs. 27-29), the pro-

" cess described in the previous paragraph was repeated for each of the

three interior beams.

The distribution factors for the three beams were then com-
pared, and the maximum value was taken as the distribution factor for
the interior beams in the bridge - for the three-lane case. For the
four-lane case, the entire process was repeated, again yielding one dis-

tribution factor for exterior beams and one factor for interior beams.

The bridge cross—éection, used in the previous illustration
with a span length of 80 ft., had a roadway width of 48 ft. and was
supported by seven beams spaced at 8.00 ft. This same bridge cross-
section was analyzed with six other span lengths, ranging from 32 ft.
to 120 ft., representing S/L ratios ranging from 1/4 to 1/15. These
analyses represent seven of the 150 bridge superstructures included

in the overall investigation.
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5.4 Presentation of Results

The maximum distribution factors derived from the analyses
of the 150 bridge superstructures were plotted as a function of the
ratio of the beam spacing to span length, S/L. The plots are presented
'in Figs. 30-43. Figures 30-34 represent the interior beams of bridges
with the five widths W = 24, 36, 48, 60, and 72 ft., loaded with 2, 3,
4, 5, and 6 design lanes, respectively. Figures 35-39 represent the
exterior beams of the same bridges, loaded with the same design lanes.
Figures 40-43 represent the interior beams of bridges with W = 36, 48,
60, and 72 ft., loaded with 2, 3, 4, and 5 design lanes, respectively.
It-would appear that there should be an additional four figures, repre-
‘senting the exterior beams of the combination of bridges and design
loadings on which Figs. 40-43 are based. However, the analyses of
bridges with W = 36, 48, 60, and 72 ft., loaded with 2, 3, 4, and 5
design lanes yielded results identical to the results obtained from
analyses of the same bridges loaded with 3, 4, 5, and 6 design lanes.
These identical results can be explained by referring back to the dis-
cussion presented in the third paragraph of Art. 5.3. That discussion
described the analysis used to develop the maximum distribution facfor
for the exterior beams in a bridge with W = 48 ft., loaded with three
design lanes. It was explained that because of the negative-ordinate
portion of the influence line (Fig. 26), only two design lanes were
used to develop the maximum distribution factor. Therefore, when the
same bridge was considered as a four-lane bridge, again, only two

design lanes were required to develop the maximum distribution factor.
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This phenomenon for exterior beams was consistent throughout the entire

range of bridges analyzed with the two load conditions.

The following summary relates Figs. 30-43 to the appropriate

roadway width and number of design traffic lanes.

Ingerior Exterior
Beam Beam W No. of Design
Fig. No. Fig. No. (ft.) Traffic Lanes
30 35 24 2
40 - 36
31 36 36 3
41 o - 48
32 37 _ 48
42 - 60
33 38 60
43 - 72
34 , 39 72
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6. PROPOSED SPECIFICATION PROVISIONS

. 6.1 Current Design Provisions

The current provisions for determining live-load bending
moments in the iongitudiﬂal beams in beam-slab type highway bridges are
set forth in Art. 1.3.1(B) of the 1973 AASHTO Specificationl. For
interior beams, the live-load bending moments are determined by apply-
ing factored design-vehicle wheel loads to the beam. For prestressed

concrete I-beams, the factor (D.F.) applied to each wheel is given by:

=5
D.F. = v

where S is the average beam spacing, in feet. For exterior beams, the
loading is determined by applying to the beam the reactions produced by
the individual wheel loads, considering the floor slab to act as a

simple span between beams.

6.2 Development of Proposed Design Provisions

In the analysis described in Chapters 4 and 5, a total of 24
different cross-sections were analyzed, each with six or seven span
lengths in the approximate range 35 to 125 feet. A typical plot of the
distribution factor for interior beams, as a function of the ratio S/L,
is shown in Fig. 44. This plot is representative of the 45 plots in-
cluded in Figs. 30-34 and Figs. 40-43. The problem was to generate a

single equation which would represent all of the 45 plots. The form of

the equation was selected as:
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L .
D.F. N—— ( ) 6.1)

where N. = number of design traffic lanes

= %E , reduced to nearest whole number

" N_ = number of beams
S = beam spacing, in ft.
L = span length, in ft.

W = roadway width (curb-to-curb), in ft.

This form was chosen to match the form of the equation for interior
beams in prestressed concrete spread box-beam bridges, as set forth in
Art 1.6.24'. Based on an extensive analysis of the results, the terms

k1 and n were established as:

k79 ( )<12N

o
i
(W

Plots of the distribution factors (D.F.) yielded by Eq. 6.1 are shown

in Figs. 30-34 and Figs. 40-43.

