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SUMMARY

The studies on wheel load distribution are carried out in three phases. Studies in Phase
I were focused on straight slab-on-girder, solid slab, voided slab and double Tee bridges. The
existing analytical and field load distribution methods were reviewed for different bridge types.
The grillage analogy concepts were presented together with the cross sectional properties of
different bridge types for grillage analogy idealization, field test procedures and methodologies.
Several\ parameters such as span length, bridge width, slab thickness, edge beam and number of
Janes are considered in the parametric studies of solid and voided slab bridges. Hundred and
sixty study cases were carried out to evaluate the various parameters affecting wheel load
distribution of slab-on-girder bridges. The load distribution factors from the analysis of double

Tee simply supported bridges are compared with those based on the AASHTO and LRFD

codes.

The studies in Phase II were focused on wheel load distribution of the skew slab-on-
girder and skew solid slab bridges. The various parameters affecting load distribution of skew
simply supported slab-on-girder bridges were studied using finite element method and data
from the field tests are used to verify the analytical results. Analytical and field studies on the
wheel load distribution of skew simply supported solid slab bridges are presented and

compared with those based on the AASHTO and LRFD codes. The finite element method

iv



and field test data were used to investigate the continuous skew and straight slab-on-I girder

bridges and compute the corresponding wheel load distribution factors.

The present studies in Phase III were mainly directed towards the analyses of
comprehensive field test data, shear load distribution of continuous slab-on-girder bridges,
and effects of diaphragms and shoulders on the wheel load distribution factors. The main
parameters that affect shear load distribution are compared for single and multiple span
bridges. The study on shear load distribution focuses on five main parameters: spacing
between the girders, variation of skew angle, variation in the number of spans, ratio
between adjacent two spans, and span length. The effect of diaphragms on wheel load
distribution was first evaluated for a field test bridge and compared with a finite element
model of the actual bridge. The diaphragm parameters that affect the wheel load
distribution were studie& to evaluate the effect of each parameter. The main conclusions

based on the studies in Phases I, II and I1I are presented in this report.
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CHAPTER 1

INTRODUCTION

1.1  INTRODUCTION

Analysis of the highway bridges to vehicular live loads is the key element in designing new
bridges and evaluating existing bridges for their load-carrying capacities. The American Association of
State Highways and Transportation Officials (AASHTO) method of load distribution reduces the
complex analysis of a bridge subjected to one or more vehicles to simple analysis of a beam.
According to the AASHTO method, the maximum load effects in a girder can be obtained by treating a
girder as a one dimensional beam subject to a loading, which is obtained by multiplying one line of
wheels of the design vehicle by a load fraction (Wheel Load mﬁﬁbution Factor). The AASHTO load
distribution factor is defined as S/D, where D is a constant and has the units of length and S is the

girder spacing. The constant D is given by the AASHTO specifications for different bridge types.

Recent research has produced a substantial amount of information on various bridge types
indicating a need for revisions of the AASHTO bridge specifications. The conservative load
distribution factors may be acceptable for the design of new bridges, but are unacceptable for reviewing
existing bridges. The conservative load distribution factors, that are used to evaluate an old bridge,
may give the impression that the bridge is unsafe, while the bridge may be safe, if more accurate

distribution factors are used. The science of bridge analysis and design has undergone major changes
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and 2 number of available powerful analytical tools include: i) the grillage analogy method, ii) the
orthotropic plate method, iii) the articulated plate method, and iv) the finite element method including
finite strip formulation. The results from the refined methods of analysis could be used to improve the

existing simplified approaches.

NCHRP project 12-26 (1992) was initiated to. develop comprehensive specification provisions
for distribution of wheel loads in highway bridges. The formulae developed in the NCHRP research
project form the basis for the current LRFD bridge design specifications and commentary. Interest in
the field load testing of highway bridges has increased significantly in recent years. The increased
interest has resulted in part from large number of older bridges across the country with posted load
limits that are below the normal legal truck weights. Field load testing frequently offers a means of
illustrating that the safe load capacity of a bridge, or bridge rating, is greater than the capacity

determined from standard rating calculations based on the AASHTO method.

The studies carried out in Phase I (Arockiasamy and Amer, 1995) present the load
distribution on certain bridge types viz., straight slab-on-girder, solid slab, voided slab and double-
tee bridges. The existing analytical and field load distribution methods for different bridge types
are reviewed in this study. Grillage analogy was used as an analytical tool to study the various

parameters affecting wheel-load distribution. The results from the analytical studies are compared

with those based on the field test data.



The primary aim of the studies in Phase II (Arockiasamy and Amer, 1997) was to
investigate the wheel load distribution of different bridge types — solid slab bridges and slab-on-
girder bridges with varying skew angles and multiple continuous spans. The study reviewed the
existing analytical and field load distribution methods for different bridge types. Finite element
method was used to carry out the detailed analyses to study the various parameters affecting
wheel load distribution. The data from field tests were collected and analyzed to evaluate the

LRFD specifications and the results from the finite element method.

1.2  OBJECTIVES AND SCOPE

The objectives of the research in Phase III are the following:

i) Evaluation of load distribution factors of typical bridges based on comprehensive field
testing.

ii) Determination of shear load distribution factors of continuous straight and skew slab-on-
girder bridges.

i)  Investigation of the effects of diaphragms and shoulders on the wheel load distribution

factors .

iv)  Evaluation of methods for determining the load distribution factors based on measured

strains and deflections.

Chapter 2 reviews the work carried out in Phases 1 ahd II on wheel load distribution factors

for different bridge types. Chapter 3 presents comprehensive field tests of skew slab-on-gider and



continuous skew slab-on-steel-girder bridges. Chapter 4 summarizes the results of the finite element
method for shear load distribution of skew single and multiple span slab-on-girder bridges. Chapter 5
presents the studies on the effects of diaphragms and shoulders on the wheel load distribution of simply
supported slab-on-girder bridges. The discussions on wheel load distribution of skew slab-on-girder
bridges based on field tests and bridge rating are presented in Chapter 6. The summary and

conclusions of the work carried out in Phases I, I, and IiI are presented in Chapter 7.
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CHAPTER 2

REVIEW OF WORK ON WHEEL
LOAD DISTRIBUTION CARRIED OUT
IN PHASES I AND II

21 INTRODUCTION

This chapter presents the summary of the wheel load distribution studies carried out
in Phases I and II [Arockiasamy and Amer, 1995 and 1997]. This summary will include the
grillage analogy and the finite element methods used in these investigations, the parametric
studies and comparisons with the field test data. The analyses of the bridges which have
beén subjected to field load testing as well as the parametric studies carried out in Phase III

are based on the finite element method.

The studies in Phase I are focused on the wheel load distribution on the more
commonly used bridge types in Florida viz., slab-on-girder, solid slab, voided slab and
double Tee bridges. The existing analytical and field load distribution methods for different
bridge types are reviewed and grillage analogy used as an analytical tool to study the various

parameters affecting wheel load distribution.

The primary aim of the studies in Phase II was to investigate the wheel load
distribution of different skew and continuous bridges. The study reviewed the existing

analytical and field load distribution methods for skew and continuous bridges. Finite
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element method was used to carry out the detailed analyses to study the various
parameters affecting wheel load distribution. The data from field tests were collected and

analyzed to evaluate the AASHTO and LRFD specifications and the results from the

finite element method.

2.2 METHODS OF ANALYSIS

2.2.1 Grillage Analogy Method

The grillage analogy is essentially an assembly of one-dimensional beams
subjected to loads acting in the direction perpendicular to the plane of the assembly. The
deformation characteristics of a rectangular element of an isotropic plate subjected to out-
of-plane load can be represented by an equivalent frame work model with a distribution
of stiffness that represerits as accurately as possible the properties of the real structure.
The rectangular model consists of an assembly of four side and two diagonal beams. This
idealization is shown in Fig. 2.1 and the expressions for the properties of the various

beams are as follows:

[ = vL%( t3
x ° Ly" L 2
y 24(1-v©)
VL%,\ t3
Iy = |Lx- L 2
x Jo4(1-v?)
EL,(1-3v)) 3
I, = — e (2.1)
G J41-v?)
. EL,(1-3v))] ¢t
y G  40-v?)
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Figure 2.1 Grillage idealization of slab element
where Iand J refer to the second moment of area and torsional inertia respectively, and
v is the Poisson’s ratio of the material of the plate. By making the Poisson’s ratio zero,
the diagonal beams can be eliminated, and the grillage reduced to an orthogonal assembly
of beams. The exprcssioﬁs for various beam properties appropriate to the different types
of bridge girders, corresponding to zero Poisson’s ratio are given in Chapter 3, Phase I
Final Report [Arockiasamy and Amer, 1995]. The matrix displacement method is used in

the analysis of the bridge structure idealized with longitudinal and transverse beams.

2.2.2 Finite Element Method

The finite element method is more versatile and flexible for the analyses of highly
skewed bridges (bridge skew > 45° ). In this study (Phases II and ), the bridge is
modeled as a three dimensional system using a generalized discretization scheme using

ANSYS 5.2 finite element program. The shell elements coupling bending with
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membrane action were used to model the bridge deck / slab. Also, beam elements were

used to model the top or bottom flanges of the girder.

Linear elastic material properties are used in the modeling. The reinforced
concrete slab is modeled using an 8 or 4 node shell element. Each I-girder is divided into
three parts: the two flanges and the web. Each flange was modeled by a beam element
with its properties lumped at the centroid of the flange. The web was modeled by shell
elements with four or eight mid-surface nodes. Each mid-surface node has six degrees of
freedom. To satisfy the compatibility of composite behavior, a rigid element was
assumed between the top beam elements and the centroids of the top deck slab shell
elements (Fig.2.2). Each bearing support was assumed to be located at the centroid of the
beam element representing the bottom flange of the girder. Under linear elastic
conditions, strains are i)roportional to the bending moments in the girders. Hence,
maximum strains at the extreme fiber of the bottom flanges obtained from finite element
results were used to compute the wheel load distribution factors of the girders, which are

compared with those based on the AASHTO and LRFD specifications.
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Fig. 2.2 Details of finite element model

23 LOAD DISTRIBUTION FACTORS BASED ON FIELD TESTS
2.3.1 Field Load Testing

Field load testing frequently offers a means of determining the load capacity of a
bridge. The strength of a bridge can also be determined from standard rating calculation
based on the AASHTO and LRFD methods. In some cases, the field tests indicate a higher
load capacity since the AASHTO wheel load distribution factors tend to overestimaté the
loads carried by the individual girders. Florida Department of Transportation (FDOT) have
been testing many bridges to check the strengths and establish bridge ratings. The strength
of bridge elements is generally determined by first placing strain or deflection transducer

gages at the bridge critical locations along the elements, and then incrementally loading
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them to induce maximum effects. The data collected can then be analyzed and used to

establish the strength of each component as well as the load distribution factors.

The FDOT's bridge load testing system consists of test vehicles and a mobile data
acquisition system. Each test vehicle is a specially designed tractor-trailer combination,
weighing in excess of 200 kips when fully loaded with concrete blocks.  Detailed
dimensions of the test vehicles are shown in Figure 2.3. Each vehicle can carry a maximum
of 72 concrete blocks, each weighing approximately 2,150 pounds. Incremental loading is
achieved by adding blocks with a self-contained hydraulic crane mounted on each truck.

Figs. 2.4 and 2.5 show the wheel loads for each load increment.

Data from some bridge testing reports were used for load distribution analyses in
Phases I and II. The typical report contains transverse strain distributions in the maximum
bending moment section for several loading stages. The report also contains the applied

moment vs strain curves for several loading stages.

2.3.2 Maeasured Distribution Factors

This measured wheel load distribution factor can be used in bridge rating
calculations in place of wheel load distribution defined by the AASHTO. The AASHTO
(Guide specifications 1989) has also presented a refméd bridge rating methodology in
which measured wheel load distribution factors can be used. A load distribution factor
may be calculated from the strains of each girder determined from the finite element

analyses or field tests. The distribution factor, DF is equal to the ratio of maximum girder
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bending moment obtained from the finite element method or field test to the total bending
moment in the bridge idealized as a one-dimensional beam subjected to one set of wheels.
The sum of internal bending moments is equivalent to externally applied bending
moments due to the wheel loads for a straight bridge. Assuming all traffic lanes are
loaded with equal-weight trucks, the wheel load distribution factor for the ith girder in a

straight bridge is calculated from the strains as follows ( Stalling and Yoo 1993):

ne,
DF, = m (2.2)
where
& = the bottom flange strain at the ith girder
W; = ratio of the section modulus of the jth girder to the section modulus of a
typical interior girder
n = number of wheel lines of applied loading

Eqn. 2.2 is based on the assumption that the sum of the internal moments or the
total area under the moment distribution curve should be equal to the externally applied
moment. However, this assumption is not realistic to yield the actual moment distribution
in skew bridges. The sum of the girder strains in a straight bridge will be used to take into

account the total external load effects in skew bridges. Egn. 2.2 can, therefore, be

modified as follows:

E.
D F;-g _ & (2.3)
(zj=1—)k£f“,j) 0=0
where €ip = the bottom flange strain at the ith girder of the skew bridge
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2.4 REVEW ON LOAD DISTRIBUTION STUDIES IN PHASE1

2.4.1 Solid and Voided Slab Bridges

The slab bridges are solid or voided sections that span between supports in the
longitudinal direction, i.e., traffic direction. The slab bridges are practical for shorter spans
up to 45 ft. for voided sections and up to 30 ft. for solid sections [Heins and Lawrie, 1984].
Wheel load distribution analyses of slab bridges based on both grillage analogy and field
tests were carried out in Phase I The effects of span length, bridge width, slab thickness,
edge beam and other parameters on effective width were investigated using grillage analogy
method. The AASHTO and LRFD load distribution factors were compared with the results
of solid and voided slab bridge field tests. A simple design criteria for load distribution was

derived as an alternative to current design methods.

2.4.1.1 Solid slab bridges

The effective widths calculated using grillage analogy are larger than those
calculated using AASHTO and LRFD codes, which indicate that both AASHTO and
LRFD codes give conservative estimate of effective width, E for solid slab bridges. Based
on this limited study, the bridge width can be neglected as a parameter in calculating the
effective widths of solid slab bridges. The variation of slab thickness has very little effect
in the effective width. This finding confirms the approaches specified by the AASHTO and

LRFD codes in neglecting the thickness as a parameter in effective width calculation.

The edge beam moment increases with increase in moment of inertia, i.e. increase in

edge beam depth or width. The edge beam depth significantly affects the value of effective
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width (Fig. 2.6). Slab bridges without edge beams or with hidden edge beams have greater
maximum moment than similar slab bridges with edge beam and hence the resulting
effective width is smaller. These results suggest that the edge beam size should be taken
into account in wheel load distribution. Neither AASHTO specifications nor the LRFD
code considers the edge beam effect in the effective width calculations. Based on the solid
slab parametric studies, the span length and the edge beam depth are the main parameters,
which significantly affect the effective width calculations. Effective width equations are
proposed for solid slab bridges without edge beams and with edge beams. For solid slab
bridges without edge beams or with hidden edge beams, the following equation based on

the least square fit of the grillage analogy results for the effective width could be used for

spans up to 40 ft. and slab thickness up to 14 in. (Fig. 2.7):

E = 689 + 023L 2.4)
where

E = Effective width over which truck load is assumed to be uniformly distributed, ft.

L = Span length, ft.

The effect of edge beam depth above the slab thickness can be taken into

consideration by multiplying Eqn. 2.4 by a factor Cedge given by

Cedge = 1.0 + 0.0125 (dy - 6.0) 2.5)

where d; = Edge beam depth above the slab thickness, in.
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2.4.1.2 Voided slab bridges

Comparisons between similar solid and voided slab bridges were made to examine
the assumption that both solid and voided slab bridges have the same effective width. The
maximum bending moment for solid slab is smaller than that for voided slab, which means
the solid slab has larger effective width than an identical voided slab bridge. The difference
in effective widths of solid and voided slab bridges may be attributed to the relative vertical

movements between the voided slab precast units.

