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ABSTRACT

Bridges formed of concrete deck slab over built-up steel-box girders are frequently used in
bridge construction for their economic and structural advantages. Box girder bridges impose
structural challenges to get the straining actions for the design of girders. The objective of this
study is to determine the load distribution characteristics for continuous composite multiple—box
girder bridges under CHBDC truck loading. An extensive parametric study was conducted using
the three-dimensional finite element to evaluate the moment and shear distribution factors when
bridges subjected to CHBDC truck loading. The parameters considered in this study are the span
length, number of lanes and number of boxes. Then, simple empirical formula for the bending
moment and shear force were developed for the structural design. Correlation of the developed
expressions based on FEA results with available CHBDC and AASHTO-LRFD formula showed

that the former allow engineers to design such bridges more economically and reliably.
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NOTATIONS

B = Bridge width

B = Box girder width

B> = Shoulder width

B; = Barrier width

Cr = percentage correction factor as per CHBDC

Dx = total bending stiffness, EI, of the bridge cross-section divided by the width of the
bridge.

Dxy = total torsional stiffness, GJ, of the bridge cross — section divided by the width of the
bridge.

E = Young’s modulus

E. = the modulus of elasticity of concrete

Es =the modulus of elasticity of steel

F = the width dimension that characterizes the load distribution for the bridge

Fi = load distribution factor for longitudinal bending moment

(Fm)™® = the distribution factor for positive moment

(Fm)™* = the distribution factor for negative moment

(Fv) intemal = load distribution factor for vertical shear at internal support of two-equal- span
bridge

(Fv) extemat = load distribution factor for vertical shear at external support of two-equal- span
bridge

G = the shear modulus

I = the moment of inertia of the box girder

K] = global stiffness matrix;

L = Span length

Mg ave = the average moment per box girder

M’ = the maximum positive moment near the mid-span for a straight continuous span due
to the CHBDC truck loading

M = the maximum negative moment at the interior support for a straight continuous span
due to the CHBDC truck loading

Mt = the maximum moment per design lane

n = number of design lanes

N = number of Girder

[P] = nodal load vector;

Ry = modification factor for multi-design lanes based on the number of the design lanes,

Ry = modification factor for multilane loading

S = centre- to-centre spacing of longitudinal girders of a deck-on-girder bridge.

t1 = thickness of concrete slab

153 = thickness web and bottom flange of box girder

[U] = nodal displacement vector

(Vrea) pier = vertical shear at internal support from finite element analysis
(Vrea)ena = vertical shear at external support from finite element analysis
(V beam) pier= Vvertical shear at internal support from simple beam or idealize girder
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(V beam) end = vertical shear at external support from simple beam or idealize girder
W, = Deck width

W = width of design lane

Wi = is the live load distribution factor for each box —girder

Y = the distance from the neutral axis to the bottom flange

v =Poisson’s ratio

o = the stresses in equilibrium with applied loads

(o) FEA = the maximum stresses obtain from the finite element analysis

(0) beam = the maximum stresses obtain from simple beam or idealize girder
1) = lane width modification factor

o) =rotation (degree of freedom)

Xvil



CHAPTER 1

INTRODUCTION
1.1 General

In recent years, box girder bridges became a popular solution for medium-and long—span
bridges in modern highways and even in railway bridges. This type of bridges is aesthetically
pleasing and less vulnerable to environmental conditions compared to open-section Bridge.
Accordingly, maintenance costs could be significantly reduced throughout the life of the
structure.

Box girders are more advantageous than the I-girders due to (i) its high bending stiffness
combined with a low dead load, yielding a favorable ratio of dead load to live load, (ii) its
high torsional stiffness which allows freedom in the selection of both the supports and bridge

alignment, (iii) the possibility of utilizing the space inside the box girder.

Box girder bridges may be made of reinforced concrete, prestressed concrete or steel. Steel
box girders may be used to support orthotropic steel decks, or concrete deck slab.

A composite steel box girder is a tub girder that consists of independent top flanges and cast-
in-place reinforced concrete decks. Box girder bridges have single or multiple boxes as
shown in Figure 1.1. The composite box section has a superb torsional rigidity. On the other
hand, the non-composite steel section becomes critical when subjected to large torsional
demand. The naked steel girder usually supports only the loading during the early stages of
bridge construction prior to hardening of the concrete deck. The non-composite dead load
stress may account for up to 60 — 70 % of the total stress for typical box Girder Bridge
(Topkaya and Williamson 2003).

The use of multiple box girders, shown in Figure 1.2 in bridge deck construction can lead to
considerable economy due to their superb torsional stiffness that may be 100 to more than
1000 times that of comparable I-girders (Heins and Hall 1981). Figure 1.3 shows view of a
twin-box girder bridge built in USA.



1.2 The Problem

The live load distribution factor equations are among the most important bridge design
parameters because they assist in providing accurate distributed moment and shear forces, for
the design of girders. The current practice in North America has adopted the load distribution
factors for the design of multiple box-girder bridges due to their simple use and cost
efficiency in the design process. In addition, there is neither need for any complex analysis
nor for computer software programs to obtain the straining actions on the bridge girders.
However, the equations’ ease of use should not compromise the accuracy and reliability of
the design.

Simplified methods of analysis specified in the Canadian Highway Bridge Design Code
(CHBDC, 2006) for live load distribution factors are based upon the results obtained from
some bridge structures using grillage, semi-continuum method for which the idealized
structure was essentially an orthotropic plate theory. One major problem with the orthotropic
plate method is the evaluation of the flexural and torsional stiffnesses of the flanges and
girders of the bridge. AASHTO LRFD (2007) specifies empirical studies revealed that for
shorter or longer bridges the load distribution factor expressions lose accuracy (Zokaie,
2000). Investigations for the load distribution factors calculated based on North American
bridge codes have shown that these values may be very conservative in some cases and in
others they may be unconservative (Yousif, 2007; Samaan, 2004; Nour, 2003). Accordingly,
more precise expressions for load distribution factors are required to be developed in the
bridge codes.  Therefore, detailed parametric study is undertaken to evaluate the load

distribution factors for multiple box girder bridges by utilizing the finite element method.

1.3 Objectives

The objectives of this study are:

1- Conduct a parametric study, using the finite element modeling, two-span continuous
box girders under different CHBDC truck loading conditions to determine their load
distribution factors. The results are correlated with the available CHBDC and
AASHTO-LRFD equation to determine their level of accuracy.



2-

Develop more reliable expressions for the moment and shear distribution factors for

such bridges based on the data generated from the parametric study.

1.4 Scope

In order to achieve the above mentioned objectives for this type of bridges, the scope of this

study is as follows:

1-

2.

A literature review of previous research work and codes of practice related to the
structural behavior and load distribution of straight multiple box girder bridges.
Development of the finite element modeling for this type of bridges using the 3D
finite element analysis.

A parametric study on different parameters governing the bending moments and shear
forces distributions among girders due to the CHBDC moving truck for both ultimate
and fatigue limit states. In order to get the load distribution factors, the maximum and
minimum flexural stresses in the bottom steel flanges near the mid-span and at the
pier location were determined, respectively. The maximum shear forces at the
external and internal support locations were obtained. The technique of 3D finite
element modeling was utilized to obtain these results. The maximum stresses and
shear forces for the 2D-idealized girder were calculated. Then the load distribution
factors for moments and shear forces were calculated for all bridges considered in the
study. The effect of the span length, number of lanes and number of boxes on the load
distribution factors are also investigated and compared for different bridge
prototypes.

Deducing of simplified live load distribution factors formulas for multiple box girder
bridges that can be utilized for the design of the steel box girders. Using the fit curve
regression method, simplified formulas for shear and moment distribution factors for
all bridges considered in this study were developed and compared with the existing
ones available in the CHBDC. The equations induced in this study were function of
the span length, number of lanes and number of boxes.

Comparison between the available CHBDC code equations, AASHTO code equations

and the results obtained from finite element analysis results for straight bridges to



determine the accuracy of the available equations in the North American bridge
codes. Figure 1.4 shows the organization chart of the research work.

1.5 Arrangement of the thesis

In Chapter 2, some previous work and literature review on multiple box girder bridges are
presented. Chapter 3 includes a description of the finite-element procedure and the
commercial available software program “SAP2000”, the linear static analysis method used in
the study and the finite-element modeling of composite multiple box-girder bridges. Chapter
4 presents the configurations of the composite box-girder bridges considered in the analyses,
Truck loading conditions and parametric study for load distribution factors. Results obtained
from the parametric study for all bride prototypes are presented in Chapter 5. In addition,
Chapter 5 presents correlations between the results obtained from the finite-element analysis
and those calculated based on the expressions specified in the CHBDC simplified methods of
analysis as well as AASHTO-LRFD for bending moment and shear force distribution factors
at ULS and FLS. The results calculated based on the proposed empirical equations for load
distribution factors are also included in the correlations. Finally, Chapter 6 summarizes the
findings of this research, outlines conclusions reached and provides recommendations for

future researches.



CHAPTER 2

LITERATURE REVIEW

2.1 General

In the past, a significant amount of research was conducted to predict the behavior of
different types of box girder bridges in the elastic range. The connection between the
concrete deck and steel box girder, torsional warping, distortional warping and interaction
between different kinds of cross-sectional forces make it difficult to accurately predict the
behavior of all types of composite box-girder bridges. Bridge continuity added to the
difficulty of the prediction of the behavior of this type of bridges. In the digital computer age,
that difficulty in the analysis and design of continuous box girder bridges has been overcome
by the use of the various software programs in the design. Since the overall behavior of
continuous box girder bridges is always elastic under service loads, methods of linear
structural analysis, such as orthotropic plate theory, folded plate and finite element, may be
applied. The goal of work in this study is to develop a simplified method to design such
bridges, enhance the available design specifications and to better understand the structural

behavior of box—girder bridges.

2.2 Analytical Methods for Box Girder Bridges

Several methods are available for the design and analysis of box girder bridges. Each method
is usually simplified by mean of assumptions in the geometry, material, boundary conditions
and the relationship between its components. The accuracy of such solutions depends on the
validity of the assumptions made. The Canadian Highway Bridge Design Code (CHBDC
2006) as well as the American Association of State Highway Transportation Officials
(AASHTO-LRFD 2007) has recommended several methods of analysis of box-girder
bridges. The following subsections present a brief review of these methods includes: Grillage

Analogy, Orthotropic Plate, Folded Plate, Finite Strip, Finite Element and Thin—walled beam.