For exterior beams, it was found that an equation of the same
general form could be used. However, one modification was hecessary -

the addition of another term, k2 - resulting in the following equatidn:

_ __L_ |
D.F. = N ( ) + k (6.2)
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A typical plot of the distribution factor for exterior beams, as a
function of the ratio S/L, is shown in Fig. 45, along with a typical
plot of Eq. 6.2. For exterior beams, the terms k , k , and n were

1 2

established as follows:

S Y
1 11 NB
2
k =-—7—
2 SNL
n -1
3
where W =12 N_, in ft.
o] L

Although the form of the equations for exterior and interior
beams is the same, there is a basic difference in the use of the equ-
ations. For the interior beams, Eq. 6.2 can be used directly for any
roadway width (W) in the range 24-72 ft. However, for the exterior
beams, Eq. 6.2 can be used directly only for roadway widths (Wo) which
are multiples of 12 ft., in the range 24-72 ft. Then, to obtain the
distribution factor for exterior beams with 12 NL < W< 12 (NL + l),_
a linear interpolation is made between values of D.F. computed from

Eq. 6.2 with Wo =12 NL

and Wo =12 (NL + 1).
The following example will illustrate the use of Eqs. 6.1 and
6.2 in determing the distribution factors for interior and exterior

beams in a given bridge. The bridge has the following characteristics

=]
il

32 ft. S =8 ft.

[
1]

80 ft. N, =5

bl




L3

With five beams (NB = 5), the beam spacing (S) would be 8 ft., assuming
that the center of the exterior beam is directly under the face of the

curb. With W = 32 ft., %E = 2.67; therefore NL =2

For the interior beam (Eq. 6.1):

L

3
_2) . 132) (32) (8]
D-F- =765y 97 (5) \1202)/ <ao)

= 1.308

Niw

For the exterior beam, since W lies between 12 NL = 24 ft.

and 12 (NL + 1) = 36 ft., Eq. 6.2 is used to compute the D.F. for

W =24 ft. and W = 36 ft. For W = 24 ft., N = 2, and for N, = 5,
o 0 o] L B

S would be 6 ft. Equation 6.2 would yield:

g

1 (24)
5) ~ 11 (5) (80) 5(2)
0.816

(D.F.)
24

”~~

= 3, and for NB = 5, S would be 9 ft., Eq. 6.2

ROREOR (so) o)

1.017

For WB =»36 ft.,.NL

would yield:

(D.F.)
36

Then, to determine the D.F. for W= 32 ft., a linear interpolation is

made:

(D.F.)32 0.816 + - (1 017 - 0.816)

0.950
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6.3 - Accuracy of Proposed Equations

To assess the accuracy of the proposed equations for distri-
bution factors (Eqs. 6.1 and 6.2), a statistical analysis was performed.
- For each of the structures analyzed, the ratio (D.F.)E/(D.F.)A was com-
puted, where (D.F.)E is the distribution factor yielded by the appro-
priate proposed equation (6.1 or 6.2), and (D.F.)A is the distribution
factor determined from the computer analysis of the structure. From
the ahalysis of the 150 superstructures, many under two loading condi-
tions, 281 comparisons were made for the interior beams and 150 com-
parisons for the exterior beams.

For the interior beams, the arithmetic mean of the ratios was
0.996, with a standard deviation of 0.036; Assuming a normal distribu-
tion, this would indicate that 68.3% of the values would fall in the
range 1.032 and 0.960, and 99.7% of the values would fall in the range
1.104 and 0.888.

A similar analysis was used to compare values yielded by the
‘current specification (D.F. = §/5.5) with values determined from the
computer analysis. The statistical analysis of the resulting values
of (D.F.)E/(D.F.)A resulted in an arithmetic mean of 0.971, and a
standard deviation of 0.070. This indicates that 99.7% of the values

would fall in the range 1.181 and 0.761.

For the exterior beams, the statistical analysis based on the
proposed equation (Eq. 6.2) yielded an arithmetic mean of 1.011, with a

standard déviation of 0.036. Therefore, 99.7% of the values would fall
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. in the range 1.119 and 0.903. No comparison was made to evaluate the

current specification provision for exterior beams.

To illustrate the difference between the proposed equations
and the current specification provisions, Fig. 46 was prepared. This
illustration is intended to indicate the variation in distribution
factors for a 5-beam bridge, as a function of roadway width and span
length, and was not chosen to indicate maximum differences between
the proposed and current provisions. In this particular illustration,

it is evident that the current and proposed specificatiens for in-

terior beams are nearly identical only for L = 50 ft. and for

36 ft. < Wc < 44 ft. Otherwise, in this example, the current provi-
sions consistently yield greater values than the proposed equation for

interior beams. The reverse is true for exterior beams.