2.4.2 Slab-on-Girder Bridges

The slab-on-girder bridges are the most common type of bridges in Florida. The
precast concrete girders such as standard precast AASHTO I-girders and precast bulb-Tee
sections are efficient and ;zefy economical. The slab-on-girder bridges are practical for spans
up to 120 ft. for AASHTO I-girders, whereas the bulb-Tee girders are ideal for spans up to
150 ft.

Wheel load distributions of slab-on-girder bridges based on grillage analogy and field tests
are investigated in Phase I. The effects of girder spacing, span length, bridge width, slab
thickness, exterior and interior girders and other parameters on wheel load distribution are
studied using grillage analogy. The measured load distribution factors from the field tests

are compared with the AASHTO and the LRFD load distribution factors.

Girder spacing is a very important factor in determining flexural and shear wheel
load distributions of slab-on-girder bridges. The flexural distribution factors for interior

girders based on LRFD are generally smaller than those calculated using grillage analogy
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particularly for larger girder spacing (Fig. 2.8). It is shown that the distribution factors
based on LRFD code are in better agreement with those calculated using grillage analogy
for smaller girder spacing, which is more commonly used. For a given girder spacing, the
LRFD load distribution equation overestimates the effect of longitudinal stiffness
parameter, K, on wheel load distribution (Fig. 2.9) and this is more evident for exterior
girders.

The distribution factor calculated using grillage analogy is larger than those based
on AASHTO and LRFD codes particularly for shorter spans. However, the AASHTO and
LRFD load distribution factors compare well for longer spans (90 and 100 ft) which are
commonly used in bridges (Fig. 2.10). The distribution factor for the 54 ft. wide bridge is
slightly higher than that for the 36 ft. wide bridge (2% to 4%) and this can be considered to
be insignificant. This establishes that AASHTO and LRFD codes are realistic in neglecting
the bridge width as a parameter in load distribution.

The detailed parametric studies on shear load distribution indicate that the girder
spacing is a dominant parameter in shear load distribution. Parameters such as span length,
bridge width and girder stiffness have little effect on shear load distribution for AASHTO
girders. Simplified equation for shear load distribution of slab-on-AASHTO girders is
suggested for interior and exterior girders. Fig. 2.11 shows the effect of girder spacing
variation on load distribution factors for all the cases calculated using grillage analogy
method for interior girders. The best linear fit for shear load distribution of AASHTO
interior girders is given by

Shear DF = 0.04 + 0.1 S (2.6)

Where S= girder spacing.

2-15



23

22 |
21 ¢
20
5191

51.8

517 |

=16
Q

£1.5 |

o
=14

=140
51.3 |
1.2 |

1.1

1.0

0.9

1 ! i

, x
Interior girders

° Grillage analogy
L AASHTO
A LRFD

{ L ! L ! 1 1 ! L |

5

6 7 8 9 10 11
Girder spacing, ft.

12

Fig. 2.8 Effect of girder spacing variations on load distribution of slab-on-girder

1.3

-
(X}

—-—
.
—

Distribution factor, DF

1.0

bridges

i i i T T ! i ! ] 4 | ! i 1

Interior girder, S = 6 ft.

° Grillage analogy
L AASHTO
A LRFD

) 1 ! L ] L 1 L ! | ! )| . ] i i

1.0

12 14 16 18 20 22 24 26 28
Longitudinal stiffness parameter, Kg x 1 06

3.0

Fig. 2.9 Longitudinal stiffness parameter, K, effect on load distribution based on

grillage analogy, AASHTO and LRFD codes (interior girders)
2-16



-

4

Fig. 2.12 shows the effect of girder spacing variation on load distribution factors

for all the cases calculated using grillage analogy method for exterior girders. The best
linear fit for shear load distribution of AASHTO exterior girders is given as

Shear DF = 0.21 + 0.055 S 2.7

Eqgns. 2.6 and 2.7 are simple, and for smaller girder spacings, give results comparable to

those based on LRFD code.

In general the load distribution factor decreases with increasing span for interior and

exterior bulb-tee girders; but this decrease is more than that for AASHTO girders. The

effect of span length on distribution factors of bulb-Tee girder requires more studies

including field test data to qQuantify its importance. The girder stiffness effect was

insignificant in bulb-Tee flexural load distribution. The grillage analogy method gives

larger moment load distribution factors than the LRFD and AASHTO codes, but smaller
shear load distribution factors compared to the LRFD and AASHTO codes

243 Double Tee Bridges

Double tee beams have been used in the past for rural and secondary roads; however

they can be used at state and interstate highways with spans up to 80 ft. The precast double-
Tee beams are arranged longitudinally side by side forming a simple "V" joint and tied
together by transverse post-tensioning. The elimination of cast-in-place elements is
associated with speed of construction and reduction in labor costs. The grillage analogy
method is used in Phase I to analyze a double tee simply supported bridge and calculate the
corresponding load distribution factors. The results obtained are compared with those based

on AASHTO and LRFD codes, Field tests of double tee bridges performed by FDOT are

analyzed to investigate the load distribution factors of double tee bridges.
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The load distribution factors for the interior girders decrease with increasing span
and the load distribution factors of exterior girders increase with span increase. It is clear
that the load distribution factor of the exterior girders is more dependent on the span than
the interior girders. This is consistent with the results of analysis of slab-on-AASHTO
girders. The LRFD code does not consider that exterior girders are more dependent on span
length than interior girders. This observation neéds further research on more double tee
cross section types. The measured DF was smaller than that based on grillage analogy,

LRFD and AASHTO codes.

25 REVEW ON LOAD DISTRIBUTION STUDIES IN PHASE I

25.1 Skew Slab —on-Girder Bridges

Wheel load distributions of skew slab-on-girder bﬁdges based on finite element
method and field tests are investigated in Phase II. The effects of skew angle, span length
girder spacing and slab thickness, exterior and interio-r girders and other parameters
wheel load distribution are determined using finite element method. The measured w
load distribution factors based on field tests on skew slab-on girder bridges are cor

with the AASHTO and the LRFD values.

Increase in skew angle reduces load distribution factors for the interior gird:
results from finite element analyses compare reasonably with the LRFD code par
for skew angles higher than 30 degrees (Fig. 2.13). Skew angle effect on load dis

for exterior girders is similar to that of the interior girders. The finite element resi
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decrease in the load distribution factor with the increase in skew angles. Girder spacing is a

very important factor in determining flexural wheel load distributions of skew slab-on-

girder bridges. The flexural load distribution factors based on LRFD code are in better

agreement with those calculated using finite element method for smaller girder spacing,

which are more commonly used (Fig. 2.14).

The interior girder distribution factor based on finite element method shows smaller

decreases with increasing span length. However, the load distribution for exterior girders

based on finite element analyses increases with increasing span length. For 2 given skew

angle, girder spacing and span length, the LRFD load distribution equation overestimates

the effect of slab thickness on wheel load distribution (Fig. 2.15). The finite element results

show little effect on load distribution for the variation of slab thickness between 3.85in. to

7 in., which corresponds to a variation of stiffness ratio, H between 5 to 30. H=EyIx/aD

, D = flexural stiffness of slab per unit width).

The data from three field tests conducted on skew slab-on-girder bridges were used

to validate the finite element model. In addition, the wheel load distribution factors based on

the field test data were compared with those based on finite element analyses and AASHTO

and LRFD codes. The load distribution factors based on finite element analyses were

greater by 30 % of the measured values. This difference may be attributed to the variations

in concrete strength and section modulus, which are used in calculating the measured load

distribution factor. The distribution factors based on AASHTO codes and LRFD were

higher than those calculated using the measured strains and finite element method. This

may be attributed to the fact that both AASHTO code and to a lesser extent, the LRFD code
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do not take into account the additional stiffness contribution of the shoulder and parapets to

the bridge stiffness. The effect of the shoulders in the load distribution is investigate

phase III of this study.
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2.5.2 Skew Solid Slab Bridges

Wheel load distribution factors of skew solid slab bridges are determined based on
finite element method and field tests. The finite element method is used to determine the
effective width and study the effects of skew angle, span length, edge beam depth and
other parameters on wheel load distribution. The effective widths based on the AASHTO

and the LRFD codes are compared with the measured values of simply supported skew

slab bridges.

The effective widths calculated using finite element method are larger than those
calculated using AASHTO and LRFD codes, which indicate that both AASHTO and LRFD
codes give conservative estimate of effective width, E for skew solid slab bridges. The
effective width increases with increase in the skew angle for solid slab bridges. This agrees
with the LRFD codes in considering the skew angle as a parameter in effective width
calculation. The finite element results show that for skew angles higher than 30°, the

effective width is governed by the lane width (Fig. 2.16).

The span length is an important factor in effective width calculation. The effective
width tends to increase as the span length increases. The edge beam moment increases with
increase in moment of inertia, i.e. increase in edge beam depth or width. The edge beam
depth significantly affects the value of effective width, E. Based on the skew solid slab
parametric studies, the skew angle, span length and the edge beam depth are the main

parameters, which significantly affect the effective width calculations.
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2.5.3 Continuous Slab-on-Girder Bridges

The AASHTO and LRFD codes do not specify any modification for computing
the distribution factors for continuous bridges as they do for single span skew bridges.
The LRFD code commentary gives the following for deleting the correction factors: the
value of the correction factors were within 5%, Wi‘liCh is less than the level of the
accuracy for the approximate distribution factor method; also the increase in the
distribution coefficient for negative moments tends to cancel out when the distribution of
reaction force over the bearing is considered. Other publications have recognized the
need for more research to examine the importance of the correction factor for continuity
[Khaleel, Itani 1990]. Alternative designs for continuous bridges have taken a direction
in which computer models using finite element method (FEM) accurately predict the
bridge behavior for various loading cases. The effects of bridge skew angles, number of

spans, span ratio between two spans, and other parameters on flexural load distribution
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factors were studied using FEM, AASHTO, and LRFD. The flexural load distribution

factors based on FEM are compared with those based on field tests on continuous

bridges.

In continuous bridges, the strains are generally higher at the interior supports than
at mid-spans. The strain distributions in the transverse direction are similar for both
positive and negative moment load cases. The FEM analyses show strain distributions
become less uniform as skew angle increases (Fig. 2.17). Based on the parametric studies,
the effect of the number of spans on the load distribution factors is small and can be

neglected. In general, the FEM load distribution factors are smaller than those based on

the LRFD code.

The interior girder load distribution factors show little variation as the ratios
between the spans increase for both positive and negative moments. However, the exterior
girder load distribution factors show a small increase (10%-13%) as the ratios between the
spans increase. Comparisons between continuous and single span slab-on-girder bridges

show that there is little change in the flexural load distribution factor with increase in the

number of spans.
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CHAPTER 2

REVIEW OF WORK ON WHEEL
LOAD DISTRIBUTION CARRIED OUT
IN PHASESTAND I

2.1 INTRODUCTION

This chapter presents the summary of the wheel load distribution studies carried out
in Phases I and I [Arockiasamy and Amer, 1995 and 1997]. This summary will include the
grillage analogy and the finite element methods used in these investigations, the parametric
studies and comparisons with the field test data. The analyses of the bridges which have
been subjected to field load testing as well as the parametric studies carried out in Phase III

are based on the finite element method.

The studies in Phase I are focused on the wheel load distribution on the more
commonly used bridge types in Florida viz., slab-on-girder, solid slab, voided slab and
double Tee bridges. The existing analytical and field load distribution methods for different
bridge types are reviewed and grillage analogy used as an analytical tool to study the various

parameters affecting wheel load distribution.

The primary aim of the studies in Phase II was to investigate the wheel load
distribution of different skew and continuous bridges. The study reviewed the existing

analytical and field load distribution methods for skew and continuous bridges. Finite
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clement method was used to carry out the detailed analyses to study the various
parameters affecting wheel load distribution. The data from field tests were collected and
analyzed to evaluate the AASHTO and LRFD specifications and the results from the

finite element method.

2.2 METHODS OF ANALYSIS

2.2.1 Grillage Analogy Method

The grillage analogy is essentially an assembly of one-dimensional beams
subjected to loads acting in the direction perpendicular to the plane of the assembly. The
deformation characteristics of a rectangular element of an isotropic plate subjected to out-
of-plane load can be représented by an equivalent frame work model with a distribution
of stiffness that represents as accurately as possible the properties of the real structure.
The rectangular model consists of an assembly of four side and two diagonal beams. This
idealization is shown in Fig. 2.1 and the expressions for the properties of the various

beams are as follows:

VL%( ¢3
IX = LY—L 2

y J24(1-v?)
I L VL2y t3
YUY Ly 2aa-v@)

EL,(1-3v)) 3
G 24(1-v?)

EL,(1-3v)) 3
y G 24(1-v?)
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Figure 2.1 Grillage idealization of slab element
where I and J refer to the second moment of area and torsional inertia respectively, and
v is the Poisson’s ratio of the material of the plate. By making the Poisson’s ratio zero,
the diagonal beams can bé eliminated, and the grillage reduced to an orthogonal assembly
of beams. The expressioﬁs for various beam properties appropriate to the different types
of bridge girders, corresponding to zero Poisson’s ratio are given in Chapter 3, Phase I
Final Report [Arockiasamy and Amer, 1995]. The matrix displacement method is used in

the analysis of the bridge structure idealized with longitudinal and transverse beams.

2.2.2 Finite Element Method

The finite element method is more versatile and flexible for the analyses of highly
skewed bridges (bridge skew > 45° ). In this study (Phases II and III), the bridge is
modeled as a three dimensional system using a generalized discretization scheme using

ANSYS 5.2 finite element program. The shell elements coupling bending with
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membrane action were used to model the bridge deck / slab. Also, beam elements were

used to model the top or bottom flanges of the girder.

Linear elastic material properties are used in the modeling. The reinforced
concrete slab is modeled using an 8 or 4 node shell element. Each I-girder is divided into
three parts: the two flanges and the web. Each flange was modeled by a beam element
with its properties lumped at the centroid of the flange. The web was modeled by shell
elements with four or eight mid-surface nodes. Each mid-surface node has six degrees of
freedom. To satisfy the compatibility of composite behavior, a rigid element was
assumed between the top beam elements and the centroids of the top deck slab shell
elements (Fig.2.2). Each bearing support was assumed to be located at the centroid of the
beam element representihg the bottom flange of the girder. Under linear elastic
conditions, strains are proportional to the bending moments in the girders. Hence,
maximum strains at the extreme fiber of the bottom flanges obtained from finite element
results were used to compute the wheel load distribution factors of the girders, which are

compared with those based on the AASHTO and LRFD specifications.
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Fig. 2.2 Details of finite element model

23 LOAD DISTRIBUTION FACTORS BASED ON FIELD TESTS
2.3.1 Field Load Testing

Field load testing frequently offers a means of determining the load capacity of a
bridge. The strength of a bridge can also be determined from standard rating calculation
based on the AASHTO and LRFD methods. In some cases, the field tests indicate a higher
load capacity since the AASHTO wheel load distribution factors tend to overestimate the
loads carried by the individual girders. Florida Department of Transportation (FDOT) have
been testing many bridges to check the strengths and establish bridge ratings. The strength
of bridge elements is generally determined by first placing strain or deflection transducer

gages at the bridge critical locations along the elements, and then incrementally loading
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them to induce maximum effects. The data collected can then be analyzed and used to -

establish the strength of each component as well as the load distribution factors.

The FDOT's bridge load testing system consists of test vehicles and a mobile data
acquisition system. Each test vehicle is a specially designed tractor-trailer combination,
weighing in excess of 200 kips when fully loaded with concrete blocks.  Detailed
dimensions of the test vehicles are shown in Figure 2.3. Each vehicle can carry a maximum
of 72 concrete blocks, each weighing approximately 2,150 pounds. Incremental loading is
achieved by adding blocks with a self-contained hydraulic crane mounted on each truck.

Figs. 2.4 and 2.5 show the wheel loads for each load increment.