2.2.1 Grillage Analogy Method

Grillage analysis has been applied to multiple boxes with vertical and sloping webs and
voided slabs, based on stiffness matrix approach. In this method, the bridge deck is idealized
as a series of “beam” elements in the transverse direction (or grillages) connected and
restrained at their joints. The continuous straight bridge is modeled as a system of discrete
straight longitudinal beam members, representing the longitudinal beams at the web
locations, intersecting orthogonally with transverse grillage members. As a result of the fall-
off in stress at points remote from webs due to shear lag, the slab width is replaced by a
reduced effective width over which the stress is assumed to be uniform. The equivalent
stiffness of the continuum is lumped orthogonally along the grillage members. The main
advantage of this method is the entire bridge superstructure can be modeled using beam
elements which did not require high demand calculations. However, grillage analysis cannot
be used to determine the effect of distortion and warping. Moreover, the effect of shear lag
can hardly be assessed by using grillage analysis. The effect of the continuity of the slab in
the longitudinal direction is ignored in this method. By using fine mesh of elements, local
effects can be determined with a grillage. Alternatively, the local effects can be assessed

separately and put in the results of grillage analysis.

2.2.2 Orthotropic Plate Theory Method

An orthotropic system is defined as a plate that exhibit significant different bending stiffness
in two orthogonal directions and is presented for use in bridge analysis. Structural continuity
between all supporting members and their flexibilities may be considered. The stiffness of
the diaphragms is distributed over the girder length. The stiffness of the flanges and girders
are lumped into an orthotropic plate of equivalent stiffness. Few researchers, (a many thesis
Baker, T.H. 1991; Gangarao etal. 1992 ; Mangelsdorf etal. 2002 ; Huang et al. 2002 ;
Higgins, 2004 ; and Huang etal. 2007 have utilized orthotropic thin plate theory for
analyzing orthotropic bridge decks. However, the estimation of the flexural and torsional
stiffnesses is considered to be one major problem in this method. The Canadian Highway

Bridge Design Code (CHBDC) has recommended using this method mainly for the analysis



of straight box girder bridges. The accuracy of the method is reduced significantly for

systems consisting of a small number of components under vehicular loadings.

2.2.3 Folded Plate Method

Spatial structures with large flat panels are common in engineering design, such as welded
girders span of bridges. A folded plate structure or sometimes called prismatic shell is
composed of a series of individual plane surfaces, jointed together to produce a stable
construction capable of carrying loads. The lines of intersection between the individual plates
are usually termed “fold lines or “joints”. The method can be used for simple and continuous
spans, with considering the end diaphragms infinitely stiff in their plane. The prismatic
folded plate theory by Goldberg and Leve, 1975 considers the box girder to be made up of an
assemblage of folded plates. This method uses two-dimensional elasticity theory for
determining membrane stresses and classical plate theory for analyzing bending and twisting
of the component plates. The analysis is limited to straight, prismatic box girder composed of
isotropic plates with no interior diaphragms and with simply supported end conditions.
Meyer and Scordelis (1971) later presented a folded plate analysis for simply supported,
single-span box girder bridges with or without intermediate diaphragms. Canadian Highway
Bridge Design Code restricts the use of this method to bridges with support conditions

closely equivalent to a line support.

2.2.4 Finite Strip Method

The finite-strip method (FSM) is one of the most efficient methods for structural analysis of
bridges, reducing the time required for analysis without largely affecting the degree of
accuracy. FSM is therefore an ideal platform for traditional time-consuming fracture
analysis. The finite strip method may be regarded as a special form of the displacement
formulation of the finite element method. The finite strip method discretizes the bridge into a
longitudinal number of rectangular strips, running from one end support to the other and
connected transversely along their edges by longitudinal nodal lines. The stiffness matrix is
then calculated for each strip based upon a displacement function in terms of Fourier series.

The displacement functions of the finite strips are assumed as a combination of harmonic



varying longitudinally and polynomials varying in the transverse direction. Therefore, the
strip method is considered as a transition between the folded plate method and the finite
element method. In 1968, the finite strip method was first introduced by Cheung in 1971;
Cheung and Cheung applied the finite strip method for curved box girder bridges. In 1974,
Kabir, and Scordelis, developed a finite strip computer program to analyze curved continuous
span cellular bridges, with interior radial diaphragms, on supporting planar frame bents. Free
vibration of curved and straight beam-slab and box-girder bridges was conducted by Cheung,
and Cheung, 1972 using the finite strip method. In 1978, the method was adopted by Cheung
and Chaung, to determine the effective width of the compression flange of straight multi-box
and multi-cell box girder bridges. In 1984, Cheung, used a numerical technique based on the
finite strip method and the force method for the analysis of continuous curved box girder
bridges. In 1989, Ho et al. used the finite strip to analyze three different types of simply
supported highway bridges, slab-on-girder, two-cell box girder, and rectangular voided slab
bridges. Sennah and Kennedy (2002) and Ozakca et al. (2003) stated that the shape
optimization of folded plates can be carried out on box girders by integrating finite strip
method.

The advantage of the finite strip method is that it requires small computer storage and
relatively little computation time. Although the finite strip method has broader applicability
as compared to folded plate method, the method is still limited to simply support prismatic
structures. For multi- span bridges, Canadian Highway Bridge Design Code restricts the
method to those with interior supports closely equivalent to line supports and isolated
columns supports. Any plate or shell structure subjected to translational displacement along

the transverse edges of the strips cannot be analyzed by this method.

2.2.5 Thin-Walled Beam Theory Method

Thin-walled beam theory was established by Vlasov (1965) and then extended by Dabrowski
(1968). The theory is based on the usual beam assumptions. The theory assumes non-
distortional cross—section and, hence, does not account for all warping, distortion or bending
stress. The theory cannot predict shear lag or the response of deck slabs due to local wheel
loads. In 1985, Maisel extended Vlasov’s thin-walled beam theory to account for torsional,

distortional, and shear lag effects of straight, thin-walled cellular box beams. Li (1992) and



Razaqgpur and Li (1997) developed a box girder finite element, which includes extension,
torsion, flexure, distortion and shear lag analysis of straight and curved multi-cell box girders
using thin- walled finite element based on Vlasov’s theory. Razaqpur et al. (2000) used the
straight thin-walled box beam element, along with exact shape functions were used to
eliminate the need for dividing the box into many elements in the longitudinal direction. The
results of the proposed element agreed well with those results obtained from full three-
dimensional shell finite element analysis. The theory was incorporated into a computer
program to solve linear elastic analysis and nonlinear material analysis. For both static and
dynamic analyses of multi-cell box girder bridges, Vlasov’s thin-walled beam theory was
cast in a finite element formulation and exact shape function was used by El-Azab (1999) to

derive the stiffness matrix.

2.2.6 Finite Element Method

The finite—element method of analysis has rapidly become a very popular technique for the
computer solution of complex problems. In the finite element analysis the structure is
represented as an assemblage of discrete elements interconnected at a finite number of nodal
points, the individual element stiffness matrix, which approximates the behavior or stress
patterns. Then, the nodal displacements and hence the internal stresses in the finite element
are obtained by the overall equilibrium equations. The finite elements may be one-
dimensional beam—type elements, two-dimensional plate or shell elements or even three-

dimensional solid elements.

In 1971, Chu and Pinjarkar developed a finite—element formulation of curved box-girder
bridges, consisting of horizontal sector plates and vertical cylindrical shell elements. The
method can be applied only to simply supported bridges without intermediate diaphragms. In
1972, William and Scordelis presented an elastic analysis of cellular structures of constant
depth with arbitrary geometry in plan using quadrilateral elements. In 1974, Bazant and El
Nimeiri attributed the problems associated with the neglect of curvilinear boundaries in the
elements used to model curved box beams by the loss of continuity at the end cross- section
of two adjacent elements meet at an angle. Fam and Turkstra (1975) described a finite-

element scheme for static and free-vibration analysis of box girders with orthogonal



boundaries and arbitrary combinations of straight and horizontally curved sections using a
four- node plate bending annular element with two straight radial boundaries, for the top and
bottom flanges. In 1976, Moffatt and Lim presented a finite-element technique to analyze
straight composite box- girder bridges with complete or incomplete interaction with respect
to the distribution of the shear connectors. Chang and Zheng (1987) used a finite—element
technique to analyze the shear lag and negative shear lag effects in cantilever box girders.
Shush-kewich (1988) showed the three—dimensional behavior of a straight box girder bridge,
as predicted by a folded plate, finite-strip, or finite-element analysis, can be approximated by
using some simple membrane equations in conjunction with a plane frame analysis. In 1995,
Galuta and Cheung combined the boundary element with the conventional finite element
method to analyze box girder bridges. The bending moments and vertical deflection were
found to be in good agreement when compared with the finite strip solution. Elbadry and
Debaiky (1998) presented a numerical procedure and a computer program for the analysis of
the time dependent stresses and deformations induced in curved, pre-stressed, concrete
cellular bridges due to changes in geometry, in the static system, and in the loading
conditional during construction. In 1998 Sennah and Kennedy conducted an extensive
parametric study on composite multi-cell box girder bridges using the finite element analysis
to study their vibration characteristics. In 2009, Fang-LI applied a 3D finite element
technique in web cracking analysis of concrete box—girder bridges. The results obtained from
the finite-element method were in good agreement with the experimental findings. Therefore,
many investigators have been attracted to adopt the finite-element method to analysis the
complex mechanics of arbitrary box girder bridges. Canadian Highway Bridge Design Code

has recommended the finite-element method for all type of bridges.