6.4 Proposed Specification Provisions

Based on the analyses presented in this report, the following
new épecification provisions are proposed for the evaluation of live.
1oad distribution factors in beam-slab highway bridge superstructures
supported by prestressed concrete I-beams. These new provisions would
replace the current provisions which are set forth in Art. 1.3.1(B) of
the 1973 AASHTO Specificationl. The proposed new provisions are stated

as follows:
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Interior Beams

The live load bending moment for each interior beam shall be
determined by applying to the beam the fraction (D.F.) of the wheel

1oad (both front and rear) determined by the following equation:

1

2N 3
D.F. =24k (2
Ny '\ T

3
2
1 W W
where k =+ (——) (———)
1 9 NB lZNL

NL = number of design traffic lanes
= %E , reduced to nearest whole number
NB = number of beams (3 < NB < 17)
S = beam spacing, in feet (4 < S < 11)
L = span length, in feet (30 < L < 135)
W = roadway width between curbs, in feet (24 < W< 72)

Exterior Beams

The live load bending momentvfor each exterior beam shall be
>determined by applying to the beam the fraction (D.F.) of the wheel load
(both front and rear) obtained by use of the following equation. For
roadway widths (W) which are multiples of 12, the equation yields the
value of D.F. directly. For widths 12NL < W< lZ(NL + 1), determine
D.f. for Wo = 12NL and for WO = lZ(NL + 1), then linearly interpolate

between the two values to determine D.F. for W.
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where

k =~
1

W =
(s}

NL’ N

12N

B,

2 i
N
D.F. = —2 + k (i) +k
NB 1 L 2
1
NB
L;_in feet

S, and L are defined under Interior Beams



7. SUMMARY AND RECOMMENDATION

This report describes the development of new specification
provisions for the evaluation of live-load distribution factors in
beam-slab highway bridge superstructures supported by prestressed con-
crete I-beams.

Initially, a structural analysis based on the finite element
method was developed to evaluate the response of the superstructures
to design-vehicle loading. The analysis was then refined and verified
‘through comparison with results from previous field tests of two in-
service bridges. Next, an analytic experiment was designed to study
the effects of various parameters on live-load distribution. In the
experiment, 150 superstructures were analyzed under numerous loading
‘conditions. The results from the analyses provided the data base
which was then utilized in the development of two equations. The
equations, one for interior beams and the other for exterior beams,
.yield the distribution factors needed in the design of bridge super-
structures. Finally, a statistical analysis was made of comparisons
of values yielded by the structural analyses (1) with values from the
equations, and (2) with values based on the current specification
provisions.

Based on the results from this study, the proposed new speci-
fication provisions for live-load distribution, as presented in
Chapter 6, are recommended for adop;ion. The proposed provisions are
4relative1y simple in form and clearly yield more accurate values than

those based on the current provisions.
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TABLE 1(a) BRIDGES ANALYZED
Roadway No. Beam Span Length
Width of Spacing Number
Wc Be;ms 3 Lmax Lmin. of
ft. B ft. ft. ft. Bridges
24 §.00 120.0 32.0 .6
6.00 120.0 36.0 . 7
6 4.80 120.0 38.4 6
36 5 9.00 108.0 36.0 -6
6 7.20 198.0 36.0 6.
7 6.00 105.0 36.0 6
8 5.14 128.6 36.0 7
9 4.50 135.0 36.0 7
48 6 9.60 115.2 38.4 6
7 8.00 120.0 32.0 7
8 6.86 120.0 41.1 6
9 6.00 120.0 36.0 7
11 4.80 120.0 38.4 6
60 10.00 100.0 30.0 6 _
8 8.57 102.9 34.3 6
9 7.50 112.5 37.5 6
11 6.00 105.0 36.0 6
13 5.00 125.0 35.0 7
72 8 10.29 102.9 30.9 6'
9 4.00 108.0 36.0 6
10 8.00 120.0 32.0 6
12 6.55 114.5 34.3 6
14 5.54 110.8 '38.8 6
16 4.80 120.0 38.4 6
Total 150
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TABLE 1(b) BRIDGES ANALYZED

- wc, ft.
24 36 48 60 72
s "8
L 5 7 9le 7 8 9 11]7 9 11 13°|8 9 10 12 14 16
1/30 X
1/25 X X X X
1/20 X X X X X X X
. 1/17. X X X X X X X X X X X
i 1/15 X X X X X X X X X X X
1/12 X XX X X X X X X X X X X X X
1/10 X XX X X X|x x X X |x X X X
1/8 X X X | X X X X{X X X X X|xXx X X X X
1/7 X X X X X X X X X |X X X
1/6 X X X X X X X X X X X
1/5~ X X X X X X X
1/4 X X X X X X X
1/3 X X
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Fig. 1 Rectangular Plate Element and Basic
Displacement Components
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Fig. 2

(x,y) = Plane of Reference

Eccentrically Attached Beam Element
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Fig. 3(a) Coordinate System and Positive Sign Convention
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Comparison of Moment Percentages Derived from
Analysis Using 2 PL Mesh and 4 PL Mesh
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Comparison of Moment Percentages Derived from
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