Data from some bridge testing reports were used for load distribution analyses in
Phases I and II. The typical report contains transverse strain distributions in the maximum
bending moment section for several loading stages. The report also contains the applied

moment vs strain curves for several loading stages.

2.3.2 Measured Distribution Factors

This measured wheel load distribution factor can be used in bridge rating
calculations in place of wheel load distribution defined by the AASHTO. The AASHTO
(Guide specifications 1989) has also presented a refined bridge rating methodology in
which measured wheel load distribution factors can be used. A load distribution factor
may be calculated from the strains of each girder determined from the finite element

analyses or field tests. The distribution factor, DF is equal to the ratio of maximum girder
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bending moment obtained from the finite element method or field test to the total bending
moment in the bridge idealized as a one-dimensional beam subjected to one set >of wheels.
The sum of internal bending moments is equivalent to externally applied bending
moments due to the wheel loads for a straight bridge. Assuming all traffic lanes are
loaded with equal-weight trucks, the wheel load distribution factor for the ith girder in a

straight bridge is calculated from the strains as follows ( Stalling and Yoo 1993):

ne;
DF, = m (2.2)
where
& = the bottom flange strain at the ith girder
W, = ratio of the section modulus of the jth girder to the section modulus of a
typical interior girder
n = number of wheel lines of applied loading

Eqgn. 2.2 is based on the assumption that the sum of the internal moments or the
total area under the moment distribution curve should be equal to the externally applied
moment. However, this assumption is not realistic to yield the actual moment distribution
in skew bridges. The sum of the girder strains in a straight bridge will be used to take into
account the total external load effects in skew bridges. Eqn. 2.2 can, therefore, be

modified as follows:

DF, = 7o t— 2.3)
(zj=l—)k S.iu/j) 0=0
where € = the bottom flange strain at the ith girder of the skew bridge
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24 REVEW ON LOAD DISTRIBUTION STUDIES IN PHASE I
2.4.1 Solid and Voided Slab Bridges

The slab bridges are solid or voided sections that span between supports in the
longitudinal direction, i.e., traffic direction. The slab bridges are practical for shorter spans
up to 45 ft. for voided sections and up to 30 ft. for solid sections [Heins and Lawrie, 1984].
Wheel load distribution analyses of slab bridges based on both grillage analogy and field
tests were carried out in Phase I The effects of span length, bridge width, slab thickness,
edge beam and other parameters on effective width were investigated using grillage analogy
method. The AASHTO and LRFD load distribution factors were compared with the results
of solid and voided slab bridge field tests. A simple design criteria for load distribution was

derived as an alternative to.current design methods.

2.4.1.1 Solid slab bridges

The effective widths calculated using grillage analogy are larger than those
calculated using AASHTO and LRFD codes, which indicate that both AASHTO and
LRFD codes give conservative estimate of effective width, E for solid slab bridges. Based
on this limited study, the bridge width can be neglected as a parameter in calculating the
effective widths of solid slab bridges. The variation of slab thickness has very little effect
in the effective width. This finding confirms the approaches specified by the AASHTO and

LRFD codes in neglecting the thickness as a parameter in effective width calculation.

The edge beam moment increases with increase in moment of inertia, i.e. increase in

edge beam depth or width. The edge beam depth significantly affects the value of effective
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width (Fig. 2.6). Slab bridges without edge beams or with hidden edge beams have greater
maximum moment than similar slab bridges with edge beam and hence the resulting
effective width is smaller. These results suggest that the edge beam size should be taken
into account in wheel load distributiqn. Neither AASHTO specifications nor the LRFD
code considers the edge beam effect in the effective width calculations. Based on the solid
slab parametric studies, the span length and the edge beam depth are the main parameters,
which significantly affect the effective width calculations. Effective width equations are
proposed for solid slab bridges without edge beams and with edge beams. For solid slab
bridges without edge beams or with hidden edge beams, the following equation based on
the least square fit of the grillage analogy results for the effective width could be used for

spans up to 40 ft. and slab.thickness up to 14 in. (Fig. 2.7):

E = 689 + 0.23L (2.4)

where
E = Effective width over which truck load is assumed to be uniformly distributed, ft.

L = Span length, ft.

The effect of edge beam depth above the slab thickness can be taken into

consideration by multiplying Eqn. 2.4 by a factor Ceqge given by

Cedge = 1.0 + 0.0125(d; - 6.0) (2.5)

where d; = Edge beam depth above the slab thickness, in.
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2.4.1.2 Voided slab bridges

Comparisons between similar solid and voided slab bridges were made to examine
the assumption that both solid and voided slab bridges have the same effective width. The
maximum bending moment for solid slab is smaller than that for voided slab, which means
the solid slab has larger effective width than an identical voided slab bridge. The difference
in effective widths of solid and voided slab bridges may be attributed to the relative vertical

movements between the voided slab precast units.

2.4.2 Slab-on-Girder Bridges

The slab-on-girder bridges are the most common type of bridges in Florida. The
precast concrete girders sﬁch as standard precast AASHTO I-girders and precast bulb-Tee
sections are efficient and Very economical. The slab-on-girder bridges are practical for spans
up to 120 ft. for AASHTO I-girders, whereas the bulb-Tee girders are ideal for spans up to
150 ft.

Wheel load distributions of slab-on-girder bridges based on grillage analogy and field tests
are investigated in Phase I. The effects of girder spacing, span length, bridge width, slab
thickness, exterior and interior girders and other parameters on wheel load distribution are
studied using grillage analogy. The measured load distribution factors from the field tests

are compared with the AASHTO and the LRFD load distribution factors.

Girder spacing is a very important factor in determining flexural and shear wheel
load distributions of slab-on-girder bridges. The flexural distribution factors for interior

girders based on LRFD are generally smaller than those calculated using grillage analogy
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particularly for larger girder spacing (Fig. 2.8). It is shown that the distribution factors
based on LRFD code are in better agreement with those calculated using grillage analogy
for smaller girder spacing, which is more commonly used. For a given girder spacing, the
LRFD load distribution equation overestimates the effect of longitudinal stiffness
parameter, K, on wheel load distribution (Fig. 2.9) and this is more evident for exterior
girders.

The distribution factor calculated using grillage analogy is larger than those based
on AASHTO and LRFD codes particularly for shorter spans. However, the AASHTO and
LRED load distribution factors compare well for longer spans (90 and 100 ft) which are
commonly used in bridges (Fig. 2.10). The distribution factor for the 54 ft. wide bridge is
slightly higher than that for the 36 ft. wide bridge (2% to 4%) and this can be considered to
be insignificant. This establishes that AASHTO and LRFD codes are realistic in neglecting
the bridge width as a parameter in load distribution.

The detailed parametric studies on shear load distribution indicate that the girder
spacing is a dominant parameter in shear load distribution. Parameters such as span length,
bridge width and girder stiffness have little effect on shear load distribution for AASHTO
girders. Simplified equation for shear load distribution of slab-on-AASHTO girders is
suggested for interior and exterior girders. Fig. 2.11 shows the effect of girder spacing
variation on load distribution factors for all the cases calculated using grillage analogy
method for interior girders. The best linear fit for shear load distribution of AASHTO
interior girders is given by

Shear DF=0.04 + 0.1 S (2.6)

Where S= girder spacing.

2-15



2.3 . ; . T
090 L Interior girders
o1 [ e  Grillage analogy
oo | | AASHTO
W s A LRFD
51.9 |

51.8
S17 )
!
515
1.4
813}
12|
11
1.0

0.9 e L 1 1 ! | ! 1 ! ! 1 L ! !
5 6 7 8 9 10 11 12
Girder spacing, ft.

Fig. 2.8 Effect of girder spacing variations on load distribution of slab-on-girder

bridges.
1 .3 ¥ 1 ! 1 T T ! i ! | 4 i 4 i v i
Interior girder, S = 6 ft.
° Grillage analogy

N u AASHTO
@] A LRFD
w12 .
[@]
' .—//0—’/”.
~
c
9
5
Q
L JLEL - - — il
o

1 -0 ! $ 1 L L ! { [ ! ! l ! L | 1 I L 1

10 12 14 16 18 20 22 24 26 28 30
Longitudinal stifiness parameter, Kg x 106

Fig. 2.9 Longitudinal stiffness parameter, K, effect on load distribution based on
grillage analogy, AASHTO and LRFD codes (interior girders)

2-16



Fig. 2.12 shows the effect of girder spacing variation on load distribution factors
for all the cases calculated using grillage analogy method for exterior girders. The best
linear fit for shear load distribution of AASHTO exterior girders is given as

Shear DF = 0.21 + 0.055 S 2.7
Eqns. 2.6 and 2.7 are simple, and for smaller girder spacings, give results comparable to
those based on LRFD code.

In general the load distribution factor decreases with increasing span for interior and
exterior bulb-tee girders; but this decrease is more than that for AASHTO girders. The
effect of span length on distribution factors of bulb-Tee girder requires more studies
including field test data to quantify its importance. The girder stiffness effect was
insignificant in bulb-Tee flexural load distribution. ~The grillage analogy method gives
larger moment load distribution factors than the LRFD and AASHTO codes, but smaller
shear load distribution factors compared to the LRFD and AASHTO codes
2.43 Double Tee Bridges

Double tee beams have been used in the past for -rural and secondary roads; however
they can be used at state and interstate highways with spans up to 80 ft. The precast double-
Tee beams are arranged longitudinally side by side forming a simple "V" joint and tied
together by transverse post-tensioning. The elimination of cast-in-place elements is
associated with speed of construction and reduction in labor costs. The grillage analogy
method is used in Phase I to analyze a double tee simply supported bridge and calculate the
corresponding load distribution factors. The results obtained are compared with those based
on AASHTO and LRFD codes. Field tests of double tee bridges performed by FDOT are

analyzed to investigate the load distribution factors of double tee bridges.

2-17



1 4 T T T T T T T i
° Crillage analogy S=6.0 ft.
o AASHTO
m LRFD

—d
w
|

Distribution factor, DF
N

e

.

b
I

1.0 ' ‘ : : : ‘ ‘ ' ’
50 60 70 80 90 100
Span length, ft.

Fig. 2.10 Span length variation effect on load distribution based on grillage
analogy, AASHTO and LRFD codes (interior girders)

2-18



N
w

—I-—I.—A.—LM
e N o =

—
.
-t

o

T
4> e

Shear load distribution factor, DF

o
N

S
- o

—t e
w o N

—h
.
-

o o

Shear load distribution factor, DF

o
©

-
©

]

| ' 11
Interior girders

Grillage analogy
Proposed formula
AASHTO

LRFD

_ Fig. 2.11 Shear load distribution simplified formula (interior girder)

8

9

Spacing, ft.

10

11

12

4> fJe

T

Exterior girders

Grillage analogy
Proposed formula
AASHTO

LRFD

Fig. 2.12 Shear load distribution simplified formula (exterior girder)

8

9

Spacing, ft.

2-19

10

11

12



The load distribution factors for the interior girders decrease with increasing span -
and the load distribution factors of exterior girders increase with span increase. It is clear
that the load distribution factor of the exterior girders is more dependent on the span than
the interior girders. This is consistent with the results of analysis of slab-on-AASHTO
girders. The LRFD code does not consider that exterior girders are more dependent on span
length than interior girders. This observation needs further research on more double tee
cross section types. The measured DF was smaller than that based on grillage analogy,

LRFD and AASHTO codes.

2.5 REVEW ON LOAD DISTRIBUTION STUDIES IN PHASE II

2.5.1 Skew Slab -on-Girder Bridges

Wheel load distributions of skew slab-on-girder bridges based on finite element
method and field tests are investigated in Phase II. The effects of skew angle, span length,
girder spacing and slab thickness, exterior and interiof girders and other parameters on
wheel load distribution are determined using finite element method. The measured wheel
load distribution factors based on field tests on skew slab-on girder bridges are compared

with the AASHTO and the LRFD values.

Increase in skew angle reduces load distribution factors for the interior girders. The
results from finite element analyses compare reasonably with the LRFD code particularly
for skew angles higher than 30 degrees (Fig. 2.13). Skew angle effect on load distribution

for exterior girders is similar to that of the interior girders. The finite element results show
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decrease in the load distribution factor with the increase in skew angles. Girder spacing isa
very important factor in determining flexural wheel load distributions of skew slab-on-
girder bridges. The flexural load distribution factors based on LRFD code are in better
agreement with those calculated using finite element method for smaller girder spacing,

which are more commonly used (Fig. 2.14).

The interior girder distribution factor based on finite element method shows smaller
decreases with increasing span length. However, the load distribution for exterior girders
based on finite element analyses increases with increasing span length. For a given skew
angle, girder spacing and span length, the LRFD load distribution equation overestimates
the effect of slab thickness on wheel load distribution (Fig. 2.15). The finite element results
show little effect on load distribution for the variation of slab thickness between 3.85 in. to
7 in., which corresponds fo é variation of stiffness ratio, H between 5 to 30. (H=E;Ix/aD

, D = flexural stiffness of slab per unit width).

The data from three field tests conducted on skew slab-on-girder bridges were used
to validate the finite element model. In addition, the wheel load distribution factors based on
the field test data were compared with those based on finite element analyses and AASHTO
and LRED codes. The load distribution factors based on finite element analyses were
greater by 30 % of the measured values. This difference may be attributed to the variations
in concrete strength and section modulus, which are used in calculating the measured load
distribution factor. The distribution factors based on AASHTO codes and LRFD were
higher than those calculated using the measured strains and finite element method. This

may be attributed to the fact that both AASHTO code and to a lesser extent, the LRFD code
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do not take into account the additional stiffness contribution of the shoulder and parapets to -
the bridge stiffness. The effect of the shoulders in the load distribution is investigated in

phase III of this study.
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2.5.2 Skew Solid Slab Bridges

Wheel load distribution factors of skew solid slab bridges are determined based on
finite element method and field tests. The finite element method is used to determine the
effective width and study the effects of skew angle, span length, edge beam depth and
other parameters on wheel load distribution. The effective widths based on the AASHTO
and the LRFD codes are compared with the measured values of simply supported skew

slab bridges.

The effective widths calculated using finite element method are larger than those
calculated using AASHTO and LRFD codes, which indicate that both AASHTO and LRFD
codes give conservative estimate of effective width, E for skew solid slab bridges. The
effective width increases with increase in the skew angle for solid slab bridges. This agrees
with the LRFD codes in considering the skew angle as a parameter in effective width
calculation. The finite element results show that for skew angles higher than 30°, the

effective width is governed by the lane width (Fig. 2.16).

The span length is an important factor in effective width calculation. The effective
width tends to increase as the span length increases. The edge beam moment increases with
increase in moment of inertia, i.e. increase in edge beam depth or width. The edge beam
depth significantly affects the value of effective width, E. Based on the skew solid slab
parametric studies, the skew angle, span length and the edge beam depth are the main

parameters, which significantly affect the effective width calculations.
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2.5.3 Continuous Slab-on-Girder Bridges

The AASHTO and LRFD codes do not specify any modification for computing
the distribution factors for continuous bridges as they do for single span skew bridges.
The LRFD code commentary gives the following for deleting the correction factors: the
value of the correction factors were within 5%, which is less than the level of the
accuracy for the approximate distribution factor method; also the increase in the
distribution coefficient for negative moments tends to cancel out when the distribution of
reaction force over the bearing is considered. Other publications have recognized the
need for more research to examine the importance of the correction factor for continuity
[Khaleel, Itani 1990]. Alternative designs for continuous bridges have taken a direction
in which computer models using finite element method (FEM) accurately predict the
bridge behavior for various loading cases. The effects of bridge skew angles, number of

spans, span ratio between two spans, and other parameters on flexural load distribution
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factors were studied using FEM, AASHTO, and LRFD. The flexural load distribution -

factors based on FEM are compared with those based on field tests on continuous

bridges.