2.3 Experimental Studies

In order to verify the results obtained from the analytical solutions and the developed
computer programs few experimental studies were conducted on box girder bridges. In some
cases, experimental studies were conducted on field testing of existing box girders. However,
the majority of experimental tests have conducted in the laboratories on small scale bridge
models. In 1993, Ng et al. tested on two- span, continuous composite concrete, deck-

aluminum, four-cell model, under OHBDC, truck loading conditions. The prototype bridge
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was a two-lane, concrete curved, four-cell, box-girder structure and continuous over two
spans. The experimental results reported were in good agreement with the elastic behavior
results predicted by a 3D finite-element modeling. In 1998, Sennah tested five straight and
curved deck steel three-cell bridge models under various static loading conditions and free
vibration tests. Four models were simply-supported and the fifth was a two-equal-span
continuous bridge model. The results obtained from the experimental work were utilized to
verify the finite element model. In 2003, Androus performed experiments on a curved and
straight composite multiple box girder bridge models up-to-complete collapse. Results
obtained from these tests good trend agreement between the experimental and theoretical
results supports the reliability of using the finite element modeling and the cross-bracing did
not have a significant effect on the bridge natural frequencies. In 2004, Samaan tested four
loading stages on continuous curved concrete deck on steel multiple box girder bridges
namely: at construction phase’ under elastic loading of the composite bridge model, free-
vibration of the composite bridge model, elastic loading of the composite bridge model, and
loading of the bridge up-to-collapse. The results obtained from the experimental work were
used to verify the elastic response and finite element model. In 2007, Sennah et al.
conducted an experimental study on two continuous twin-box girder bridge models of
different curvatures .The first model was straight while the second one was curved in plan.

The experimental finding was used to verify and substantiate the finite—element model.

2.4 Available Code Provisions and Related Literature
2.4.1 AASHTO Methods

AASHTO specifications introduced simplified empirical methods for load distribution
factors which are more convenient and cost efficient to use as compared with the theoretical
methods. AASHTO defines the load distribution factor as the ration of the moment or shear
obtained from the bridge system to the moment or shear obtained from a single girder loaded
by one truck wheel line (AASHTO,1996) or the axle loads (AASHTO LRFD, 2007). It
should be noted that AASHTO Standard specifications consists of a HS-20 Truck or a Lane
load. While, the live load in the LRFD specifications consists of a HS-20 Truck in

conjunction with a Lane load.
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AASHTO Standard specifications contain simple procedure used in the analysis and design
of highway bridges. AASHTO adopted the simplified formulas for distribution factors based
on the work done in the 1940 by Newmark et al. (1948). AASHTO simple formula, S/D, has
been used for live load distribution factors in most common cases to calculate the bending
moment and shear in bridge design, where S is the girder spacing and D is a constant that
depends on the type of the bridge superstructure and bridge geometry. This formula allows
the designer to simply calculate the part of live load to be transferred to the girders without
any consideration for the bridge deck, girder stiffness, and span. Further, some bridge
designers apply the above-mentioned formula even to more complicated bridges such as
skewed, curved, continuous, and large spans with wide and different girder spacing, even
though, the formula is developed for simple bridges with typical geometry. A major
shortcoming of the AASHTO Standard Specifications is that the changes in bridge structures
that have taken place over the last 55 years led to inconsistencies in the load distribution
criteria. Upon review of these formulas, it was found that these formulas were generating
valid results for bridges of a typical geometry (i.e. beam spacing near 1.83 m and span length
of about 18.29 m . The formulas could result in highly unconservative shear distribution
factors (more than 40%) in some cases and highly conservative results (more than 50%) in
some other cases. The unconservative distribution factors may lead to unsafe bridge designs
(Zokaie and Imbsen, 1993).

Nour (2003) used the commercially available finite element program “ABAQUS” to
determine the load distribution factors in straight and curved concrete deck-on—steel multiple
box girder bridges. He examined the AASHTO distribution factors by conducting
theoretically investigation based on AASHTO standard of 1996. He concluded that the load
distribution factors decrease with increase the number of boxes. Also, he observed that cross
bracing with a maximum spacing of 7.5m enhances the transverse load distribution factors. It
was concluded in his study that the curvature of the bridge is one of the most critical
parameter that influences the design of girders and bracing members in curved multiple-box

girder bridges.

Most of the formulas of the AASHTO standard are based only on the beam spacing and do

not take into account any other parameters such as span length, lateral stiffness and lane
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width. Later editions of the standard specifications included more accurate equations that

take into account more bridge parameters for calculating distributions factors for few bridge

types.

242 AASHTO-LRFD Method

The live load distribution formulas in AASHTO-LRFD (2007) have resulted from the
National Cooperative Highway Research Program (NCHRP) 12-26 project, entitled
““Distribution of Live Loads on Highway Bridges’’ (Zokaie et al. 1991). This project was
initiated in 1985, long before the LRFD specifications were developed, to improve the
accuracy of the S/D formulas contained in the AASHTO specifications (AASHTO Standard
1996). The equation for live load distribution factors contained in the AASHTO-LRFD
Specifications present a major change to the AASHTO Standard Specifications. The
equations are more accurate but vastly more complex than the Standard method. In case
composite steel box girders, the live load distribution factor for each box girder is specified

to be determined by applying to the girder the fraction Wy, of a wheel load according to the

following:

N. 0.85
Wi=0.1+ 1.7NB + N (2.1)
Where:

W_ is the live load distribution factor for each box-girder

Np is the number of box girder; and

) ) . We )
Ny is the number of lanes taken as the integral part of the ratloﬁ , as W is the clear

roadway with in m.

The drawback of this equation is that it was developed for number of lanes equal to the
number of boxes. Also, the equation, dated back to 1968, was developed using the finite-
difference method that does not capture all the 3D effects of the bridge superstructure.

When the parameters of a bridge exceed the ranges of applicability of the equations, the
AASHTO LRFD Specifications mandate that a refined analysis such as grillage analysis or

finite element analysis should be performed for the distribution factors of bridge beams. In
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such cases, designers have to work on a case by case basis. Therefore, the design community
would welcome simpler and less complex live load distribution factor equations.

Samaan, (2004) used the AASHTO-LRFD to conduct dynamic and static analyses of
continuous curved composite multiple-box girder bridges as well as CHBDC. The finite
element program “ABAQUS” was adopted in that study. Expressions for load distribution
factors for curved bridges were proposed. Experimental program was also conducted to
verify the results obtained from the finite element analysis. It was recommended to use cross-
bracing with spacing less than 10 m to enhance the distribution of loads among bridge
girders. It was shown in his study that load distribution factors are not affected by using
either vertical or inclined webs in the finite element modeling of box girders. It was
concluded that the bridge span length, number of lanes, number of boxes and span-to-radius
of curvature ratio are the most crucial parameters that affect the load distribution factors.
Expressions for fundamental frequency and impact factors of multiple box girder bridges
were also proposed.

AASHTO-LRFD formulas were evaluated by Zaher Yousif et al. (2007). They made
comparison between the distribution factors of simple span concrete bridges due to live load
calculated in accordance with the AASHTO-LRFD formulas and the finite-element analysis.
Their evaluation showed that AASHTO-LRFD formula seem to give very comparable results
to the finite elements for bridges with parameters within the intermediate ranges and tends to

deviate within the extreme ranges of these limitations.

2.4.3 Canadian Highway Bridge Design Code (CHBDC)

The Canadian code proposed a simplified analysis method using the load distribution factors
to determine the shear and bending moments for steel box girder bridges. The method was
developed based upon the results obtained from some bridges analyzed using grillage, semi-
continuum and orthotropic plate methods (CHBDC commentary, 2006). The method was
created based on the assumption that the steel box girders are sufficiently braced against any
distortion through the cross bracing placed inside the boxes.

In 2003, Androus applied the CHBDC truck loading to examine the behavior and load
distribution characteristics of straight and curved composite multiple box-girder bridges. His

experimental tests proved that the presence of external cross bracing ensured better
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distribution of the stresses under ultimate loading conditions. Results from his work showed
that bridge curvature is the most critical parameter that influences the design of girders and
bracing members in multiple-box bridges .Also, the study showed that bending stress
distribution factors decrease with the increase in number of box girders. On the other hand,
the bending stress distribution factors for the outer and inner girders increase with increase in

the span length of the bridge.

In 2005, Hassan used CHBDC truck load to investigate the shear distribution in straight and
curved composite multiple box-girder bridges by using the finite-element modeling. It was
observed that the bridge span length slightly affects the shear distribution factor of straight
bridges. However, its effect significantly increases with increase in bridge curvature. On the
other hand, the shear distribution factor is significantly affected by the change in number of
boxes.

The Canadian Highway Bridge Design Code specifies equations for the simplified method
of analysis to determine the longitudinal bending moments and vertical shear in composite
steel multiple-box girder bridges due to live load for ultimate, serviceability and fatigue
limit states using load distribution factors. The CHBDC distribution factor equations used
to evaluate the maximum longitudinal moments and shear forces for multi-box girder

bridges are as follows:

The longitudinal bending moment per girder, Mg, for ultimate and serviceability limit states

is specified as:

M = Fim Mg ave (2.2)
Where:
Mg ave = the average moment per box girder determined by sharing equally the total

moment on the bridge cross section among all box girders in the cross section
Fmn = an amplification factor for the transverse variation in maximum longitudinal
moment intensity

nM-R.
N

M gavyg —

(2.3)
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f (2.4)
F(+ K )
100
w. —3.3
=—<1.0 2.
H 0.6 (2.5)
W.
We =
. (2.6)

Where Mr = the maximum moment per design lane

n = the number of design lanes

Ry = amodification factor for multilane loading
N = the number of longitudinal box girders

S = center—to-centre girder spacing, m

W. = the width of the design lane, m
W, = the bridge deck width, m
Cs = a correction factor from tables

F = the width dimension that characterizes the load distribution for the bridge

Expressions for F and C; for longitudinal moments in multi-spine bridges obtained from

Table (2.1) depending on a factor, 3

A__ D«
= z[—1[—1" 2.7
p=rIG, @D
Where :
A = width of the bridge for ULS and FLS; but not greater than three times the spine

spacing S for FLS

Dx = total bending stiffness, EI, of the bridge cross-section divided by the width of the
bridge

Dxy = total torsional stiffness, GJ, of the bridge cross—section divided by the width of the
bridge

For bridges having more than four design lanes, the values of F shall be calculated from the

following:
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NR.
F = F4
2.80 28)

Where F, is the value of F for four design lanes obtained from table (2.1)

For the longitudinal bending moment per girder, M,, for Fatigue Limit State:

Mg =Fm Mg ave (2.9)
Where:
Mg ave = the average moment per box girder determined by sharing equally the total

moment on the bridge cross-section among all box girders in the cross section
Fm = an amplification factor for the transverse variation in maximum longitudinal

moment intensity

Mo =10 2.10)
F. = Sl\i{Cf >1.05 2.11)
F(O+ )
100
u :WO—633 <1.0 212)
Where :
Mt = the maximum moment per design lane,
n = the number of design lanes
Ry = a modification factor for multilane loading
N = the number of longitudinal box girders
S = center—to-centre girder spacing in meter
We = the width of the design lane in meter
Cr = a correction factor obtained from tables
F = the width dimension that characterizes the load distribution for the bridge.