In continuous bridges, the strains are generally higher at the interior supports than
at mid-spans. The strain distributions in the transverse direction are similar for both
positive and negative moment load cases. The FEM analyses show strain distributions
become less uniform as skew angle increases (Fig. 2.17). Based on the parametric studies,
the effect of the number of spans on the load distribution factors is small and can be
neglected. In general, the FEM load distribution factors are smaller than those based on

the LRFD code.

The interior girder load distribution factors show little variation as the ratios
between the spans increase for both positive and negative moments. However, the exterior
girder load distribution factors show a small increase (10%-13%) as the ratios between the
spans increase. Comparisons between continuous and single span slab-on-girder bridges

show that there is little change in the flexural load distribution factor with increase in the

number of spans.
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CHAPTER 3

LOAD DISTRIBUTION FACTORS
BASED ON COMPREHENSIVE FIELD
BRIDGE TESTING

3.1 INTRODUCTION

The non-destructive testing of bridges can be used as an efficient tool for evaluating
new design concepts and construction practices. The studies carried out in Phases I and
TI were focused on wheel load distribution factors of different bridge types. This chapter
presents comprehensive field tests of typical bridge types. The load testing procedure
and the type of instrumentation were designed based on the preliminary analysis to obtain

the structural parameters and the maximum bridge response.

The typical bridge types for load testing include i) skew slab-on-girder and ii)
continuous skew slab-on-steel girder bridges. The instrumentation was designed to
measure strains and deflections at critical sections of the test bridges. The members of
the research team from the Center for Infrastructure and Constructed Facilities
participated in the comprehensive field testing carried out by the Structural Research

Center, Florida Department of Transportation, Tallahassee.
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3. FIELD TESTS ON SKEW BRIDGES

9

3.2.1 Skew Slab-on-Girder Bridge (Bridge # 940115)

Fig. 3.1 Over view of bridge # 940115

The bridge is located on 1-95 over Glades Road in St. Lucie County, Florida. It
consists of six simply supported spans with span lengths of 64.08, 73.33, 73.33. 73.33,
[25.08. and 68.17 ft. respectively. The length of the test span is [25.08 ft with a skew
angle of 45 degrees. The span consists of nine AASHTO type V prestressed concrete
girders, spaced at 6 ft. 7 ¥2 in. center (o center and slab thickness of 7.0 in. The bridge

carries three lanes of traftic with curb to curb width of 56.0 fi.



Fig. 3.1 shows the bridge on I-95 over Glades Road (Bridge #940115). Fig. 3.2
shows the plan view of the bridge with the spacing» of the girders and the location of the
diaphragms. Diaphragms of 8 in. width are provided at four transverse sections along the
bridge span. The bridge cross section is shown in Fig. 3.3 with a total width of 58 f. 9
in. The longitudinal view of the bridge is shown in Fig. 3.4. Figs. 3.5 and 3.6 show
respectively the schematic of truck load positioné and general view of FDOT test vehicles
on the bridge. The trucks were positioned at 62 ft. from the edge of the span to front tire
of the rear axle in the direction of traffic. The trucks are offset by 45 degrees
corresponding to the skew angle of the bridge (Figs. 3.5 & 3.6 ). Fig. 3.7 shows the
location of the instrumentation which include six deflection gages, electrical and
vibrating wire strain gages. Two deflection gages were pbsitioned on each girder ( G-
5,6,7 ) at 30 feet from each end of the span on the bottom of the girder. Electrical and
vibrating wire strain gauges are placed on the bottom of the each girder at 3.5 feet from
the centerline of the bridge. Additional electrical and vibrating wire strain gauges are

placed at the centerline of girders 5 and 6 on the bottom of the girder ( Fig.3.7 ).

The two test vehicles are initially loaded with twenty four concrete blocks and
driven to position on the critical locations of the bridge. The data acquisition system was
used to monitor the deformations. The data are immediately analyzed, displayedA and
compared with the theoretical predictions to assure the safety of the bridge, equipment and
testing personnel. Additional blocks were then added to the test vehicles and the test
repeated until the design load is applied. The wheel loads corresponding to the number of

concrete blocks are given in Figs. 2.4 and 2.5.
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The measured deflections of girders G-5, G-6, and G-7 for different load cases are
presented in Table 3.1. A maximum deflection of 0.43 in. was measured under the girder
G-6 (30 ft. from the end of the span in the direction of traffic). The measured transverse
strain distributions in the bottom of the girders of bridge #940115 are shown in Fig. 3.8.
A maximum strain of 155 micro-strains was measured in girder G-6 corresponding to the

maximum moment of 4057 ft-kips (equivalent to 60 blocks ).

The finite element model shown in Fig. 2.2 was used to analyze the test bridge.
Table 3.2 summarizes the material and sectional properties used in the finite element
analyses of the bridge. Table 3.3 presents the deflections based on the finite element
method for various load cases. In general, the calculated deflections are larger (about
24%) than the measure'd values. Fig. 3.8 and Table 3.4 show the comparisons of the
measured and calculated strain distributions along the bridge width. The measured and
calculated strains show a better agreement than the corresponding deflections. This
indicates that the finite element model used in the analysis is more accurate in predicating
the strains. Table 3.5 summarizes the load distribution factors based on measured and
calculated strains, AASHTO and LRFD methods. The load distribution factors based on

measured and calculated strains were determined using Eqn. 2.2.
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Fig 3.7 Location of strain and deflection gauges for bridge #940115

Table 3.1 Deflection measurements for various loads ( bridge #940115)

[ Etectrical strain gauge

@  Vibrating wire strain gauge

O Deflection gauge

Deflection D-1 D-2 D-3 D-4 D-5 D-6

gage (in.) (in.) (in.) (in.) (in.) (in.)

24 Blocks 0.161 0.040 0.190 0.210 0.240 0.240

36 Blocks 0.273 0.200 0.250 0.310 0.320 0.290

48 Blocks 0.294 0.230 0.290 0.350 0.360 0.320

60 Blocks 0.300 0.280 0.350 0.410 0.430 0.370
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Table 3.2 Material and sectional properties for bridge #94011S

Material Edeck Ebeam Poisson’s G
Properties (ksi) (ksti) Ratio, v (ksi)
4031 4031 0.2 1679
Section Slab Thickness = 7 in.
Properties Top A (in%) I, (in%) I, in®) | Ty (in) | Ty (in)
Flange 294 1201 43218 42 7
AASHTO Web Thickness = 8 in.
type
V girder Bottom A (in®) I (in") I, (in®) | Ty (@in) | Ti (in)
Flange 364 5126 23781 28 13

* Egeck, Egiraer = Elastic modulus of the deck slab and girder respectively,
G = Modulus of rigidity,
A = Area of cross section of the girder,
I, I, = Moment of inertia of the girder in y and z directions respectively,
Tiy, Ty, = Thickness and width of the beam elements respectively.

Table 3.3 FEM deflections for various loads ( Bridge #940115)

Deflection D-1 D-2 D-3 D-4 D-5 D-6

Gage (in.) (in.) (in.) (in.) (in.) (in.)

24 Blocks 0.200 0.221 0.196 0.245 0.289 0.275

36 Blocks 0.254 0.281 0.249 0.315 0.370 0.352

48 Blocks 0.309 0.341 0.301 0.384 0.452 0.429

60 Blocks 0.362 0.400 0.354 0.453 0.533 0.506
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Fig. 3.8 Measured and FEM strains for St. Lucie County Bridge #940115

Table 3.4 Measured and FEM strains for St. Lucie County Bridge #940115

Girder |Measured [FEM Measured {FEM Measured |[FEM Measured |FEM
number [2259 ft-k [2259 ft-k |2841 ft-k [2841 f-k [3444 ft-k 3444 ft-k |4057 ft-k [4057 ft-k
(24 block) |(24 block) |(36 block) [(36 block) |(48 block) (48 block) |(60 block) |(60 block

G-1 4 5.2 45 6.7 .5 8.1 7.5 9.6
G-2 10 6.3 14 8.1 15 9.8 19 11.6
G-3 24 21.2 26 27.2 39 332 45 39.2
G4 38 46.4 50 59.7 65 73 78 86.3
G-5 66 73.3 91 94.4 110 115.5 130 136.7
G-6 82 77.1 102 99 130 121 155 143
G-7 65 74.5 83 95.8 105 117.2 126 138.5
G-8 43 44 8 55 574 72 70 85 82.6
G-9 30 17.7 36 22.5 50 274 57 32.2

Note: All strains are in micro-strain units
( ) : Number of blocks
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Table 3.5 Summary of Bridge #940115 load distribution factors (Interior

Girders)
AASHTO LRFD Measured 4057 fi-k FEM 4057 ft-k
(60 blocks) (60 blocks)
1.200 0.973 0.883 0.842

3.2.2 Continuous skew slab-on-steel girder bridges #100477 and #100478

The bridges are located on I-75 over U.S. 301 in Hillsborough County, Florida
(Figs. 3.9-3.12). The bridge # 100477 on south bound I-75 consists of four continuous
spans with span lengths of 65°-2-5/16", 165°-3-3/4”, 172’-8-13/16”, and 77°-4-7/16”. The
bridge # 100478 on north bound 1-75 also consists of four continuous spans with span
lengths of 73’-5-1/2”, 165’-3-3/4”, 172°-8-13/16”, and 84°-10-3/4”. The length of the
tested spans is 172°-8-13/16” with a skew angle of 45°. Eight A36 steel plate girders are
spaced at 7°-7” center to center with a deck slab thickness of 7 in. The bridge carries

three lanes of traffic with curb to curb width of 56.0 f.

The plan view of Bridge #100477 is shown in Fig. 3.13. The bridge has a small
horizontal curve of eleven degrees, which is neglected in the finite element modeling.
Fig. 3.14 shows the cross section of the bridge with the concrete deck, steel girders, and
diaphragms in place. Fig. 3.15 shows a typical continuous steel plate girder in the bridge.

Different plate sections and lengths are used in the built-up plate girder.
Table 3.6 shows the material and sectional properties of the bridges used in the

finite element modeling. The plan view of the finite element model is shown in Fig. 3.16.

There are 125 elements at 4 f. in the longitudinal direction and 16 elements in the
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transverse direction. Although span 3 was the test span in the bridge, the entire bridge
was modeled in the finite element analysis since the bridge is continuous. Figs 3.17 and
3.18 show the FDOT test trucks for two positions, one for maximum positive bending
moment and the other for maximum negative bending moment. There are three lanes on
the bridge and two trucks were used for each strength test. The trucks were placed in the
two right lanes in the directions of traffic. Figs 3.17 and 3.18 also show the locations of

the strain gages for positive and negative moments.

The transverse strain distributions from the FEM analysis are compared with the
measur;ad field test data for Bridge #100477 in Figs. 3.19 to 3.22. The difference
between the measured and computed maximum strains at mid-span is in the range of 11%
when diaphragms are not considered in the FEM analysis ( Fig 3.19). However, this
difference reduces to oﬁly 3% when diaphragms are taken into account in the FEM
analysis. Similar trend is observed for maximum strains over the support corresponding
to the truck positions at the positive moment locations (Fig. 3.20). Fig. 3.22 shows the
strain distributions over the supports for the trucks positioned at the maximum negative
moment location. The FEM analysis considering the diaphragms resulted in an 11%
difference from the maximum measured strains over the supports and the difference
increases to 17% when diaphragms are not considered in the analysis. Table 3.7 shows
the load distribution factors for Bridge #100477 based.on AASHTO, LRFD, FEM and
the measured strains. The AASHTO and LRFD load distribution factors are higher than

the FEM values and the FEM results are closer to the measured load distribution factors.
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Fig. 3.9 Bridge # 100477 (Southbound I-75 over U.S. 301)




Fig. 3.11 Bridge # 100478 (Northbound I-75 over U.S. 301)




Table 3.6 Material and sectional properties for bridges

Material properties E (ksi) Poisson’s G

Ratio, v (ksi)
Concrete deck slab 4031 0.2 1679
Steel plate girders 29,000 0.3 11,154
Section Slab Thickness = 7.0 in.
Properties Grade A@n®) | I,(in) L (in) | Ty T (in)

(in)
Flanges (in inches)
P15/8 x 12 A36 7.5 0.244 90 12 5/8
PL 1-1/2x 16 | AS88 24 4.5 512 16 1.5
PL % x 12 A36 9 0.422 108 12 0.75
PL 1-1/8 x 20 | A588 22.5 237 750 20 1.125
PL 2-1/8 x 22 | A588 46.75 18 1886 22 2.125
PL 1-5/8 x 16 | A36 26 5.72 555 16 1.625
Web (in inches)
PL 5/8x60 | A36 | | | 5/8 [ 60
Diaphragms (in inches) -
L 3 x 3 x|{A36 1.78 1.51 1.51 5/16 5/16
5/16
L 4 x 4 x|A36 24 3.71 3.71 5/16 5/16
5/16
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Fig 3.19 Transverse strain distribution at mid-span for trucks positioned at
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Fig 3.20 Transverse strain distribution over the support for trucks positioned at
maximum positive moment location



Microstrain

BRIDGE # 100477 ( trucks at max. -ve)

—250--
|
200 +
|
150 +
—e— FEM without diphragms
—a— FEM with diaphragms
—&— Measured
100 +
50 +
o % : :
3 5 7 9

Girder Number

Fig. 3.21 Transverse strain distribution at mid-span for trucks positioned at

Microstrain

negative moment location

BRIDGE # 100477 ( trucks at max. -ve)

-100 +

-150 +

-200 +

—e— FEM without diaphragms
—#— FEM with diaphragms
—a— Measured

E

3 4 5 6 7 8 9

Girder Number

Fig. 3.22 Transverse strain distribution over the support for trucks at

negative moment location



Table 3.7 Load distribution factors for bridge #100477

AASHTO LRFD FEM without | FEM with Measured
diaphragms | diaphragms
Max. positive 1.38 1.06 0.841171 0.808118 0.857432
moment
Max. negativ 1.38 1.06 0.921986 0.893773 0.986301
moment
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CHAPTER 4

SHEAR LOAD DISTRIBUTION OF
CONTINUOUS SLAB-ON-GIRDER
BRIDGES

41 INTRODUCTION

The AASHTO code assumes that the transverse distribution patterns of various
load effects (moment, shear, etc.) are similar. This means the load distribution factors for
bending moment and shear are the same along the span. This assumption is difficult to
justify and the difference between the distribution factors for moments and shears can
sometimes become so large that special attention has to be given for shear distribution
factors. Therefore, the LRFD code has two different sets of equations for flexural and
shear load distribution factors. The AASHTO and LRFD codes do not specify special
provisions for load distribution factors for continuous bridges.

It is important to understand the effect of various parameters on shear load
distribution of continuous slab-on-girder bridges. The studies on the flexural load
distribution factors were carried out in Phase II. The main parameters that affect load
distribution are compared for single and multiple span bridges. This study focuses on five
main parameters: spacing between the girders, variation of skew angle, variation in the
number of spans, ratio between adjacent two spans, and span length. The parametric
study includes a total of 116 cases that have been investigated and presented in this

chapter. The shear distribution factors are determined using FEM analyses and compared

with the AASHTO and LRFD codes.
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4.2 SHEAR LOAD DISTRIBUTION FACTORS

The AASHTO method of load distribution reduces the complex analysis of a bridge
subjected to one or more vehicles to the simple analysis of a beam. According to this
method, the maximum moment or shear in a girder can be obtained by treating a girder as a
one-dimensional beam subjected to a loading, which is obtained by multiplying one line of
wheels of the design vehicle by a load distribution factor. The LRFD approach is similar to
AASHTO method, but considers more parameters such as span length, bridge width, slab
thickness and number of lanes. The LRFD distribution factors for live load moment and
shear are defined for a truck in a lane instead of a single line of wheels. The load
distribution factors are presented in this study in the AASHTO format based on a single
line of wheels. The LRFD load distribution factors are multiplied by two for comparison

with the corresponding AASHTO values.