Expressions for F and C; for multi-spine bridges are shown in Table 2.1.
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For the longitudinal vertical shear per girder, V,, for ultimate, serviceability and fatigue limit

states:
Ve=Fy Vyayg (2.13)
Where:
Veave = the average shear per girder
F, = an amplification factor for the transverse variation in maximum longitudinal
vertical shear intensity
nV:R.
V ayg — 2 14
gavg N ( )
SN
R=— 2.15
= 2.15)
Where:
V1 = the maximum vertical shear per design lane
n = the number of design lanes
Ry = a modification factor for multilane loading

N = the number of longitudinal box girders

S = is center — to- center girder spacing in meter

We = the width of the design lane in meter

F = the width dimension that characterizes the load distribution for the bridge and can
be obtained from provided tables.

For bridges having more than four design lanes, the values of F shall be calculated from the

following:
nR.
F = F4
780 (2.16)

Where F4 is the value of F for four design lanes obtained from Table (2.2)
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CHAPTER 3

FINITE-ELEMENT ANALYSIS

3.1 General

The Finite Element Method (FEM) is one of the most important methods used currently in
the engineering analysis and design. The approach was developed by utilizing the method of
numerical analysis and minimization of variation calculus to obtain approximate solutions to
vibration systems. The method is employed comprehensively in the analysis of solids and
structures and of heat transfer and fluids and in several engineering applications. The rapid
progress in using the method began by the advance in the digital computer since the method
would require significant computations.

As the name indicates, the method takes a complex problem and breaks it down into a finite
number of simple problems. A continuous structure theoretically has an infinite number of
simple problems, but the finite-element method approximates the behavior of a continuous
structure by dividing it into a finite number of elements. Then, each element is considered to
be a simple problem. Each element has a certain number of nodes that define the element
geometric boundaries. The entire continuous structure geometry is defined by the final
geometry of all elements. Each node has a certain number of degrees of freedoms. Nodes
also defined where boundary conditions and load applications need to be applied. In general,
the finer the mesh, the closer the geometry of the structure can be approximated as well as
the load application and the stress and strain gradients. However, there is a tradeoff: the finer
the mesh, the more computational power is needed to solve complex problems. Mesh
optimization approach is adopted to create the larger mesh size that would not reduce the

accuracy of the results.
There are many commercially-available finite-element software programs packages utilized

for structural engineering applications. “SAP2000 software” Wilson and Habibullah, 2010 is

considered one of the most used finite-element program package for structural engineering
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analysis and design. The package has the capability to preprocessor, analyze, and post
processor the structure. The program is used for general purpose applications including
bridges, buildings offshore structures and many others. The program was adopted throughout

the parametric study conducted in this study.

3.2 Finite-Element Procedure

The analysis of an engineering application needs the idealization of the physical problem into
a form of mathematical model that can be solved. The finite-element method offers a way to
solve a complex problem in engineering and mathematical physics by means of subdividing
it into a series of simpler interrelated problems. The key step in engineering analysis is to
select the appropriate mathematical model. Since most refined mathematical model can not
reproduce exactly the physical problem, the finite-element analysis can only predict the
approximate response of the problem. However, a refined mathematical model will increase
our insight into the response of the engineering problem. The finite-element model gives
approximate values of the unknowns at discrete number of points in a continuum.
Essentially, it gives a consistent technique for modeling the whole structure as an assemblage
of discrete parts or finite-elements. This numerical method of analysis starts by discretizing a
physical model. Discretization is the process where a body is divided into an equivalent
system of smaller units (elements) interconnected at points (nodes) common to two or more
elements and/or boundary lines and/or surfaces. All elements are combined in formulated
equations to obtain the solution for the entire structure. Using a displacement formulation,
the stiffness matrix of each element is derived and the global stiffness matrix of the entire
structure can be formulated by the direct stiffness method. This global stiffness matrix, along
with the given displacement boundary conditions and applied loads is then solved, thus the
displacements and stresses for the entire system are determined. The global stiffness matrix
represents the nodal force- displacement relationships and is expressed in a matrix equation

form as follows:

[P]=[K] [U] (3.1
Where: [P] = nodal load vector;
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[K]= global stiffness matrix;

[U]= nodal displacement vector
The basic of the displacement-based finite-element solution is the principle of virtual work.
The principal states that the equilibrium of a body requires that any compatible small virtual
displacements imposed on the body in its state of equilibrium, the total internal virtual work

is equal to the total external virtual work.

3.3 SAP2000 Computer Program

The commercially-available finite-element software SAP2000 is a powerful engineering
program to provide a wide range of useful engineering capabilities suitable for practical
structural engineering applications. SAP2000 is based on the idea of transferring the physical
structural members into objects using the graphical user interface. The software is capable of
modeling any complicated structure by dividing it into small and manageable pieces. The
finite-element program contains several types of objects. Point objects that are automatically
created at the corners or ends of all other objects or to model isolators, damper or multi-linear
spring. Line objects are to represent Frame, Cable and Tendon elements. Connecting two
joints using link elements can be modeled using Line objects. Area objects are to model Shell
elements with three- or four—node three-dimensional element, which combines separate
membrane and plate-bending behavior. The membrane behavior includes translational in-
plane stiffness components and rotational stiffness components in the direction normal to the
plane of the element. The plate bending behavior includes two-way, out of plane, plate
rotational stiffness components and translational stiffness component in the direction normal
to the plane of the element. Shell elements are to represent slab, walls or any other thin-

walled members.

The geographical interface of the program is used to draw the model and select the
appropriate objects to represent the actual physical structure. As closer the representation of
the physical member to the finite-element model as more accurate the results obtained by the
finite-element analysis. The number of elements should be sufficient to accurately describe

the geometry of the actual structure. The locations of the structural boundaries and the type
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of the boundary conditions used should be carefully considered. Changes in thickness and
material properties need to be considered and introduced in the finite-element model.

For moving load analysis case, lanes, vehicle and vehicle class shall be modeled and defined.
The line or the area where the traffic load can act upon the bridge superstructure should be
first identified. The lane width can be specified in the program as well as the distance
between the vehicle and the lane edge. Multiple lanes can be defined per the actual traffic
pattern on the bridge. Truck and/or lane loads can be represented in the program by number
of concentrated and/or distributed forces. Each truck axes can be represented by single or
double loads with s defined axle width. The minimum or the maximum distances between
each axes can be specified in the program. Vehicle class can be used to combine several
vehicles together to run on the bridge at the same time. It can also be used to define the
dynamic amplification factor for the truck loading used in the analysis. In the moving load
analysis case, the program creates first the influence surface for each straining actions. Once
the influence surfaces calculated, the envelope for each bridge response can be evaluated.
The vehicles are automatically located at each possible location along the lanes and within
the width of the lanes to produce the maximum and minimum response quantities throughout

the structure.

As mentioned before, the linear static analysis of a structure involves the solution of the
system of linear equations represented by equation 3.1. For each Load Case, the program
automatically creates a corresponding stiffness matrix of the full structure and accordingly
solving the system of linear equations. The software considers each loading position on the
bridge to obtain the influence surface as a linear static analysis case. Load combinations
option available in the software can be used to combine the results of Analysis Cases to
obtain the determined values used for the design of the structural members. Moving Load
Analysis available in SAP 2000 is used to determine the response of a bridge structure
subjected to vehicular live loads. The maximum and minimum displacements, forces and
stresses due to multiple-lane loads on bridges can be obtained using the “SAP2000 software”
Wilson and Habibullah, 2010. Multiple lane reduction factors are defined in the Moving

Load Analysis case.
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3.4 Finite-Element Modeling of Composite Multiple Box Girder Bridges

The finite element technique was adopted to model two-equal-span continuous concrete
deck-on multiple steel box-girder bridges. Three-dimensional finite-element models were
constructed in a way to represent the actual physical structural geometry, boundary
conditions, load locations, and material properties of the bridge components, namely:
reinforced concrete for the deck slab and steel for the webs, bottom flange, diaphragms and
cross bracings. The following subsections explain the element type selected for each
component, the material modeling, and the boundary conditions used on the developed FEA

models were described below.

3.4.1 Material Modeling

The material properties are very important to define in order to get accurate results. The
bridge slab is made of reinforced concrete while the rest of the box girder is made of steel.
Elastic material properties are defined and used throughout this study. Each material is
defined with a unique name and properties. The required properties for SAP2000 are the
modulus of elasticity, Poisson’s ration, and the weight density. The compressive strength of
concrete (f') is considered 30 MPa and the weight density (y.) 24.5 kN/m’. The modulus of
elasticity of concrete (E.) considered in the analysis is 26000 MPa based on the following
equation:

E.=(3000./f'c +6900) (y./2300)"" (3.5)

The Poison’s ratio for elastic strain of concrete is taken as 0.20. The modulus of elasticity of

steel (Es) is taken as 200,000 MPa and the Poisson’s ratio for elastic strain of steel is taken as

0.30.

3.4.2 Geometric Modeling

A three—dimensional finite-element model was developed to simulate each bridge considered
in this study. Three—dimensional shell elements were selected to model the reinforced
concrete deck slab, steel webs, steel bottom flanges, and three—dimensional beam elements

were chosen in the finite-element model to represent the cross bracings. The arrangements of
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elements in the transverse and longitudinal directions were selected to accurately simulate the

actual structure geometric configurations.