The proposed method of calculating the shear load distribution factor (DF) based

on the Finite Element Method (FEM) and the field tests is shown here:

DF =V girder/ Viridge 4.1
Where:
Vgrar = the maximum girder shear in the bridge obtained from FEM or field test.
Viridgee = the maximum shear in the bridge idealized as one dimensional beam

subjected to a single line of wheels

Since the external shear in the bridge equals the total internal shear in all the

girders (field test or FEM),



m
Vbn’dge xXn= ZI/ith_girder (42a)
i=]

Where
n = number of wheel loads across the width of the bridge
i = girder number
n; = number of girders

The shear in the bridge, Viridge due to a single line of wheels can be written as

nl
Z I/ith_girnier
i=1

n

4

bridge =

(4.2b)

Substituting Eqn. 4.2b in Eqn. 4.1, the distribution factor for shear is given by

Vgirder nx Vgirder

DF = . = (4.3a)
ZVith_girder ZVizh_girder
i=1

Eqn. 4.3a is used to calculate the distribution factor of the interior girder. When
calculating the distribution factor for exterior girders, the exterior girder shears replace

the maximum shears as follows:

v
DF = L grimet. (4.3b)
Z l'/;Ih_‘girder
i=1
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4.2.1 Finite Element Method

The ANSYS finite element program (Swanson Analysis Systems, Inc. 1995) was
used in the analysis of the continuous slab-on-girder bridges. The finite element
modeling presented in section 2.2.2 (Fig. 2.2) consists of solid slab and girder elements.
The deck slab was modeled using a 4-node quadrilateral shell element (SHELL 63) with
six degrees of freedom ( uyuyu, roty roty rot, ) at each node. The girder was modeled
using a 4-node quadrilateral shell element (SHELL 63) for the web and two elastic frame
elements (BEAM 4) for the top and bottom flanges. The frame element is a 3-D 2-node
element with six degrees of freedom ( uxuyu; rotyroty rot, ). Composite action between
the deck slab and the girder is achieved by coupling vertically the nodes in the deck slab
and the nodes in the top flange of the girder. Identical translations in vertical direction
for both deck and girder are prescribed in the coupling. The deck slab finite element
mesh was selected with an aspect ratio less than 1: 2. The boundary conditions imposed
on the model were selected to represent the actual behavior of the continuous bridges.
The nodes at each end of the bridge were prevented from translating in x , y , and z
directions. The bottom flange nodes at the interior supports of the continuous bridges
were prevented from vertical movements. The output results from the ANSYS program
provide the shear stresses for the element. The maximum shear stress in the girder is
approximately close to the center of the web. The maximum shear forces were

determined based on the maximum shear stresses and the shear load distribution factors

are determined based on Eqn. 4.3.
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4.2.2 AASHTO and LRFD Shear Distribution Factors

There are no special provisions for calculating shear load distribution factors for

multiple span (continuous) bridges in AASHTO and LRFD specifications. The AASHTO

Specifications (1992) and the LRFD bridge design specifications (1994) for simply

supported bridges were used in the comparisons with the finite element results.

The AASHTO Specifications (1992) take into account only the spacing, S

between the girders:
Distribution Factor
One lane Two or more lanes
S/7.0 S/5.5 4.4
(S less than (S less than
10 ft) 14 ft)

The LRFD specifications recommend the following for the shear load distribution

factor per lane for interior beams:

One lane loaded

g=036 + S
7600

S
~036 + ——
g 25.0

Two or more lanes loaded

20
g=02+ 5 —( S )
3600 \10700
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0.2
g=05* 04+§—(S) (4.6 US)
6 \25

When the supports are skewed, the shear in the beams may be reduced using the

following skew factor:

3 0.3
skew factor = 1.0+ 0.20(112’} tan© (4.7 SD)
g
NG
skew factor = 1.0+ 0.20(12'1211’} tan® (4.7US)
g
where
g = distribution factor
S = spacing of supporting component (mm or ft.)
L = span length (mm or ft.)
Ke = longitudinal stiffness parameter (mm* or in*)
ts = depth of concrete slab (mm or in)
K; = n(I+ Aeg )
n = modular ratio between beam and deck
I = second moment of i mert1a of beam (mm* or in*)
A = area of the beam (mm?” or in®)
€g = distance between centers of gravity of the basic beam and deck (mm or

in.)

The distribution factors for exterior beams should be determined by applying the

lane fraction (g) as specified below:

gx= €(8) (4.8)
e 4.9 SI
3000 ( )
6+d
_ . 4.9 US
AT ( )
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where
d. = distance between the center of exterior beam and the interior edge

of curb or traffic barrier (mm or ft.)

43 PARAMETRIC STUDY

4.3.1 Introduction

The important design variables such as number of spans, skew angle variation,
adjacent span length ratios, girder spacing and span length are selected to study their
effects on the continuous bridges. Fig. 4.1 shows the typical continuous slab-on-girder
bridge used in the analysis. The typical two span slab-on-girder bridge has a slab
thickness of 7 in., span lengths of 70 ft., and bridge width of 54 ft. The bridge has nine
AASHTO type IV girders spaced at 6 ft. center to center (Fig. 4.2). The concrete strength

of the girder and the slab is taken as 5000 psi in the study.

The continuous slab-on-girder bridge is divided longitudinally into twenty
elements for each span and the slab deck is divided in the transverse direction into two
elements between each girder (Fig. 4.3). The material properties (Elastic modulus, E,
Poisson’s ratio, v, and modulus of rigidity, G) used in the FEM analysis are presented in
Table 4.1 along with the sectional properties of the AASHTO type 1V girder (Area, A

and moments of inertia, Iy and L;).



Table 4.1 Material and sectional properties for typical continuous slab-on-girder

bridge
Material Edeck Egirder Poisson’s G
Properties (ksi) (ksi) ratio, U (ksi)
4031 4031 0.2 1679
Section Slab Thickness = 7 in.
properties Top A (in%) I, (in") I, (in%) Ty (in) | T (in)
Flange 220 2218 7333 20 11
AASHTO Web Thickness = 8 in.
IV girder Bottom A () T, (in") L () Ty G0) | Tr (in)
Flange 312 3744 17576 26 12
* Edeck» Egirder = Elastic modulus of the deck slab and girder respectively,
G = Modulus of rigidity,
A = Area of cross section of the girder,
I, I, = Moment of inertia of the girder in y and z direction respectively,
Tiy, Tie = Thickness and width of the beam elements respectively.
L | 70'
I 0 l
[ ]
O O A
3k il L3
7"slab

R

ST 3T 0T 9T ¢ JC JC XX

\

—

9 AASHTO TYPE IV @ 6

Fig. 4.1 Typical continuous slab-on-girder bridge
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Fig. 4.2 AASHTO type IV girder details
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4.3.2 Truck Load Position

The AASHTO HS20-44 trucks were used with a minimum spacing of 14 ft.
between axles to produce the maximum shear. Based on the analyses carried out in Phase
TI, three trucks loaded transversely were used in this study for determination of load
distribution factors for the exterior girders. Four trucks were also used in calculating the
load distribution factors of interior girders. Typical truck loading positions for interior
and exterior girders are shown in Fig. 4.4. The truck loading positions in the longitudinal
direction were determined so as to obtain the maximum shear in the continuous bridge.
The loﬁgitudinal positions of the trucks for maximum shear are close to the supports.

Therefore, the trucks were placed with the back tandem at 3.5 ft from the supports

corresponding to the first node on the deck slab element.
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a. Interior girder load position

35f b. Exterior girder load position

Fig. 4.4 Truck loading positions in the transverse direction for interior and exterior
girders
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4.3.3 Case Studies

The parametric study is focused on five main parameters: skew angle, number of
spans, number of girders per lane, ratio between two adjacent spans, and span length. A
total of 116 cases have been investigated in this parametric study (Table 4.2). The effects
of varying the skew angle of a two-span continuous bridge were studied in the first
section, 4.3.3.1. For a certain skew angle, the bridges were analyzed for four truck

loading positions to determine the shear load distribution factors for the interior and

exterior girders at the exterior and interior supports.

The second section, 4.3.3.2 involves changing the number of spans with two
different skew angles. The third section, 4.3.3.3 focuses on the effect of varying the
number of girders per lape. The effects of varying the length of continuous spans for two
different skew angles afe studied in the fifth section, 4.3.3.5. Each bridge in the above
cases was analyzed for four truck loading positions to determine the shear load

distribution factors for the interior and exterior girders at the exterior and interior

supports.

The effects of varying the ratios between the adjacent spans for two different
skew angles are investigated in the fourth section, 4.3.3.4. Each bridge in the fourth
section was analyzed for six truck loading positions to calculate the shear load

distribution factors for the interior and exterior girders at the three supports.
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Table 4.2 Summary of parametric studies for shear load distribution on continuous
slab-on-girder bridges*

Parameter Span lengths Skew Cases Comments
(ft) angles
(degrees)
Skew angle 70,70 0 4 Cases:Interior 1st support
(2 spans) 70,70 30 4 Exterior 1st support
70,70 45 4 Interior 2™ support
70, 70 60 4 Exterior 2™ support
Number of 70 0 4 Cases:Interior 1st support
spans (1-3) 70, 70 0 4 Exterior 1st support
70,70,70 0 4 Interior 2™ support
70 30 4 Exterior 2™ support
70, 70 30 4
70,70,70 30 4
Number 70,70 |6 |9 0 4 Cases:Interior 1st support
of girders 70,70 |8 |7 0 4 Exterior 1st support
per lane 70,70 | 12 | 5 0 4 Interior 2™ support
(length, 70,70 { 6 |9 30 4 Exterior 2™ support
spacing ft., 70,70 | 8 |7 30 4
# girders) 70,70 | 12 | 5 30 4
Ratio 70,70 0 6 Cases:Interior 1st support
between 70, 105 0 6 Exterior 1st support
two spans 70, 140 0 6 Interior 2™ support
70,70 30 6 Exterior 2™ support
70, 105 30 6 Interior 3" support
70, 140 30 6 Exterior 3" support
Span length 70,70 0 4 Cases:Interior 1st support
105,105 0 4 Exterior 1st support
70,70 30 4 Interior 2™ support
105,105 30 4 Exterior 2™ support -
Total 116

(*All cases have a bridge width of 54 f. and a slab thickness of 7 in.)

4.3.3.1 Skew angle

Skew angle is an important factor in the bridge design. The LRFD code provides
formulae for adjusting the load distribution factors for different skew angles. The code,
however, does not specify special recommendations for continuous bridges. The results

from FEM analyses of the continuous bridges are compared with LRFD load distribution

factors based on single span skew bridges.
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Eqns. 4.3a and 4.3b are used to calculate the distribution factors of the interior
and exterior girders respectively. Fig. 4.5 shows that the shears increase with increase in
skew angles for interior girders at the exterior support. The increase in skew angle results
in non-uniform transverse shear distributions in the girders. The shear load distribution
factors at the exterior support for interior girders are shown in Fig. 4.6. The shear load
distribution factors based on FEM analysis are smaller than those based on LRFD code
and generally the trend remains the same. The FEM shear load distribution factors are
smaller than the AASHTO values for straight bridges and greater for skew bridges. Fig.
4.7 shows the transverse shear distributions for interior girders close to the interior
support. In general, the maximum shear forces in the bridge tend to increase with the
increase in skew angle. The shear load distribution factors are shown in Fig. 4.8, which
shows the same trend as that shown in Fig. 4.6 for the exterior support. The transverse
shear distributions for eﬁeﬁor girders close to the exterior support are shown in Fig. 4.9.
The graph shows the effect of asymmetric truck loading with respect to the width of the
bridge. The shear load distribution factors for the exterior girders close to the exterior
support are shown in Fig. 4.10, which shows the same trend as that for the interior
girders. Fig. 4.11 shows the transverse shear distributions for exterior girders close to the
interior support for different skew angles. Generally, for skew angles of 30 and 45
degrees, a small increase in shears is seen in the exterior girder. Fig. 4.12 shows the
shear load distribution factors for the exterior girder close to the interior support. There
is a slight increase in the factors based on LRFD specifications, whereas the factors

determined from FEM analyses are lower than those based on LRFD and AASHTO

codes.
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Fig 4.5 Shear distributions at exterior support for different skew angles
(Interior Girder Loading)
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Fig. 4.6 Shear load distribution factors for different skew angles close to the exterior
support (interior girder)
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Fig 4.7 Shear distributions at interior support for different skew angles
(interior girder loading)
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Fig. 4.8 Shear load distribution factors for different skew angles close to the interior
support (interior girder)
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Fig. 4.10 Shear load distribution factors for different skew angles close to the
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Fig 4.11 Shear distributions at interior support for different skew angles
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Fig. 4.12 Shear load distribution factors for different skew angles close to the
interior support (exterior girder)
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4.3.3.2 Number of spans

The effect of the number of spans on the shear load distribution factors is
evaluated in this section. The study cases are divided into two sets: straight bridges and
skew bridges with a skew angle of thirty degrees. Each bridge set consists of one, two,
and three spans for parametric studies. Fig. 4.13 shows the transverse shear distributions
for interior girders close to the exterior support of the straight bridges. The shear forces
decrease slightly with the increase in number of spans. The shear load distribution
factors are shown in Fig 4.14, which shows the factors are constant with the increase in
the number of spans and that the AASHTO and LRFD distribution factors are higher than
the FEM values. The shear distributions for the interior girders close to the interior
support for straight bridges are shown in Fig. 4.15, which also shows a slight decrease in
shear with increase in the number of spans. Fig. 4.16 shows the shear load distribution
factors for interior girders close to the interior support for straight bridges. The FEM
shear load distribution factors are lower than the LRFD and AASHTO values and show
no change with increase in the number of spans. Fig. 4.17 shows the shear distribution
for exterior girders close to the exterior support for the straight bridges. The change in
shear with increase in number of spans is negligible. The shear load distribution factors
are shown in Fig. 4.18 for exterior girders in straight bridges close to the exterior support.
There is no change in the factors with increase in the numbers of spans and FEM factors
are lower than both the LRFD and AASHTO values. The same trend can be seen in Figs.

4.19 and 4.20 for exterior girders close to the interior support.
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The transverse shear distributions and the shear load distribution factors for skew
bridges were determined for one, two and three spans. It is found that the shear slightly
decreases with an increase in the number of spans for both interior and exterior girders
close to the interior and exterior supports. The shear load distribution factors based on
the FEM are smaller than the LRFD and AASHTO values for interior and exterior girders
and remain more or less constant with increase in the number of spans. Typical shear
distributions and load distribution factors are shown in Figs 4.21, 4.22, 4.23, and 4.24 for

interior and exterior girders close to the interior supports.
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Fig. 4.13 Shear distributions at exterior support for straight bridges with different
number of spans (interior girder loading)
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Fig. 4.14 Shear load distribution factors at exterior support for straight bridges with
different number of spans (interior girder)
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Fig. 4.15 Shear distributions at interior support for straight bridges with different
number of spans (interior girder loading)
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Fig. 4.16 Shear load distribution factors at interior support for straight bridges with
different number of spans (interior girder)
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Fig. 4.17 Shear distributions at exterior support for straight bridges with different
number of spans (exterior girder loading)
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Fig. 4.18 Shear load distribution factors at exterior support for straight bridges
with different number of spans (exterior girder)
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Fig. 4.19 Shear distributions at interior support for straight bridges with different
number of spans (exterior girder loading)
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Fig. 4.20 Shear load distribution factors at interior support for straight bridges with
different number of spans (exterior girder)

4-25



30000

25000 +

20000 +

15000 —e—two spans
—a—three spans

Shear (Ibs. )

10000 +

5000 +

0 1 2 3 4 5 6 7 8 9 10
Girder Number

Fig. 4.21 Shear distributions at interior support for skew bridges with different
number of spans (interior girder loading)
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Fig. 4.22 Shear load distribution factors at interior support for skew bridges with
different number of spans (interior girder)
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Fig. 4.23 Shear distributions at interior support for skew bridges with different
number of spans (exterior girder loading)
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Fig. 4.24 Shear load distribution factors at interior support for skew bridges with
different number of spans (exterior girder)
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4.3.3.3 Number of Girders per Lane

The shear load distribution factors are dependent on the number of girders per
lane (girder spacing) for single span bridges [Arockiasamy and Amer, 1995]. This section
focuses on the effect of varying the girder spacing on the shear load distributions of both

straight and skew continuous slab-on-girder bridges.