3.4.2.1 Modeling of Deck Slab, Webs, Bottom Flange and End- Diaphragms

SAP2000 has a three- or four-node formulation for shell elements. The formulation combines
the membrane and plate-bending behavior. The shell elements used in this study is a
homogeneous one that combines the above-mentioned formulation. The element behavior
includes two-way, out-of-plane, plate rotational stiffness components and a translational
stiffness component in the direction normal to the plane of the element. The element has six
degrees of freedom at each node, namely: three displacements (Ul, U,, Us) and three
rotations (@1, @,, @3). Four-point numerical full integration formulation is used for the shell
stiffness. Internal forces, moments, and stresses are evaluated at the 2 x 2 Gauss integration
points and then extrapolated to the nodes representing the element. The four-node elements
are more accurate than the three-node elements. Therefore, the four-node elements were used
to model the plate components of the bridges studied herein. Figure 3.1 shows schematic

diagrams of the four-node shell element used in this study

3.4.2.2 Modeling of Connections

The connection between the steel girder and concrete slab was assumed to be fully-
connected, no slip between the steel girder and the concrete slab was considered in the
analysis. The steel girder and the concrete slab share the same nodes at the interface. The six
degrees of freedoms at each node, three displacements (U1, U,, and Us) and three rotational
(o1, 2, ¢3), at the interface of the steel girder and the concrete slab are equivalent. Schematic
view of the bridge model is showing the intermittent connections between steel box-girder

and concrete slab in Figure 3.2.

3.4.3 Boundary Conditions

There were two different boundary constraints considered in modeling of the continuous
concrete deck on multiple steel box-girder bridges, namely: the roller support and the hinged

support. The roller support was modeled by releasing the horizontal movement of the node in
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the required directions. However, the hinged support was constrained from any horizontal
movement but released for all rotations. In modeling the bridge supports in this study, all
supports were constrained in the vertical direction, but allowed to rotate around the support
line. All other supports except the far most south ones are released in all horizontal
directions. The far most south supports for the bridge ends are released in the longitudinal
direction (X-direction) only. All internal supports at the pier location are released in the
transverse direction (Y-direction) except the far most south support, which is restrained in all
directions. The support arrangement was chosen to allow the bridge to move freely due to
temperature variations as in practice. All support conditions were applied at the lower end

nodes of each web, at the external and internal support lines, as shown in Figure 3.3.

3.4.4  Aspect Ratio of shell elements

In the finite-element modeling, the aspect ratio is defined as the ratio of the longest
dimension to the shortest dimension of a quadrilateral element. In many cases, as the aspect
ratio increases, the inaccuracy of the solution increases (Logan, 2002). Logan presented a
graph showing that as aspect ratio rises above 4, the percentage of error from the exact
solution increases greater than 15% consequently. Three-dimensional finite element models
were used to analyze the box-girder bridges considered within this study. A sensitivity study
was conducted to choose the finite-element mesh. The finite-element mesh is usually chosen
based on pilot runs and is a compromise between economy and accuracy. In this study, 40
elements in the longitudinal direction were used in the FEA model for bridges with span
lengths of 20 m, 80 elements for bridges with span lengths of 40 m and so on. The number of
elements was chosen to keep the maximum aspect ratio about 2.5 which is within the

acceptable range and does not compromise the accuracy of the results.

35 Finite Element Analysis of Bridge Models

Pilot runs were also performed (Samaan 2004) to investigate the effect of vertical stiffeners
and concrete steel reinforcement on the structural response of the finite-element models. It
was found that the vertical stiffeners had an insignificant effect on the structural response of

the finite-element model, so they were omitted in the modeling. Figure 3.4 illustrates the
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final finite-element mesh used in the static and dynamic analyses of two—box girder bridges.
The number of elements between webs varied depending on the number of girder and the
number of elements in the longitudinal direction varied depends on the span length and
aspect ratio. The aspect ratios of the elements used for the concrete deck slab and the bottom
flanges ranged from 0.88 to 2.4 for all bridge prototypes. The aspect ratios of the shell
element for the webs and end- diaphragms ranged between 0.93 and 2.5 for all bridge
prototypes. The finite-element model was then adopted to conduct extensive parametric
studies for static responses of continuous composite box girder bridges. Figure 3.5a and
Figure 3.5b show views of the finite-element models for the straight bridge model with and

without concrete deck slab, respectively.
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Chapter 4

PARAMETRIC STUDY

4.1 General

A parametric study was performed on continuous two-equal-span bridges having a concrete
deck on multiple steel box girder bridges. The main objectives of the parametric study were
to (1) Investigate the influence of major parameters affecting the various distribution factors,
for both ultimate and fatigue limit states;(i1) Establish a data base for the distribution factors,
for maximum stresses, shear force and support reaction forces necessary for design to
correlate them with available CHBDC and AASHTO-LRFR equations; and (iii) Develop

more reliable empirical formulas for load distribution factors for such bridges.

The CL-625-ONT truck loading as well as the lane loading is considered in the design of
bridges in Ontario. The lane loading consisted of superimposed load of 9 kN.m uniformly
and centrally distributed within a strip of 3 m width along with 80% of the truck loading is
shown in Figure 4.1 summarizes the configurations of the contains truck loading and lane
loading. Whichever of the truck load types produces higher structural responses is applied.
The modifications factors for multi presence of vehicles in lanes, shown in Table 4.1 are

taken as 0.9, 0.8, 0.7, and 0.6 for two, three, four and five lane loading, respectively.

Sensitivity study on a prototype bridge 2L-80-2b was conducted to evaluate the load
distribution factors due to the Truck load and Lane load. Table 4.2 shows that all load
distribution factors for the Truck load were slightly higher than those obtained from the Lane
load. Therefore, it was decided to carry out all parametric study for the load distribution

factors using the Truck load only.
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4.2 Composite box-girder Bridge Configurations

In this parametric study, Fifty five composite multiple box-girder bridges were analyzed to
obtain the load distribution factors. The following main parameters were considered to
influence the load distribution in that type of bridges:

1- Number of design lanes, n, as determined from Table 4.3;

2- Number of boxes, N; and

3- Spanlength, L
Table 4.4 presents the cross-sectional configurations of bridges used in the parametric study.
The symbols used in Table 4.4 represent designations of the bridge types considered in these
parametric studies, namely: L stands for lane, b stands for box, and the number in the middle
of the designation embodies the span length of the bridge in meters. For example, 3L-40-4b
denotes a continuous two-equal-span bridge of three lanes, four boxes and each span being
40 m long. The cross-sectional symbols used in Table 4.4 are shown in Figure 4.2.
Five different lengths of 20, 40, 60, 80 and 100 m for each span were considered in the
parametric study. The number of lanes was taken as 2, 3, 4 and 5 lanes. The total bridge
widths were taken 9.00, 13.05, 17.00 and 20.50 m for two, three, four and five-lane bridges.
The number of boxes ranged from two to three in the case of two-lane bridges, two to four in
the case of three-lane bridges, three to five in the case four-lane bridges and three to five in
the case five- lane bridges. Figure 4.3 presents the number of boxes along with the number of
lanes considered in the parametric study. The practical span-to-depth ratio for box-girder
bridges ranges from 20 to 30 (Hall, at el. 1999). For steel girders having a specified
minimum yielding stress of 350 MPa or less, the preferred span—to-depth ratio of the steel
girder is about 25. The thickness of steel plates forming the bottom flanges and the webs was

taken 16mm. while the thickness of the concrete slab was taken 225 mm.

The above range of parameters in this study was based on a survey of constructed box girder
bridges (Heins 1978). Steel plate diaphragms of 16 mm thickness were provided at the pier
and abutment supports. The depth of the diaphragms was the same as that of the steel box.

Cross bracings make from back-to-back angles, 150 x 150 x 10 mm in cross-section, were
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provided inside and between the spread boxes at a spacing of 10 m for all bridge

configurations.

4.3 Truck Loading Conditions of Composite Multiple Box-Girder Bridges

For live loading conditions, the Canadian Highway Bridge Design Code specifies a truck
with a gross weight of 625 kN (CL-625). According to CHBDC, the truck were applied to the
two-equal-span continuous straight girder bridges to determine which case would produce
the maximum moment near the mid-span and at the pier location and the maximum shear
force at the support for bridges with span lengths of 20, 40, 60, 80 and 100 m. The design of
the bridge is characterized by three limit states, namely: the Serviceability Limit State (SLS),
the Ultimate Limit State (ULS), and the Fatigue Limit State (FLS). As such, truck loading
conditions considered herein include loading cases for each of the three limit states of design.
Since, bridge configurations considered in this study include two-to five—lane bridges which
reflect two to five design lanes, different loading cases were considered to calculate bending
moment and shear distribution factors. Figures 4.4 to 4.11 Schematically indicate all possible
live load cases considered for the bending moment and shear at both exterior and interior
girders. The following loading cases were considered:

(1) Exterior girder-partial load with CHBDC truck loading

(2) Exterior girder-full load with CHBDC truck loading

(3) Middle girders-partial load with CHBDC truck loading

(4) Middle girders-full load with CHBDC truck loading

(5) Exterior girder-fatigue load with CHBDC truck loading

(6) Middle girders-fatigue load with CHBDC truck loading
In case of loading conditions for fatigue limit state design CHBDC specifies only one truck

travelling at the center of the travelling lane.

In order to determine the maximum strain actions investigated in this study, truck loading
cases as shown in figures 4.1 through 4.11 were applied to each bridge in the transverse
direction using the finite-element analysis. In the partial loading case, the wheel loads close
to the curbs were positioned at a distance of 0.6 m from the curb edge and the external lane

was loaded to produce the maximum stress and shear effects. The modification factors
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applied directly while instructing SAP2000 software to consider each load case these factors

are 0.9, 0.8, 0.7, and 0.6 for two, three, four and five lanes, respectively.

4.4 Parametric Study for Load Distribution Factors

To calculate the load distribution factors for the studied bridges, an extensive parametric
study was carried out. The parametric study was conducted on two-equal-span continuous
straight concrete deck on multiple steel box-girder bridges to achieve all the objectives
outlined in Section 4.1. Key parameters investigated in this parametric study were also

mentioned in the previous section.

There are several assumptions considered in this parametric as follows:

1- The reinforced concrete slab deck had full composite interaction with the steel girder. No
slip between the concrete and steel surfaces was introduced in the finite-element models.