The transverse shear distributions and the shear load distribution factors for
straight and. skew bridges were determined for different girder spacing. The parametric
studies in this section include 24 cases, which consider the interior and exterior girders
close to the exterior and interior supports (Table 4.2). It is found that the shear forces in
the girders and the shear load distribution factors increase with an increase in the girder
spacing for both interior and exterior girders close to the interior and exterior supports.
The shear load distribution factors based on the FEM are smaller than the LRFD and
AASHTO values for interior and exterior girders. The shear distributions and shear load
distribution factors are similar at both sections close to the interior and exterior supports.
Typical shear distributions and load distribution factors are shown in Figs. 4.25 to 4.32

for interior and exterior girders close to the interior supports of straight and skew bridges.
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Fig. 4.25 Shear distributions at interior support for straight bridges with different
girder spacing (interior girder loading)
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Fig. 4.26 Shear load distribution factors at interior support for straight bridges with
different girder spacing (interior girder loading)
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Fig. 4.27 Shear distributions at interior support for straight bridges with different
girder spacing (exterior girder loading)
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Fig. 4.28 Shear load distribution factors at interior support for straight bridges with
different girder spacing (exterior girder loading)
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Fig. 4.30 Shear load distribution factors at interior support for skew bridges with
different girder spacing (interior girder loading)
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Fig. 4.31 Shear distributions at interior support for skew bridges with different
girder spacing (exterior girder loading)
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Fig. 4.32 Shear load distribution factors at interior support for skew bridges with
different girder spacing (exterior girder loading)




4.3.3.4 Ratio of Adjacent Two Spans

The ratios of the spans for continuous two span bridges were varied to study the
effects on the shear load distribution factors. The ratios between the spans used in this
study were 1:1, 1:1.5 and 1:2 as shown in Table 4.2. Straight bridges and skew bridges
with thirty degrees skew angle were studied in this section. Thirty six cases were
investigated in this study. The shear distributions and shear load distribution factors were
determined for the exterior and interior girders close to the first exterior, interior and
second exterior supports. The results show that the shear distributions and the shear load
distribution factors follow the same trend for both exterior and interior girders close to

the supports. Therefore, only typical cases are illustrated in the following.

The interior girder shear distributions of straight bridges close to the interior
support is shown in Fig. 4.33. The shears in the interior girders remains nearly the same
as the ratios of the spans increase and the shear load distribution factors are also constant
as shown in Fig. 4.34. The exterior girder shear distributions of straight bridges close to
the interior support are shown in Fig 4.35. The variations in the shear distributions are
very small with increase in the ratios of the spans and the corresponding shear load
distribution factors are constant as shown in Fig. 4.36. The same trends are observed for

skew bridges with varying span ratios (Fig 4.37 - 4.40).
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Fig. 4.33 Shear distributions at interior support for straight bridges with different
span ratios (interior girder)
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Fig. 4.34 Shear load distribution factors close to the interior support for straight
bridges with different span ratios (interior girder)
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Fig. 4.35 Shear distributions at interior support for straight bridges with different

span ratios (exterior girder)
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Fig. 4.36 Shear load distribution factors at interior support for straight bridges with

different span ratios (exterior girder)
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Fig. 4.37 Shear distributions at interior support for skew bridges with different span
ratios (interior girder)
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Fig. 4.38 Shear load distribution factors at interior support for skew bridges with
different span ratios (interior girder)
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Fig. 4.39 Shear distributions at interior support for skew bridges with different span
ratios (exterior girder)
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Fig. 4.40 Shear load distribution factors at interior support for skew bridges with
different span ratios (exterior girder)
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4.3.3.5 Span Lengths

The effect of varying the span length in both straight and skew continuous bridges
is studied in this section. Bridges with two equal span lengths of 70 ft. and 105 ft. were
considered in the parametric study. The effects on shear distributions and shear load
distribution factors of the interior and exterior girder were examined for both straight and
skew bridges. Twenty four cases have been analyzed to obtain the shear distribution and
the corresponding load distribution factors. The analytical results showed that the shear
load distribution factors are independent of the span lengths for all the cases. Only
typical graphs showing the shear variations and the shear load distribution factors for the
interior and exterior girders close to the interior supports are shown in Figs. 4.41- 4.44 for

straight bridges and Figs. 4.45 - 4.48 for skew bridges.
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Fig. 4.41 Shear distributions at interior support for straight bridges with different
span lengths (interior girder)
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Fig. 4.42 Shear load distribution factors at interior support for straight bridges with
different span lengths (interior girder)
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Fig. 4.44 Shear load distribution factors at interior support for straight bridges with
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Fig. 4.45 Shear distributions at interior support for skew bridges with different span
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Fig. 4.46 Shear load distribution factors at interior support for skew bridges with
different span lengths (interior girder)
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Fig. 4.48 Shear load distribution factors at interior support for skew bridges with

different span lengths (exterior girder)

4-42



CHAPTER 5

DIAPHRAGM AND SHOULDER
EFFECTS ON WHEEL LOAD
DISTRIBUTION

5.1 INTRODUCTION

Many parameters affect the wheel load distribution of slab-on-girder bridges. The
main parameters considered in the LRFD and AASHTO codes include girder spacing,
span length, skew angle, etc. However, the codes do not consider other secondary
parameters such as the diaphragms and shoulders, which may affect the wheel load
distribution. Diaphragms are either of concrete or steel elements that are placed
transversely between girders. Diaphragms provide resistance to live loads and transverse
loéds from wind or impéct from over-height vehicles. Shoulders provide the additional
lanes, usually up to 12 ft. wide, placed on either side of the bridge. These lanes are used
for emergencies and rerouting traffic when one of the main traffic lanes is shut down.
This chapter investigates the effect of diaphragms and shoulders on the wheel load

distribution of simply supported slab-on-girder bridges.

52 DIAPHRAGMS

A literature review reveals many different opinions on the purpose and function of
the intermediate diaphragms in slab-on-girder bridges. Diaphragms provide resistance
against the accidental overturning of bridge girders during construction and placement of

the deck. Diaphragms serve to some extent to distribute the traffic loads transversely
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among the girders. Questions have been raised about the diaphragms effectiveness in
resisting the impacts caused by lateral loads. There are different opinions whether the

diaphragms are damage-limiting or damage-spreading members.

Several studies have been conducted on the effectiveness of diaphragms in the
vertical load distribution. Cheung et al. (1986), Sithichaikasem and Gamble (1972) and
Wong and Gamble (1973) noticed that the previous researchers disagree on the
effectiveness of the intermediate diaphragms and the best positioning of the diaphragms.
Research conducted by Abendroth et al. (1993) through questionnaire to 50 state
departrr;ents of transportation, seven Canadian provinces and the District of Columbia,
shows that 96% of the agencies use cast-in-place intermediate diaphragms when a bridge
is over a river or highway. Diaphragms were placed at the mid-span of the bridge by
50% of the agencies in‘accordance with the AASHTO requirements. The diaphragms
were placed at the third points of the span by 30% of the agencies and at one-quarter

points by 10% of the agencies.

In the present study, the effect of diaphragms on wheel load distribution was
investigated for single span slab-on-girder bridges. The effect of diaphragms on wheel
load distribution was first evaluated for a field test bridge and compared with a finite
element model of the actual bridge. The diaphragm parameters that affect the wheel load

distribution were studied to evaluate the effect of each parameter.



5.2.1 FEM Modeling of Slab-on-Girder Bridge With and Without Diaphragms

The continuous skew slab-on-steel girder bridge presented in Chapter 3 (section
3.2.2) was used in this study to investigate the effect of diaphragm on the wheel load
distribution. The bridge is located on I-75 over U.S. 301 in Hillsborough County, Florida
(Figs. 3.9-3.12). The bridge consists of four continuous spans with the length of the
tested span being 172°-8-13/16" with a skew angle of 45°. Eight A36 steel plate girders
are spaced at 7°-7” center to center with a deck slab thickness of 7 in. The bridge carries
three lanes of traffic with curb to curb width of 56.0 f. The plan view of the bridge is
shown in Fig. 3.13. Fig. 3.14 shows the cross section of the bridge with the concrete
deck, steel girders, and diaphragms in place. Table 3.6 shows the material and sectional
properties of the bridges used in the finite element modeling. The plan view of the finite
element model is shown in Fig. 3.16. There are 125 elements of length 4 ft. in the
longitudinal direction and 16 elements in the transverse direction. Although only span 3
was the tested span in the bridge, the entire bridge was modeled in the finite element

analysis, since the bridge is continuous.

The concrete slab-on-steel-plate-girder bridge was modeled using finite element
method with and without diaphragms. The transverse strain distribution for the tested
bridge is presented in Fig. 3.19. Approximately 11% difference was observed between
the measured maximum strain and the calculated value based on finite element model
without diaphragms and the difference reduces to 3% with diaphragm. The addition of
diaphragms increases the strength and stiffness of the bridge and hence lowers the

maximum strains. In this bridge, the addition of the diaphragm to the FEM model
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reduces the difference between measured and calculated maximum strain by 8%. This

difference indicates the importance of considering the diaphragms in FEM modeling.

250 1
—e—FEM without diaphragm
—8—FEM with diaphragm
200 + ~—A— Measured
‘E 150
&
g
)
5 100 -
50 +
0 T 3 T T T L] T ¥
0 1 2 3 4 5 6 7 8 9

Girder Number
Fig. 3.19 Transverse strain distributions for the tested bridge with and

without diaphragms

5.2.2 Diaphragm Parametric Study

The parametric study was focused on determining the effect of the diaphragm
locations along the span on the wheel load distribution of skew and straight concrete slab-
on-girder bridges. A total of 12 cases have been investigated in this parametric study
(Table 5.1). Three different diaphragm locations that are commonly used in bridges were

selected in the parametric studies. All the parametric study cases have diaphragms
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between the girders at the supports. The first case has no interior diaphragms, whereas the
diaphragms at the mid-span are considered in the second case. The diaphragms at the

third points were considered in the third case.

The diaphragm was modeled in this study using a two-node beam element
BEAM-4 with six degrees of freedom (ux, uy, Uz, TOtx, TOty, rot;). The diaphragm has the

same material properties as the girders and the deck slab. The diaphragms are six inches

wide with height equal to the web depth and upper flange and connected to the girders at

the upper web node.

Table 5.1 Summary of parametric studies for diaphragms

Parameter Interior diaphragm| Skew angles Cases Comments
locations (degrees)
Diaphragm None 0 2 Cases:
Locations Mid-span 0 2 Interior girder moment
Third points 0 2 Exterior girder moment
None 30 2
mid-span 30 2
third points 30 2
Total 12

(*All cases have a bridge width of 54 f1. and a slab thickness of 7 in. on 9 AASHTO type v
girders)

The typical single span bridge with a span of 70 fi. used in Chapter 4 is
considered in this section. Loading patterns to obtain the maximum bending moments are
used for interior and exterior girders. Three trucks were loaded transversely across the
bridge for maximum moment in the exterior girders and four trucks were positioned
transversely for maximum moment in interior girders. The load position in the

longitudinal direction was chosen to give the maximum positive moment.




Fig. 5.1 shows the transverse strain distributions for straight bridges with no
interior diaphragms, diaphragms at the mid-span, and diaphragms at the third points for
interior girder loading. The flexural strains slighﬂy decrease with the increase in the
number of diaphragms. The wheel load distribution factors of interior girders for straight
bridges with different diaphragm locations are shown in Fig. 5.2. The wheel load
distribution factors are not dependent on the number of diaphragms and this agrees with
AASHTO and LRFD specifications, which do not consider the diaphragm in wheel load
distribution. The transverse strain distributions at the mid-span of straight bridges for
exterior girder loading decrease marginally as the number of diaphragms increase (Fig.
5.3). ﬁe wheel load distribution factors for exterior girders remain nearly the same with
the increase in the number of diaphragms (Fig. 5.4). The skew bridges show similar
trends as those of the straight bridges shown in Figs. 5.5-5.8. The transverse strain
distributions at the mid;sban of skew bridges for interior girders do not show an

appreciable decrease as the number of diaphragms increase.

The following few observations can be mentioned from the field test and
parametric study on diaphragms. The use of diaphragms increases the strength of the
bridge and provides stability for the girders. Realistic modeling of the bridges using
F.EM should include diaphragms, if the actual bridge has diaphragms. The presence and
location of interior diaphragms do not seem to have a major effect on the transverse load
distribution at the mid-span for interior and exterior girciers and this is valid for straight

and skew bridges. This finding agrees with the AASHTO and LRFD codes, which

neglect the diaphragm in wheel load distribution.
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Fig 5.1 Transverse strain distributions at mid-span of straight bridges with different
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Fig 5.2 Load distribution factors at mid-span of straight bridges with different
location of diaphragms (interior girders)
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5.3 SHOULDER EFFECT ON LOAD DISTRIBUTION

Bridges in the urban areas are built with or without shoulders based on the traffic
volume. The provision of shoulders in a bridge is also dictated by the overall cost
considerations. The shoulders can be considered as additional lanes on each side of the
bridge. The width of the shoulders can be as wide as the traffic lanes. This study

investigates the effect of shoulders on the wheel load distribution of highway concrete

slab-on-girder bridges.

The typical bridge described in Chapter 4 is used for investigating the effect of
shoulders on wheel load distribution. Fig. 5.9 shows the typical slab-on-girder bridge
used in the analysis. The slab-on-girder bridge has a slab thickness of 7 in. on AASHTO
type IV girders spaced af 6 ft. center to center and span length of 70 ft. The width of the
bridge between the outside girders is 24 ft. with a 3 ft. overhang on each side when no
shoulders are present (total width of 30 ft.). The addition of one 12-ft. shoulder increases
the bridge width to 36 ft. (total width of 42 ft.) and the addition of two shoulders
increases the width to 48 ft (total width of 54 ft.). The concrete strength of the girder and
the slab is taken as 5000 psi in the study. The material properties (Elastic modulus, E,
Poisson’s ratio, , and modulus of rigidity, G) used in the FEM analysis are presented in
Table 4.1 along with the sectional properties of the AASHTO type IV girder (Area, A

and moments of inertia, Iy and I).
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A total of five cases were investigated in this study (Table 5.2). In the first case
study, the bridge is considered with no shoulders and loads only on both the traffic lanes.
One shoulder and loads only on both the traffic lanes are taken into account in the second
case study. The third case study is similar to that in the second case except that the loads
are applied on both the traffic lanes and the shoulder. In the fourth case, the bridge has
two shoulders with loads only on the traffic lanes. The fifth case study includes loads on
both the traffic lanes and the two shoulders. In all the cases, the bridges were loaded with

the AASHTO HS-20 trucks at the location to produce maximum positive moments.

The transverse strain distributions in the bottom of the girder at the location of the
maximum bending moment in the bridge are shown in Figs. 5.10-5.14. The transverse
strain distributions are shown separately for the five cases since the width of the bridge
varies for each case. The wheel load distribution factors for all cases based on the finite

element method, AASHTO and LRFD codes are compared in Table 5.2.

The wheel load distribution factors based on AASHTO and LRFD specifications
are constant for the five cases, since the codes do not consider the effect of shoulders on
the distribution factors. The distribution factors based on FEM are generally smaller than
those based on the AASHTO and LRFD codes. When the wheel loads are applied on the
shoulders together with the traffic lanes, the load distribution factors tend to be the same
for bridges without shoulders. However, when the wheel loads are applied only on the

traffic lanes in the bridges with one or two shoulders, the load distribution factors
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decrease slightly by about 4 to 8 %. Further studies using field tests could be made for

determining the influence of shoulders on the wheel load distribution factors.