2- The materials properties for steel and concrete used in the analyses were assumed to be
elastic and homogenous. Thus, the effect of plastic deformation or buckling has not been
investigated or captured in the finite-element analyses.

3- The bridges were simply—supported at the bridge ends, similar to semi-integral abutment
bridge type. No integral abutment bridge types were simulated.

4- Solid end-diaphragms were used in the transverse direction and their material and

thickness were taken to be the same as those of the webs.

4.4.1 Load Distribution Factors for Longitudinal Bending Moment

+
V¢ and

To calculate the longitudinal positive and negative stress load distribution factors, F,
Fun ¢, respectively, the maximum tensile and compressive stresses obtained for the exterior
and interior girders from the finite-element analysis, (c) rpa, Were divided by the maximum
stresses obtain from simple two span beam or idealize girder, (G) beam-

The idealized girder was formulated by partitioning the two-span-continuous composite
multiple box-girder cross-section of the bridge to a number of individual continuous girders
as shown in Figure 4.12. Each girder represents one box and is loaded by the truck load. The

span lengths for the idealized girder are exactly the corresponding span lengths of the
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bridges. The longitudinal Positive and negative moment in idealized girders near the mid-
span and at the pier location of the bottom of the girders (6") beam and (6 -) beam, respectively
were determined Then, the maximum positive and negative stresses at the simple two span

beam can be obtained from the following formulas:

) M"Y,
(O ean = | 4.1)
. M Y,

(0 o = I (4.2)

Where:

M" = the maximum positive moment near the mid-span for a straight continuous box-
girder due to CHBDC truck loading

M = the maximum negative moment at the interior support for a straight continuous
box girder due to CHBDC truck loading

Yi = the distance from the neutral axis to the top flange

Yy = the distance from the neutral axis to the bottom flange

I = the moment of inertia of the box girder

The maximum positive stress, (cs+) rea Wwas obtained from the three-dimensional finite-
element models using the finite-element analysis. The maximum positive stresses obtained at
the bottom flange of the girder near the mid-span for the partially loaded lanes, fully loaded
lanes and fatigue loading conditions as shown in Figures 4.4. Reduction factors according to
CHBDC were implemented in the finite-element models to account for the number of loaded
+ve

lanes. Consequently, the distribution factor for positive stress for each bridge model, (Fp)

was calculated in accordance with CHBDC as follows:

R'. OFea

F +ve
m
Oean )

- (4.3)
R.(
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In a same manner, the maximum negative stress, (6") rga at the bottom flange of the girder at
the interior support was obtained by using the finite-element analysis. The distribution factor

for negative stress, (Fr,) " in the bridges was determined as:

R'L O rea
lzmje -
Gonl (4.4)
RL eam
( N )

Where

N = number of boxes

n = number of design lanes, Table 4.3

R = modification factor for multi-design lanes based on the number of the design lanes, in
accordance with CHBDC, Table 4.2

RL = modification factor for multilane loading based on the number of the loaded lanes,

Table 4.2

4.4.2 Load Distribution Factor for Vertical Shear

In order to determine the shear distribution factor, F,, for internal and external supports of
two-equal-span bridges, the maximum shear force obtained from the finite-element analysis,
(V) rea, was divided by the maximum shear force obtained from two span beam analysis (V)
beam.

It must be noted that the maximum shear forces of the bridges were obtained by considering
the absolute maximum values, regardless of the loading case or the location of the shear force
in the box girders. The distribution factor for vertical shear in bridges was calculated

according to CHBDC as follows:

R'L FEA ) pier
(I:\/ )inner = (V )

(\/beam ) pier n (45)
Ri(————
( N

R'L FEA )Jend
(I:\/ )outer == (\/ )
RL ( (Vbeam )end n )
N

(4.6)
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Where:

(Fv)intemal = load distribution factor for vertical shear at internal support of two-equal-
span bridge

(Fv) extemat = load distribution factor for vertical shear at external support of two-equal-
span bridge

(Vrea) pier = vertical shear at internal support from finite-element analysis

(Vrea)enda = vertical shear at external support from finite-element analysis

(V beam) pier = vertical shear at internal support from two span beam

(V beam) end - Vertical shear at external support from two span beam n, N, Ry and R are

as defined before.
Similarly, the fatigue load distribution factors for stresses and shear forces are evaluated

using the equations 4.3 to 4.5, by considering the truck location for the Fatigue Limit

State loading case.
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Chapter 5

RESULTS FROM THE PARAMETRIC STUDY

5.1 General

In this chapter the results from the parametric study are presented. Three dimensional finite—
element models are used in the analyses, in which 55 two-span composite multiple box-
girder bridges are investigated. Several loading conditions are considered to evaluate the
results for the maximum structural responses of such bridges. The results from the parametric
study are based on CHBDC truck loading conditions. Based on the data generated from the
parametric study, the following load distribution factors are obtained: (i) the distribution
factor for tensile stress at the positive moment region, (ii) the distribution factor for
compressive stress at the negative moment region, (iii) the distribution factor for shear forces
at supports. The effects of bridge span length, number of lanes and number of boxes on the

structural responses of the bridges are discussed.

A sensitivity study was conducted to determine the different factors that may influence the
load distribution factors. In terms of bracing effect, pervious work (Nour, 2000; Androus,
2003) showed that having internal bracings improved the ability of the cross-section to
transfer loads from one girder to an adjacent one. However, the addition of external bracing
didn’t have a significant effect on the stress distribution. Also, pervious work by Sennah
(1998) revealed that changing the type of cross-bracing system didn’t have a significant
effect on stress distribution. Such work showed that replacing the steel angle cross-section of
bracing members by rectangular one, or changing the bracing cross-sectional area has no
effect on moment distribution. In the case of straight reinforced and prestressed concrete
multi-cell bridges, Nutt et al. (1988) and Sennah (1998) conducted sensitivity study that
revealed that changing either the concrete slab thickness or the bottom flange thickness has
an insignificant effect on the moment distribution. The sensitivity study also revealed that
changing the span-to-depth ratio of steel boxes within the practical range of 20 to 30 found
by Heins (1978) has also an insignificant effect on the stress distribution. It was also found

(Samaan, 2004; Hassan, 2005; Nour, 2000) that the most crucial parameters that affect the
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load distribution factors are the number of lanes, number of boxes and span length. Based on
such findings, it was decided to consider the number of lanes, number of boxes and span
lengths in this parametric study. Also, the parametric study was conducted using internal and
external bracing in accordance with the minimum spacing required by CHBDC for all
bridges, with X-type bracing having a 150x150 mm cross-section and using span-to-depth

ratio of 25 for the steel boxes.

5.2 Positive Moment Distribution Factors at Ultimate Limit State (Fm+)

5.2.1 Effect of Span Length

Figure 5.1 shows the distribution factors for maximum positive moment in three—lane, two—
box girder and three-lane, three-box girder bridges due to CHBDC truck loading at ULS. It
can be observed that the moment distribution factor for straight bridges decrease from 1.60 to
1.30 with increasing span length from 20 m to 40 m (a decrease of 23%). However, it
decreases from 1.30 to 1.10 when span length increases from 40 to 60 m (a decrease of 18%).
For span length more than 60 m, the moment distribution factor decreases by less than 3%. It
can be observed that the change in number of boxes from 2 to 3 has insignificant effect on

the positive moment distribution factors.

5.2.2 Effect of Number of Lanes

In Figure 5.2, the effect of number of lanes on the positive moment distribution factors at
ULS is presented. The distribution factors for maximum positive moment for bridges with
three boxes and span lengths 40, 60, 80 and 100 m, subjected to CHBDC truck loading, is
illustrated. It can be observed that the moment distribution factors for straight bridges is
almost uniform with increasing number of lanes from 2 to 3 and it increases linearly with
increase the number of lanes from 3 to 5 lanes. For example, for bridge with span length of
40 m, it can observed that the moment distribution factor increases slightly from 1.28 to 1.3
(an increase of 2%) when the number for lane changes from 2 to 3. However, when the
number of lanes changed from 3 to 5, the moment distribution factor increases linearly from

1.3 to 1.59 (an increase of 22%)).
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5.2.3 Effect of Number of Boxes

Figure 5.3 shows the change in the maximum positive moment distribution factors for three-
lane bridges with span lengths 40, 60, 80 and 100 m, with change in number of boxed. It can
be observed that the positive moment distribution factors at ultimate limit state are almost
uniform irrespective of the number of boxes for bridges. For example, the positive moment
distribution factor for 40-m span bridge remains almost 1.30 with slight change with increase

in number of boxes from 2 to 4.

5.3 Positive Moment Distribution Factors at Fatigue Limit State (Fm+)

5.3.1 Effect of span length

The effect of span length on positive moment distribution factors at fatigue limit state is
presented in Figure 5.4. The graph shows that the distribution factors for positive moment in
three-lane, two-box, girder and three-lane, three-box, girder bridges as affected by the change
in span length from 20 to 100 m. It can be observed that the fatigue positive moment
distribution factor significantly decreases with increasing the span length from 20 m to 40.
This rate decreases with increase in bridge span. For example, in case of 3L-2b bridge, the
moment distribution factor changes from 3.55 in case of 20 m span length to 2.18 in case 40
m span length (a decrease of 38%). However, it changes from 2.18 to 1.67 with increase of
span length from 40 to 60 m (a decrease of 23%). When span length changes from 60 to 100

m, the moment distribution factor decreases from 1.67 to 1.45 (a decrease of 13%).

5.3.2 Effect of Number of Lanes

To examine the effect of number of lanes, positive moment distribution factors for fatigue
limit state for selected bridges are obtained from the parametric study and plotted in Figure
5.5. For three-box girder bridges and span lengths of 40, 60, 80, and 100 m, the distribution
factors for positive moment are plotted against the change in number of lanes from 2 to 5.
For a bridge with span length of 40 m, it can observed that the positive moment distribution
factor increases almost linearly from 1.8 to 3.35 with increase in number of lanes from 2 to 5

(a increase of 86%). Similar observations were made for bridges with span lengths of 60, 80
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and 100 m. It is also interesting to note that the rate of increase in the positive moment

distribution factors decreases with increasing the span length.