Table 5.2 Load distribution factors for bridges with or without shoulders

No. of None One One Two Two
shoulders
Wheel 2 Lanes 2 Lanes |2 Lanes and one 2 Lanes 2 Lanes and
loads shoulder two shoulders
AASHTO 1.09 1.09 1.09 1.09 1.09
LRFD 1.211 1.211 1.211 1.211 1.211
FEM 1.016 0.966 1.054 0.997 1.035
9.00E-05
8.00E-05 +
7.00E-05 +
6.00E-05 +
?E 5.00E-05 +
:
£ 4.00E-05 1
v
3.00E-05 +
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0.00E+00 ¢ + t t t
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Fig. 5.10 Transverse strain distributions at mid-span for bridge with both
traffic lanes loaded (no shoulders)
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Fig. 5.11 Transverse strain distributions at mid-span for bridge with both
traffic lanes loaded (one shoulder)
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Fig. 5.13 Transverse strain distribution at mid-span for bridge with both

traffic lanes loaded (two shoulders)

5-16



Strain in/in

9.00E-05
8.00E-05
7.00E-05
6.00E-05
5.00E-05
4.00E-05
3.00E-05
2.00E-05
1.00E-05
0.00E+00

Two Shoulder ( Lanes and Shoulders Loaded )

P—Two Shouldc4rI

. L .
T T T

2 4 6

Girder Number

10

Fig. 5.14 Transverse strain distribution at mid-span for bridge with both
traffic lanes and shoulders loaded (two shoulders)

5-17



CHAPTER 6

DISCUSSIONS ON WHEEL LOAD
DISTRIBUTIONS OF SKEW SLAB-
ON-I-GIRDER BRIDGES BASED ON
FIELD TESTS AND BRIDGE RATING

6.1 INTRODUCTION

Skew bridges are usually adopted to overcome complex intersections and space
limitations. The AASHTO specifications (1992) provide the designer with load
distribution factors for normal bridges (skew angle = >0°). The LRFD (Load and
Resistance Factor Design) specifications (1994) allow for the girder bending moment to
be reduced when the sui)ports are skewed. Both the specifications are mainly based on
laboratory tests and analyses of bridges with various bridge parameters such as span
length, girder spacing, skew angle, etc. However, Departments of Transportation in

certain states allow the use of load distribution factor based on bridge field testing for the

rating of existing bridges.

The purpose of this chapter is to provide the practicing engineer with a rational
procedure to determine the load distribution factor from skew bridge field testing data

and evaluate the specifications based on field tests and finite element analyses.
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6.2

SKEW SLAB-ON-I-GIRDER BRIDGE FIELD TESTS

Florida Department of Transportation (FDOT) have tested many bridges for

strength determinations. Prior to the actual load testing, the strain or deflection gages are

installed at the critical locations along the girders. The test vehicles are then driven and

placed on the critical locations of the bridge. The bridge is then loaded incrementally to

induce the maximum bending moments. Incremental loading is achieved by adding

concrete blocks with a self-contained hydraulic crane mounted on the test trucks. The

measured strains and deflections are later analyzed and used to establish the strength of

each component as well as the load distribution factors. Field test data from four slab-on-

I girder skew bridges are used in this study (Table 6.1). Three of the bridges are simply

supported (Figs. 6.1-6.3). and one is continuous over two spans (Fig. 6.4).

TABLE 6.1 Skew slab-on-I girder bridge field tests

Field { Location Span Total | No. of | Girder | Girder | Slab | Skew | Span
test | (Florida) | length | width | lanes type' | spacing | thick- | angle | type
(ft) (ft.) (f.) ness | (deg.)
(ft.)

1 Duval 104.15 429 Two v 5.3 7.0 17.5 | Simple
County support

2 SR.17 85.5 37.75 Two 111 5.17 7.5 45 Simple
support

3 Turnpike 151.5 70.75 Four v 5.92 7.0 20 Simple
support
4 Palm 143.6 46.75 Two A" 7.79 7.0 30 | Contin.

Beach (two
County spans)

Note: (1) All the girders are of AASHTO type

The Duval County (Jacksonville, Florida) bridge consists of 7 simply supported

spans with span lengths ranging from 56 ft. to 104.15 ft. The length of the test span is
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104.15 ft. with a skew angle of 17.48°. The span consists of eight AASHTO Type v
prestressed concrete girders, spaced at 5.30 ft. center to center. The bridge carries two
lanes of traffic with curb to curb width of 40.0 fi. The State Road 17 bridge consists of
three simply supported spans with the test span of 85.5 ft. The span consists of seven
AASHTO Type III prestressed concrete girders, spaced at 5.17 fi. center to center with
the skew angle of 45 degrees. The bridge carries two lanes of traffic with curb to curb

width of 26 ft.

The Florida Turnpike bridge is located over Interstate 595, which consists of five
simply supported spans with the test span of 151.5 ft. The bridge consists of twelve
simply supported AASHTO Type V girders spaced at 5.92 ft. center to center. The bridge
is 68 ft. wide from curb to curb and carries four lanes and two 10 ft. shoulders with
typical crash barriers on éither side. The slab is 7 in. thick and the bridge is skewed 20
degrees. The bridge was constructed using an innovative shoring system to ensure
composite action for both dead és well as live loads. The Palm Beach County bridge is
located over 1-95, which has four spans, two of which are continuous. The intermediate
continuous spans are 143.6 f. long with a bridge width of 46.75 ft. The 7 in. thick deck

slab is supported on six AASHTO type V girders spaced at 7.79 f&. centers.

The bridge decks and girders of all the four bridges were in good condition. The
bridges were loaded incrementally with 36, 48, 60 and 72 concrete blocks per truck. The
strains and / or deflection readings were taken at each load increment to establish the

behavior of the bridge. The truck wheel loads for different number of blocks are
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summarized in Table 6.2 and Figs. 2.4 and 2.5. Figs. 6.5, 6.6 and 6.8 show the strain
distributions along the transverse sections for the field tests # 1, # 2 and # 4, whereas Fig.

6.7 shows the girder deflections for field test # 3.

TABLE 6.2 Truck Wheel Loads for the Skew Bridge Field Tests

Field | Maximum Applied loads (kips) Number of
test number of trucks
blocks Pl P2 P3 P4 P5

1 60 12.00 33.01 | 33.01 42 .84 42.84 Two

2 60 12.00 33.01 33.01 42 84 42 .84 One

3 72 12.17 37.80 | 37.80 | 49.66 49.66 Two

4 48 11.83 28.23 28.23 36.03 36.03 One and
two
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6.3 FINITE ELEMENT ANALYSES OF SLAB-ON-I-GIRDER BRIDGES

Linear elastic material properties are used in the modeling. The reinforced
concrete slab is modeled using shell elements with eight or four mid-surface nodes. Each
I-girder is divided into three parts: the bottom and top flanges and the web (Fig. 2.2).
Each flange was modeled by a beam element with its properties lumped at the centroid of
the flange. The web was modeled by shell elements with four or eight mid-surface nodes.
Each mid-surface node has six degrees of freedom. To satisfy the compatibility of
composite behavior, a rigid element was assumed between the top beam elements and the
centroids of the top deck slab shell elements. Each bearing support was assumed to be
located at the centroid of the beam element representing the bottom flange of the girder.
Under linear elastic conditions, strains are proportional to the bending moments in the
girders. Hence, maximum strains at the extreme fiber of the bottom flanges obtained
from finite element results were used to compute the wheel load distribution factors of

the girders, which are compared with those of AASHTO and LRFD specifications.
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6.4 LOAD DISTRIBUTION FACTORS OF SLAB-ON-I-GIRDER BRIDGES
BASED ON STRAIN AND DEFLECTION MEASUREMENTS

Two methods for determining the load distribution factors from the measured and
computed strains or deflections are presented, evaluated and compared with AASHTO
and LRFD specifications in this section. The speciﬁcations define the load distribution
factor as the fraction of maximum moment in a girder to the maximum moment in the
bridge idealized as one-dimensional beam subjected to a loading of one line of wheels
(AASHTO) or a loading of two lines of wheels, i.e. a truck (LRFD). This basic definition
of the load distribution factor is the basis for the first method (Method I) of calculating
load distribution. The load distribution factor in method I is calculated using the

following Eqn. 6.1:

DF, g = o 6.1)

cthodI_M

Bridge
The girder maximum bending moment (Mgirer) can be obtained by multiplying the
maximum strain measured at the bottom flange by the section modulus and the concrete
modulus of elasticity as shown below:

Mgirger =€ES (6.2)
Where

£ = the strain at the extreme fibers of the bottom flange, E = the concrete modulus

I
of elasticity, and S = the section modulus. The elastic modulus of concrete was calculated
based on concrete strength, f.° (5000 psi). Many bridges exhibit some degree of

composite action even when they are not constructed with shear studs or other devices for

transferring shear between the girders and deck slab. The composite and non-composite
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section moduli were used to calculate the measured bending moments. The use of

composite section modulus yields a higher measured bending moment.

The second method (Method II) is based on the fact that the sum of internal
bending moments in the girders is equal to the externally applied bending moment due to
the wheel loads for a straight bridge. For the field load tests, where all traffic lanes are
loaded with equal-weight trucks, the measured wheel load distribution factor is given
below [Stallings and Yo00(1993)] :

ne

DF, poar = ———Z .-=1_1“6",~W,- 6.3)
Where
£, = maximum bottom flange strain at any girder,
g, = bottom flange strain at the ith girder
Wi = the ratio of the section modulus of the ith girder to the section modulus of a
typical interior girder
k = number of girders,
n = number of wheel lines of applied loading

The parameter, n is required to make the measured wheel load distribution factor

compatible with AASHTO definition.

Eqn. 6.3 is based on the assumption that the sum of the internal moments or the
total area under the moment distribution curve should be equal to the externally applied
moment. This assumption is valid for straight bridges. However, this assumption is not

accurate for bridges with large skew angles, which exhibit larger torsional moments.
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Therefore, the sum of the girder strains in a straight bridge will be used to take into
account the total external load effects in skew bridges and Eqn. 6.3 can be modified as

follows:

DF, 1 maxs (6.4)

maxd ( )
Zi:l-»k &Wi 0=0

The skew angle for all the tests were less than 30° except for field test # 2 and therefore,
Eqn. 6.3 was used instead of Eqn. 6.4 in the load distribution calculations. The measured
load distribution factors were compared with those based on AASHTO, LRFD and finite

element analyses.

6.5 FIELD TEST RESULTS AND DISCUSSIONS

The measured strains and deflections corresponding to the maximum bending
moment location during the field tests are shown in Figs. 6.5 to 6.8. The measured
strains and deflections correspénding to the loading cases (Table 6.2) and the finite
element analysis are presented in the above graphs. Generally the measured strains and
deflections in the field tests show good agreement with the computed values using FEM.
The finite element modeling presented in section 6.3 thus appears to realistically take into
account the behavior of the test bridges. Table 6.3 summarizes and presents the
comparison of the load distribution factors for interior girders of the test bridges based on

the measured strains and deflections, FEM, AASHTO, and LRFD.

The load distribution factors determined using method I are based on non-

composite and composite section moduli of the slab-on-I-girder bridges. The girder
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moments as well as the load distribution factors based on composite section modulus are
always greater than that based on non-composite section modulus. The wheel load
distribution factors based on method II are generally higher than those from method I and
closer to the values from the AASHTO and LRFD methods. Thus, it appears that the
method II presented in section 6.4 can be used in computing realistic wheel load
distribution factors for slab on girder bridges. Method II requires only the bottom flange
strains or girder deflections in the computations of load distribution factors, whereas
method I requires the estimation of the section modulus (composite or non-composite)
and concrete modulus of elasticity besides the strains for an existing bridge. The wheel
load distribution factors based on AASHTO and LRFD codes are generally higher than

those based on measured and computed strains.

For field test # 2 and one loading case in field test # 4, only one traffic lane was
loaded, whereas the AASHTO and LRFD methods always assume that all the traffic
lanes to be loaded in the calculation of the load distribution factors of interior girders.
Hence, the load distribution factors determined based on the measured and computed
strains are not compared with the AASHTO and LRFD values. In the case of field test #
3, the measured deflections were used to determine the load distribution factors using
method I The method I could not be used since the estimation of the girder moments
based on the measured deflections in the bridge is rather complex. The measured
deflections in the bridge are a function of the overall geometry, boundary conditions,

effective moment of inertia of the girders and the structural configuration.
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TABLE 6.3 Summary of load distribution factors (interior girders)

Field test Measured strains FEM. AASHTO | LRFD
Method I Method Method I Method
Non- | Comp. I Non- | Comp. I
comp. comp.
#1 0.614 | 0.906 0.725 0.622 | 0918 0.752 0.964 0.988
#2 0.279 | 0.453 0.494 0.344 | 0.560 0.650 N.A. N.A.
(one lane loaded)
#3 ceemmeem | e | 0623 | ——— | ——=— | 0.790 1.076 1.003
#4 0.300 | 0.406 0.900 0.309 | 0.420 1.042 N.A. NA.
(one truck)
#4 0.603 | 0.810 0.840 0.871 | 1.170 0.967 1.42 1.21
(two trucks)
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6.6 SLAB-ON-I-GIRDER BRIDGE RATING BASED ON DIFFERENT
WHEEL LOAD DISTRIBUTION FACTORS

Wheel load distribution factors based on measured strains, finite element method,
AASHTO and LRFD codes are used in calculating the operating rating for slab-on-I-
girder bridges. The following expressions are used to determine the operating ratings
(Manual for Maintenance Inspection of Bridges, 1982).

The operating strength analysis:

_$R.-13D

1.3L(1+D) 65)

= the rating factor

RF

) =the capécity reduction factor
D = the nominal dead load effect
L = the nominal live load effect

I = the impact factor

Ra = the nominal strength of the member

The bridges (field test # 1 and # 4 with two traffic lanes loaded) are used as
illustrative examples for the bridge rating based on different methods of wheel load
distributions. The nominal moment strengths are actually dependent on the concrete
strength, steel properties and amount of prestressing and untensioned reinforcement. For
the sake of illustrations, realistic values of nominal strengths are assumed, which could

be different from the actual values for the two existing bridges.
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Table 6.4 summarizes the results of the rating calculations for the two bridges.
The calculations for the bridge (field test # 1) are based on girder nominal moment, M,
equal to 65,000 kips-in. and the girder dead load moment Mp equal to 22,573 kips-in.
For the FDOT test vehicle, the maximum live load moment per truck is equal to 20,760
kips-in. The girder nominal moment, M, for fhe second bridge (field test # 4) was
assumed to be equal to 94,000 kips-in. and the girder dead load moment Mp equal to
29,122 kips-in. The maximum live load moment per truck in the second bridge (field test

# 4) was equal to 23,530 kips-in.

The operating rating factors based on measured strains and finite element method
are generally much higher than those calculated based on AASHTO and LRFD
specifications. These rating factors give more realistic assessment of the bridge strength
than the codes. However, the values of rating factors presented in Table 6.4 may vary

depending on the actual amount of reinforcement and the properties of concrete and steel

in the existing bridges.
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Table 6.4 Summary of slab-on-I-girder bridge rating factors

Load Field test # 1 Field test # 4
distribution Load Liveload | Operating Load Liveload | Operating
based on | distribution | moment rating distribution | moment rating
factor per girder factor factor per girder factor
(kips-in.) (kips-in.)
Measured 0.725 7522 229 0.84 9883 2.80
strain
FEM 0.752 7802 221 0.967 11377 243
AASHTO 0.964 10002 1.725 1.42 16707 1.65
LRFD 0.988 10251 1.68 1.21 14236 1.94
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CHAPTER 7

SUMMARY AND CONCLUSIONS

7.1 SUMMARY

The studies on wheel load distribution are carried out in three phases. Studies in Phase I
were focused on straight slab-on-girder, solid slab, voided slab and double. Tee bridges. The
existing analytical and field load distribution methods were reviewed for different bridge types.
The grillage analogy concepts were presented together with the cross sectional properties of
different bridge types for grillage analogy idealization, field test procedures and methodologies.
Several parameters such as span length, bridge width, slab thickness, edge beam and number of
lanes are considered in the parametric studies of solid and voicied slab bridges. One hundred and
sixty study cases were carried out to evaluate the various parameters affecting load distribution of
slab-on-girder bridges. The load distribution factors from the analysis of double Tee simply
supported bridges are compared with those based on the AASHTO and LRFD codes.