5.3.3 Effect of Number of Boxes

Figure 5.6 depicts the change in the position moment distribution factor for FLS design for
span length of 40, 60, 80 and 100 m, as affected by the change in number of boxes. It is clear
that the positive moment distribution factor slightly changes with increase in number of
boxes from 2 to 4. For example, it can be observed that the positive moment distribution
factor changes from 1.65 to 1.95 (an increase of 18%) when increase in number of boxes
from 2 to 4 for bridges with span length of 60 m. It can be seen that the number of boxes
slight effect on the moment distribution factors for fatigue state for bridges considered in this

study.

5.4 Negative Moment Distribution Factors at Ultimate Limit State (Fm-)

5.4.1 Effect of Span Length

The changes in the load distribution factors for maximum negative moment are obtained
from the detailed three-dimensional finite-element models. The results for the three-lane,
two-box, girder and three-lane, three-box, girder bridges are compared in Figure 5.7. It can
be observed that the negative moment distribution factors significantly decrease linearly with
increase in span length from 20 to 60 m and remain almost unchanged with increase in span
length from 60 to 100 m. For example, in 3L-2b bridges, the negative moment distribution
factor decreases lineally from 3.25 to 2.16 with increase in span length from 20 to 60 m,

while it remains around 2.16 with increase in span length from 60 to 100 m.

5.4.2 Effect of Number of Lanes

In Figure 5.8, the distribution factors for maximum negative moment at ULS in three-box
girder bridges with span lengths of 40, 60, 80 and 100 m are presented. It can be observed
that the moment distribution factor for 100-m span bridges decreases from 2.50 to 2.30 with
increase in number of lanes from 2 to 3 (a decrease of 8%). On the contrary, it increases
linearly from 2.30 to 3.25 with increase in number of lanes from 3 to 5 (an increase of 70%).

Similar trend was observed for bridges of spans 40, 60 and 80 m. As such, the effect of

37



number of lanes on negative moment distribution factors is shown to be more significant

when the number of lanes changing between 3 and 5.

5.4.3 Effect of Number of Boxes

Figure 5.9 shows the distribution factors for the maximum negative moment for three lanes
and span lengths of 40, 60, 80 and 100 m due to CHBDC live load. In the figure, it can be
observed that the moment distribution factor for straight bridges is almost uniform with
increasing the number of boxes from 2 to 4. This means that the number of boxes girder has
slightly effect on the negative moment distribution factor. For example, for two-equal span
bridge with a span length of 60 m, the negative moment distribution factors change from 2.16

to 2.25 (less than 5%) by increasing the number of boxes from 2 to 4.

5.5 Negative Moment Distribution Factors at Fatigue Limit State

5.5.1 Effect of Span Length

The results for the change in the negative moment distribution factors at FLS for three-lane,
two-box, girder bridges and three-lane, three-box, girder bridges are presented in Figure 5.10.
It is clear that the distribution factors for fatigue limit state design significantly decrease with
increase in span length from 20 to 60 m. However, insignificant increase is observed with
increase in span length from 60 to 100 m. For example, for 3L-2b bridges, the negative
moment distribution factor changes from 6.55 in case of 20-m span length to 2.9 in case 60-
m span length (a decrease of 55%). While it remains almost 2.9 for bridges with span lengths
ranging from 60 to 100 m.

5.5.2 Effect of Number of Lanes

Figure 5.11 depicts the change of the negative moment distribution factors for fatigue limit
state design with change in number of lanes for three-box girder bridges of 40, 60, 80 and
100 m span lengths. It can be observed that the distribution factors increase when changing
the number of lanes from 2 to 5. It is clear that the load distribution factors decrease by
increasing the bridge span length. For example, the negative moment distribution factors for

three lanes bridges decrease from 4.2 to 3.5 (about 17%) when the span lengths change from
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40 to 100 m. The change rate of the load distribution factors generally increase by increasing

the number of lanes for all span lengths considered in herein.

5.5.3 Effect of Number of Boxes

The distribution factors for negative moment for FLS design for three-lane bridges of span
lengths of 40, 60, 80 and 100 m are depicted in Figure 5.12 for number of boxes ranging
from 2 to 4. It can be observed that the moment distribution factor increases with increase in
number of boxes. For examples, the 80-m span bridge has a negative moment distribution
factor increasing from 1.55 to 1.7 (about 9%) with increase in number of boxes from 2 to 4.

It is also interesting to note that the increase is almost the same for all span lengths.

5.6 Shear Distribution Factors for Ultimate Limit State

5.6.1 Effect of Span Length

The parametric study was conducted to determine the maximum vertical shear force in each
web at the support lines under different truck loading conditions at ULS, from which the
shear distribution factor is obtained. Figure 5.13 presents the shear distribution factors
obtained for three-lane, two-box, girder and three-lane, three-box, girder bridges. The figure
shows that the distribution factors for shear are slightly increasing with increase in span
length from 20 to 100 m. This means that the bridge span length has insignificant effect on
the shear distribution factors at ULS design. For example, the shear distribution factor for a
3L-3b bridge increases from 1.33 to 1.35 (an increase of 2%) with increase in span length

from 20 to 40 m.

5.6.2 Effect of Number of Lanes

Figure 5.14 presents the load distribution factors for maximum vertical shear force evaluated
for bridges having three-box girders and span lengths of 40, 60, 80 and 100 m, with the
change in number of design lanes. It can be observed that the highest distribution factor for
shear force occurs for two-lane bridges. These factors decrease with increasing the number of
lanes from to 3. However, the distribution factors significantly increase with increase in

number of lanes from 3 to 5. For example, the shear distribution factor for a 40-m span
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bridge at ULS decreases from 1.68 to 1.35 (a decrease of 20%) with increase the number of
lanes from 2 to 3. With increase the number of lanes from 3 to 5, the value changes from 1.35
to 1.60 (an increase of 19%). As it is considered later in this chapter, given the uneven trend
in effect of number of lanes in shear distribution factor, it would be beneficial from the
accuracy and best-fit point of view to deduce empirical expressions for shear distribution
factors for each number of design lanes rather than considering number of lanes as a variable

in the developed equations.

5.6.3 Effect Number of Boxes

In the parametric study, number of boxes reflects to the number of webs present in the bridge
cross-section. Webs are the main members in resisting the shear forces in the bridge
superstructure. Therefore, increasing the number of boxes affects the distribution factors for
shear force. Figure 5.15 shows the distribution factors for shear with the change in number
of boxes for bridges with different span lengths. It can be observed that the distribution
factors increase with increase in number of boxes. For example, the shear distribution factor
at ULS for a 100-m span bridge increases slightly from 1.3 to 1.38 (an increase of 6%) when
the number of box increases from 2 to 3 and it continues increasing but with greater rate from
1.38 to 1.73 (an increase of 25%) with increase in number of boxes from 3 to 4. It is also

interesting to note that the trend for all bridge spans is similar.

5.7 Vertical Shear Distribution Factors for Fatigue Limit State

5.7.1 Effect of Span Length

Figure 5.16 depicts the distribution factors for fatigue limit state design for vertical shear for
three-lane bridges with different number of boxes and span lengths. It can be observed that
the distribution factors are almost the same with increase in span length. On the other hand,

the load distribution factors increase with increase in number of boxes from 2 to 3.

5.7.2 Effect of Number of Lanes
Figure 5.17 shows the change in the vertical shear distribution factors for bridges having

different span lengths and number of design lanes. The graphs show slight changes in vertical

40



shear distribution factors with increase in number of lanes. For example, the factors increase
from 2.3 to 2.55 with increase in the number of lanes from 2 to 3 (an increase 10%) and it
increases linearly from 2.55 to 2.8 with increase in number of lanes from 3 to 5 (an increase
of 9%). However, it is interesting to observe that the distribution factors for fatigue limit
vertical shear are almost constant with increase in span lengths from 40 to 100 m as

mentioned before in section 5.7.1.

5.7.3 Effect of Number of Boxes

The distribution factors for fatigue limit state design for vertical shear as a function of
number of boxes are presented in Fig. 5.18. It can be observed that the shear distribution
factor increases linearly with the increase in number of boxes as observed earlier. For
example, the shear distribution factor changes from 1.8 in case of two-box cross-section to
3.2 in case of four-box cross-section (an increase of 77%). Similar behavior is observed in

similar cases shown in the Appendix.

5.8 Correlation between the Load Distribution Factors Obtained from the FEA and
CHBDC Equation

The following subsection presents correlation between the load distributions factors obtained
from the finite-element modeling as those available in CHBDC to examine the level of
underestimation of conservatism implied in the design of such bridges when using CHBDC

load distribution factor expressions.

5.8.1 Comparison at the Ultimate Limit State Design

Since the CHBDC simplified method of analysis provides one expression for both shear and
bending moment distribution factors at ULS and FLS as shown in Chapter 2, it is interesting
to investigate the correlation between both factors calculated from the FEA and CHBDC
Equations. Figures 5.19 and 5.20 present the comparison between the distribution factors for
positive moment and negative moment, respectively, for two-equal-span bridges as obtained
from the FEA and CHBDC. It should be noted that the results of positive moment
distribution factor (F,,") obtained from CHBDC simplified method of analysis underestimates

the structural response in most bridges considered in this study, with a difference up to 53%.
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In addition, the negative moment distribution factor (F,) obtained from CHBDC is always

less than that obtained from FEA analysis as depicted in Fig. 5.20.

Figures 5.21 and 5.22 depict similar graphs for the shear force distribution factors at internal
and external supports for two-equal-span straight bridges, respectively, obtained from the
FEA and CHBDC. In contrast to moment distribution factors, CHBDC values for shear

distribution at ULS correspond very well.

5.8.2 Fatigue Limit State Design

Figures 5.23 and 5.24 illustrate the comparison between the positive moment and negative
moment distribution factors for two-equal-span bridges, respectively, as obtained from the
FEA and CHBDC. It can be observed that for CHBDC positive may underestimate the
moment distribution factor for FLS for most of the bridges considered in this study. In
addition, the negative moment distribution factor obtained from CHBDC is always less than
that obtained from FEA analysis as depicted in Fig. 5.24. For example, the positive and
negative distribution factors for 3L.-40-2b bridge, are 1.75 and 2.08, respectively, as obtained
from CHBDC expressions given in Chapter 2, while the corresponding values as obtained
from finite element analysis are 2.19 and 3.96, respectively (an underestimation of 25.14%

and 90.38%, respectively).