The studies in Phase IT were focused on wheel load distribution of the skew slab-on-girder
and skew solid slab bridges. The various parameters affecting load distribution of skew Simply
supported slab-on-girder bridges were studied using finite element method and data from the field
tests are used to verify the analytical results. Analytical and field studieé on the wheel load

distribution of skew simply supported solid slab bridges are presented and compared with those
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based on the AASHTO and LRFD codes. The finite element method and field test data were used
to investigate the continuous skew and straight slab-on-I girder bridges and compute the

corresponding wheel load distribution factors.

The present studies in Phase III were mainly directed towards the analyses of
comprehensive field test data, shear load distribution of continuous slab-on-girder bridges, and effects of

diaphragms and shoulders on the wheel load distribution factors. The main parameters that affect shear
load distribution are compared for single and multiple span bridges. The study on shear load
distribution focuses on five main parameters: spacing between the girders, variation of skew
angle, variation in the number of spans, ratio between adjacent two spans, and span length. The
effect of diaphragms on wheel load distribution was first evaluated for a field test bridge and
compated with a finite element model of the actual bridge. The diaphragm parameters that affect
the wheel load distribution Were studied to evaluate the effect of each parameter. The main

conclusions based on the studies in Phases I, II and III are presented in the following sections.

7.2 CONCLUSIONS

7.2.1 Straight Solid and Voided Slab Bridges

i) The effective widths calculated using grillage analogy are larger than those based on

AASHTO and LRFD codes, which indicate that both the codes give conservative estimate

of effective width, E for solid slab bridges.
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iii)

vi)

Based on this limited study, the bridge width can be neglected as a parameter in calculating

the effective widths of solid slab bridges.

The variation of slab thickness has very little effect in the effective width, which confirms
the approaches specified by AASHTO and LRFD codes in neglecting the thickness as a

parameter.

The edge beam moment increases with increase in moment of inertia, i.e. increase in edge
beam depth or width. Slab bridges without edge beams or with hidden edge beams have
greater maximum moment than similar slab bridges with edge beam and hence the resulting
effective width is smaller. These results suggest that the edge beam size should be taken

into account in wheel load distribution.

Based on the solid slab parametric studies, the span length and the edge beam depth are the
main parameters affecting the effective width calculations. Effective width equations are

proposed for solid slab bridges without edge beams and with edge beams.

The maximum bending moment for solid slab is smaller than that for voided slab bridges,
which means the solid slab has larger effective width than voided slab bridges. The larger

moment in existing voided slab bridges may be attributed to the relative vertical movements

between the voided slab precast units.
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7.2.2 Straight Slab-on-Girder Bridges

i)

iii)

Girder spacing is an important factor in determining both flexural and shear wheel load

distributions of slab-on-girder bridges.

The flexural load distribution factors based on LRFD are slightly smaller than those
calculated using grillage analogy for larger girder spacing. However, the load distribution
factors based on LRFD code are in better agreement with those for smaller girder spacing,

which are more commonly used.

The calculated flexural load distribution factors are slightly larger than those based on
AASHTO and LRFD codes particularly for shorter spans. However, the AASHTO and

LRFD load distribution factors are more accurate for longer spans (90 and 100 ft), which

are commonly used in bridges.

The flexural load distribution factor for the 54 ft. wide bridge is slightly higher than that for
the 36 ft. wide bridge (2% to 4%) and this can be considered to be insignificant. This
establishes that AASHTO and LRFD codes are realistic in neglecting the bridge width as a

parameter in wheel load distribution.
For a given girder spacing, the LRFD load distribution equation overestimates the effect of

longitudinal stiffness parameter, K, on wheel load distribution and this is more evident for

exterior girders.
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vi)

vii)

viii)

7.2.3

The detailed parametric studies on shear load distribution indicate that the spacing between
girders is a dominant parameter in shear load distribution. Parameters such as span length,

bridge width and girder stiffness have little effect on shear load distribution for AASHTO

girders.

Simplified equation for shear load distribution of slab-on-AASHTO girders is suggested for

interior and exterior girders.

In general, the flexural load distribution factor decreases with increasing span for interior
and exterior bulb-tee girders; but this decrease is more than that for AASHTO girders. The

girder stiffness effect was insignificant in bulb-Tee flexural load distribution.

Straight Double-Tee Bridges

The load distribution factors for the interior girders decrease whereas those for exterior
girders increase with increase in span. The load distribution in exterior girders is more

dependent on the span, which is consistent with that of the slab-on-AASHTO girders.

The calculated distribution factors based on grillage analogy are smaller than those based on

LRFD and AASHTO codes.



7.2.4 Skew Solid Slab Bridges

iii)

The effective widths calculated using finite element method are larger than those based on
AASHTO and LRFD codes, which indicate that the codes give conservative estimate of

effective width, E for skew solid slab bridges.

The effective width increases with increase in the skew angle for solid slab bridges. This
confirms the LRFD code in considering the skew angle as a parameter in effective width
calculation. The finite element results show that for skew angles higher than 30°, the

effective width is governed by the lane width.

The span length is an important factor in effective width calculation of skew solid slab

bridges. The effective width tends to increase as the span length increases.

The effect of edge beams has been studied in this investigation and found to be
significant. The effective widths of skew solid slab bridges with edge beams are smaller

than those without edge beams and follow the same trend for the straight solid slab bridges.

Based on the skew solid slab parametric studies, the skew angle, span length and the edge
beam depth are the main parameters, which significantly affect the effective widths. The

effective width equations proposed for straight solid slab bridges are modified for skew

bridges with a skew angle factor.
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vi)

7.2.5

iii)

Effective width calculations based on the measured strains are higher than the AASHTO
and LRFD values. The AASHTO and LRFD effective width equations do not take into

account the additional stiffness due to edge beams, shoulder widths and parapets.

Skew Slab-on-Girder Bridges

Based on the parametric studies using finite element method, it is observed the skew angle
increase reduces load distribution factors for the interior girders and that the LRFD code

accurately estimates the skew angle effect particularly for skew angles higher than 30

degrees.

Skew angle effect on load distribution for exterior girders is similar to that of the interior

girders.

Girder spacing is a very important factor in determining flexural wheel load distributions of

skew slab-on-girder bridges.

The flexural distribution factors based on LRFD are slightly smaller than thosé calculated
using finite element method particularly for larger girder spacing. It is shown that the
distribution factors based on LRFD code are in better agreement with those calculated using

finite element method for smaller girder spacing, which is more commonly used.
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vi)

vii)

The interior girder distribution factor based on finite element method shows much smaller
decreases with increasing span length similar to the LRFD code. However, the load

distribution factors for exterior girders based on finite element analyses increase with

increasing span length.

For a given skew angle, girder spacing and span length, the LRFD load distribution
equation overestimates the effect of slab thickness on wheel load distribution. The finite
element results show little effect on load distribution for variation of slab thickness between

3.85 in to 7 in., which corresponds to a variation of stiffness ratio, H between 5 to 30.

The load distribution factors based on finite element analyses were close to those based on

the measured strains (less than 30 % difference) and this difference may be attributed to the

variations in concrete strength and section modulus, which are used in calculating the
measured distribution factor. ‘Both load distribution factors based on AASHTO and LRFD
were higher than those calculated using the measured strains and finite element method.
This may be attributed to the fact that AASHTO code and to a lesser extent, the LRFD code

do not take into account the additional stiffness contribution to the bridge from the shoulder

and parapets.



7.2.6 Continuous Slab-on-Girder Bridges

The parametric studies of continuous bridges were carried out to investigate the effects of

number of spans, the skew angle, and the ratio between two spans.

7.2.6.1 Parametric Study on Flexural Load Distribution Factors

i)

iii)

In continuous bridges, the strains are generally higher at the interior supports than at mid-
spans. The strain distributions in the transverse direction are similar for both positive and
negative moment load cases. The FEM analyses show that strain distributions become

less uniform as skew angle increases.

Based on the parametric studies, the effect of the number of spans on the load distribution

factors is small and can be neglected. In general, the FEM load distribution factors are

smaller than those based on LRFD code.

The interior girder load distribution factors show little variation as the ratios between the
spans increase for both positive and negative moments. However, the exterior girder
load distribution factors show a small increase (10%-13%) as the ratios between the spans
increase.

Comparisons between continuous and single span slab-on-girder bridges have shown that

there is little change in the distribution factor with increase in the number of spans.
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7.2.6.2 Parametric Study on Shear Load Distribution Factors

iii)

The shears for interior and exterior girders increase with increase in skew angles at the
exterior and interior supports. The skew angle results in non-uniform transverse shear
distributions in the girders. The shear load distribution factors based on FEM analysis are

smaller than those based on LRFD code.

The shear forces for interior and exterior girders close to the exterior and interior supports
of the straight bridges decrease slightly with the increase in number of spans. The shear
load distribution factors are constant with the increase in the number of spans and that the

AASHTO and LRFD distribution factors are higher than the values based on FEM.

The shear forces in the girders and the shear load distribution factors increase with an
increase in the girder spacing for both interior and exterior girders close to the interior
and exterior supports. The shear load distribution factors based on the FEM are smaller

than the LRFD and AASHTO values for interior and exterior girders.
The shears in the interior girders remain nearly the same as the ratios of the spans

increase and the shear load distribution factors are constant. The variations in the shear

distributions of exterior girders are very small with increase in the ratios of the span and
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the corresponding shear load distribution factors are also constant. The same trends are

observed for both straight and skew bridges with varying span ratios.

V) Based on the parametric studies of twenty four cases considering span length, the shear

load distribution factors are found to be independent of the span lengths for all the cases.

7.2.7 Diaphragm and Shoulder Effects on Wheel Load Distribution

7.2.7.1 Diaphragms

The parametric study was focused on determining the effect of the diaphragm locations
along the span on the wheel load distribution of skew and straight bridges. Three different
diaphragm locations that are commonly used in bridges were selected in the parametric studies.
All the parametric study casés have diaphragms between the girders at the supports. The first
case has no interior diaphragms, whereas the diaphragms at the mid-span are considered in the

second case. The diaphragms at the third points were considered in the third case.

1) The flexural strains of interior girders slightly decrease with the increase in the number of
diaphragms. The wheel load distribution factors of interior girders are not dependent on
the number of diaphragms and this agrees with AASHTO and LRFD specifications,

which do not consider the diaphragm in wheel load distribution.



it) The transverse strain distributions at the mid-span for exterior girder loading decrease
marginally as the number of diaphragms increase. The wheel load distribution factors for

exterior girders slightly increase with the increase in the number of diaphragms.

ii1) It can be concluded that the presence and location of diaphragms do not seem to have a
major effect on the transverse load distribution at the mid-span for interior and exterior
girders and this is valid for straight and skew bridges. This finding agrees with the

AASHTO and LRFD codes, which neglect the diaphragm in wheel load distribution.

7.2.7.2 Shoulders

A typical slab-on-girder bridge is used for investigating the effect of shoulders on wheel
load distribution. A total of five cases were investigated in this study. In the first case study, the
bridge is considered with no shoulders and loads only on both ;(he traffic lanes. One shoulder and
loads only on both the traffic lanes are taken into account in the second case study. The third case
study is similar to that in the second case except that the loads are applied on both the traffic
lanes and the shoulder. In the fourth case, the bridge has two shoulders with loads only on the
traffic lanes. The fifth case study includes loads on both the traffic lanes and the two shoulders.

In all the cases, the bridges were loaded with the AASHTO HS-20 trucks at the locations to

produce the maximum positive moments.

7-12



The wheel load distribution factors based on AASHTO and LRFD specifications are
constant for the five cases, since the codes do not consider the effect of shoulders on the load
distribution factors. The load distribution factors based on FEM are generally smaller than those
based on the AASHTO and LRFD codes. When the wheel loads are applied on the shoulders
and the traffic lanes, the load distribution factors tend to be the same for bridges without

shoulders. However, when the wheel loads are applied only on the traffic lanes, the load

distribution factors decrease slightly by about 4 to 8 %.

7.2.8 Field Tests

The typical bridge types for load testing in Phase III include i) skew slab-on-girder and ii)
continuous skew slab-on-steel girder. The instrumentation was designed to measure strains and
deflections at critical sections of the test bridges. The members of the research team from the
Center for Infrastructure and Constructed Facilities participated in the comprehensive field

testing carried out by the Structural Research Center, Florida Department of Transportation,

Tallahassee.

The finite element model was used to analyze the test bridges. In general, the calculated
deflections are larger (about 24%) than the measured values in the skew slab-on-girder bridge.
The measured and calculated strains show better agreement than the corresponding deflections.

This indicates that the finite element model used in the analysis is more accurate in predicting the
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strains. The load distribution factors based on measured and calculated strains are smaller than

those based on AASHTO and LRFD codes.

The difference between the measured and computed maximum strains at mid-span of the
continuous skew slab-on-steel girder bridge is in the range of 11%, when diaphragms are not
considered in the FEM analysis. However, this difference reduces to only 3% when diaphragms
are taken into account in the FEM analysis. The AASHTO and LRFD load distribution factors

are higher than the FEM values and the FEM results are closer to the measured load distribution

~ factors.

7.2.9 Comments on the Load Distribution Factors Based on Measured Strains

The purpose of this section is to provide the practicing engineer with a rational procedure
to determine the load distribution factor from test data of skew bridges and evaluate the
specifications based on field tests and finite element analyses. Two methods for determining the
load distribution factors from the measured and computed strains or deflections are presented,

evaluated and compared with AASHTO and LRFD specifications.

The specifications define the load distribution factor as the fraction of maximum moment
in a girder to the maximum moment in the bridge idealized as one-dimensional beam subjected
to a loading of one line of wheels (AASHTO) or a loading of two lines of wheels, i.e. a truck

(LRFD). This basic definition of the load distribution factor is the basis for the first method
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(Method I) for calculating load distribution factor. The load distribution factor in method I is
calculated using Eqn. 6.1. The girder maximum bending moment (Mg;.) can be obtained by
multiplying the maximum strain measured at the bottom flange by the section modulus and the
concrete modulus of elasticity (Eqn. 6.2). Many bridges exhibit some degree of composite action
even when they are not constructed with shear studs or other devices for transferring shear
between girders and deck slab. The composite and non-composite section moduli were used to
calculate the measured bending moments. The use of composite section modulus yields a higher

measured bending moment.

The second method (Method II) is based on the assumption that the sum of internal
bending moments in the girders is equal to the externally applied bending moment due to the
wheel loads. When all traffic lanes are loaded with equal-weight trucks, the measured wheel load
distribution factor can be caiculated by Eqn. 6.3. This assumption is valid for straight bridges.
However, this assumption is not accurate for bridges with large skew angles, which exhibit larger
torsional moments. Therefore, the sﬁm of the girder strains in a straight bridge of the same span

can be used to take into account the total external load effects in skew bridges (Eqn. 6.4).

The load distribution factors determined using method I are based on non-composite and
composite section moduli of the slab-on-I-girder bridges (Table 6.3). The girder moments as
well as the load distribution factors based on composite section modulus are always greater than

those based on non-composite section modulus. The wheel load distribution factors based on
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method II are generally higher than those from method I and closer to the values based on the
AASHTO and LRFD methods. Thus, it appears that the method II presented in section 6.4 can be
used in computing realistic wheel load distribution factors for slab-on-girder bridges. Method II
requires only the bottom flange strains or girder deflections in the computations of load
distribution factors, whereas method I requires the estimation of the section modulus (composite
or non-composite) and concrete modulus of elasticity besides the strains for an existing bridge.
The wheel load distribution factors based on AASHTO and LRFD codes are generally higher

than those based on measured and computed strains.
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