Figures 5.25 and 5.26 present comparison between CHBDC and FEA results for the shear
force distribution factors at the internal and external supports for two-equal-span bridges,
respectively. The results calculated using CHBDC simplified method of analysis are
conservative when compared to actual distribution factors calculated based on the finite-

element analysis.

5.9 Correlation between the load Distribution Factors from the FEA and AASHTO-
LRFD Equation

5.9.1 Ultimate Limit State Design

Figures 5.27 and 5.28 present the correlation between CHBDC and FEA results for the

distribution factors for positive moment and negative moment for two-equal-span,
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respectively. It can be observed that the AASHTO-LRFD values for positive moment
distribution factors are significantly higher than those obtained from FEA analysis. On the
other hand, AASHTO-LRFD values for the negative moment distribution factors are
generally greater than those obtained from FEA analysis. This indicates that AASHTO-
LRFD equation overestimates the structural response for the positive moment distribution
factors and underestimate the response for he negative moment distribution factors. For
example, the positive and negative moment distribution factors for 3L-40-3b bridge are 1.79,
2.08, respectively, as obtained from AASHTO-LRFD expression given in Chapter 2. The
corresponding values as obtained from the finite-element analysis are 1.30 and 2.54,

respectively (an overestimation of 38% and underestimation 22%, respectively).

The distribution factors for shear forces at ULS obtained from the FEA analysis and
AASHTO-LRFD equation at the internal and external are shown in Figures 5.29 and 5.30,
respectively. In both cases the AASHTO-LRFD values seem slightly conservative for some
bridge geometries and highly conservative in others. For example, the internal and external
shear distribution factors for 3L-40-3b bridge, are 2.08 and 1.75 as obtained from AASHTO
expressions presented in Chapter 2. The corresponding values as obtained from finite—
element analysis are 1.35 and 1.26, respectively (an overestimation of 35% and 39%,

respectively).

5.9.2 Fatigue Limit State Design

Distribution factors for positive and negative moments are presented in Figures 5.31 and
5.32, respectively. The figures correlate values obtained based on the AASHTO-LRFD
simplified method and those calculated from the finite-element analysis at FLS. It is clear the
AASHTO-LRFD distribution factors for positive moment have no trend since ASSHTO-
LRFD equation underestimates the responses for some bridges and overestimates them in
others. In case of negative moment distribution factors, AASHTO unconservatively predicts
the responses of most bridge considered in this study. On the other hand, the distribution
factors for shear forces at FLS obtained from the FEA analysis and AASHTO-LRFD
equation at the internal and external supports are shown in Figures 5.33 and 5.34,

respectively. In both cases, the AASHTO-LRFD values seem unconservative in most cases
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of bridge when compared with those obtained from the FEA. For instance, the internal and
external shear distribution factors in case of 3L.-40-4b Bridge are 1.66 as obtained from
AASHTO-LRFD expressions, while the corresponding values as evaluated based on the
finite-element analysis are 3.18 and 2.82, respectively (a underestimation of 91.56% and

69.87% respectively).

5.10. Empirical Equations for the Load Distribution Factors

Based on the results obtained from the parametric study on 55 bridge configurations,
imperical expressions were developed for the distribution factors for positive moment (Fy,+),
negative moment (Fm-), shear forces at the internal and external supports for two-equal-span
continuous composite box-girder bridges for ultimate and fatigue limit states designs. The
developed empirical formulas for vehicular load include the following parameters:

I-  span length of the bridge (L)

2-  number of box (N)

3-  number of lanes (n)

Using a statistical computer package for best fit based on the method of least squares, the
empirical formulas for distribution factors are developed with minimum error. It should be
noted that the highest values for a specific girder from all the loading cases are considered in
this the creation of the empirical equations.

The following expressions were derived in the same format, as those originally exist in

CHBDC for multiple box girders.

1- For positive and negative moment distribution factors in the bottom flange along bridge

span due to CHBDC live loading for Ultimate and Fatigue Limit States design:

e SN
- (5.1)
Fa+
100
Where,
F., = the moment distribution factor

S = the girder spacing

N = the number of box girders
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F = awidth dimension factor that characterizes load distribution for a bridge

C¢= a correction factor

p=33 (5.2)
0.6 —

Where,

W. = the width of a design lane, calculate with CHBDC clause 3.8.2.
It should be noted that the values of F and Crin CHBDC equations are a linear function of 3
in case of ultimate and fatigue limit state designs for longitudinal moments. However, the
value of F in CHBDC expressions to obtain the longitudinal shear at ultimate and fatigue
limit state design is a constant irrespective of the value of B, number of boxes and bridge
span. Based on the data generated from the parametric study, it was observed that the number
of boxes, number of design lanes and span length have an effect on the response and they
should be includes in the developed expressions. As such, it was decided to use F and Cr as

follows to develop more reliable expressions for structural design.

F=(a+bB)N*
Ci=C+ dB

Where: a,b,c,dande = are new constants in the proposed empirical equation.
Typical samples of the results from the finite-element analysis, parameters of empirical
equations and variance between FEA and empirical equations are given more details in

(Appendix A.1 to Appendix A.8).

In this study, new empirical expressions were developed for the positive and negative
moment distribution factors for ULS and FLS. Data generated from the parametric study was
used to develop the new parameters F, Cr and there constants a, b, c and e. Tables 5.1 and 5.2
present the developed parameters of the empirical equations of positive and negative moment
distribution factors at ULS, respectively. While Tables 5.3 and 5.4 present the developed
parameters of the empirical equations for positive and negative moment distribution factors
at FLS, respectively. These parameters were developed to be in a similar format to that used
in CHDBC simplified method of analysis. These equations were developed with a condition

that the resulting values underestimates the response by a maximum 5% to provide
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confidence on the developed equations for the practice engineers (see Appendices A.1 to A.8

for more details).

The correlation between the developed formulas for positive moment and negative moment
distribution factors and the values obtained from the finite-element analysis for the ultimate
limit state design are shown in Figs. 5.35 through 5.42. While Figs. 5.43 through 5.50 depict
the correlation for the same distribution factors at the Fatigue Limit State. It is obvious that
all graphs show very good correlation between the estimated results from the developed

formulas and calculated results from the finite-element analyses.

2- For the developed shear distribution factor equation, the following equation was
proposed

SN
F - (5.3)

Few sets of equations to obtain F parameter were considered in this study after careful
repetition of the regression analysis of the data generated from the parametric study. The first
set of the equation for F is a multiplier of a linear function of span length (L) and exponential
function of the number of boxes in a bridge cross-section as follows:

F=(@+bL)N* (5.4)
Figures 5.51 through 5.58 show the correlation between the shear distribution factors (Fv) at
internal and external supports obtained from the proposed empirical equation and the finite-
element analysis at the Ultimate Limit State design. Tables 5.5 and 5.6 present the developed
parameters of the empirical equation for shear distribution factors at ULS at inner and outer
support, respectively. It can be observed that in the new parameter empirical equation the
value of is a different with different number of lanes, but the value of b is a constant value
with different number of lane. Figures 5.59 through 5.66 show the same distribution factors
but for the Fatigue Limit State design. Tables 5.7 and 5.8 present the developed parameters
of the empirical equation of the shear distribution factors at the FLS at inner and outer
supports, respectively. It is noted that in Tables 5.7 and 5.8 that the equation of F doesn’t
depend on the bridge span length in the case of the Fatigue Limit State.

The second set of equation when F is as a function of (B) in linear equation is presented as

follows:
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F=(a+bB)N® (5.5)

Figures 5.67 through 5.74 show the correlation between the shear distribution factors (Fv) at
the internal and external supports obtained from the new empirical equation, which is a
function in B, and the values obtained from the FEA at the Ultimate Limit State. The
Summary of developed parameters is presented in Tables 5.9 and 5.10. Figures 5.75 through
5.82 present correlation between the values obtained from the developed equation and those
obtained from the FEA analysis. Good agreement is observed. It should be noted that the
developed parameters used in the imperial equation are listed in Tables 5.11 and 5.12.

The third set of equations when F is as a function of (B) in polynomial equation is considered

as follows:

F=(@a+bp+cp)N® (5.6)

Figures 5.83 through 5.90 show the correlation between the shear force distribution factors
(F,) at the internal and external supports obtained from the new empirical equation, which is
function of B in polynomial equation, and the finite-element analysis at the Ultimate Limit
State. The Summary of developed parameters is presented in Tables 5.13 and 5.14. Figures
5.91 through 5.98 show good correlation between the values obtained from the developed
expressions and the FEA results. It is obvious that the results obtained based on the empirical
equations developed for distribution factors for shear forces are very close to those obtained

from the finite-element analyses.
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Chapter 6

SUMMARY AND CONCLUSIONS

6.1 Summary

An extensive theoretical investigation was conducted to determine the effect of several
variables on the moment and shear force distributions among box girders in two-equal-span
continuous straight composite concrete deck-on multiple steel box-girder bridges due to the
passage of CHBDC truck loading for both Ultimate and Fatigue Limit State designs. A
detailed literature review was carried out to set up the basis for this research work. The
results of the literature review indicated lack of expressions to describe the load distribution
factors for such bridges. Different truck loading conditions were considered in this study to
determine the maximum response from which empirical expressions for load distribution
factors can be deduced. The influences of the key parameters, namely: span length (L),
number of lane (n), and number of box (N), were investigated. Results obtained from the
FEA analysis of 55 bridge prototypes were used to deduce empirical expressions for moment

and shear distribution factors for such bridges.

6.2 Conclusions
Calculation of accurate distribution factors for design live loads is very important to bridge
design. The design values need to be close to actual values to allow engineers to design
bridges to be safe and as economical as possible.
Based on the theoretical investigations carried out on continuous straight concrete deck-on
multiple steel box-girder bridges, the following conclusions can be drawn:
1- The bridge span length, number of boxes and number of design lanes play a
significant effect on the value of the load distribution factors of such bridges.
2- The moment distribution factors of these bridges decrease with increasing span length
and increases linearly with increasing number of lanes. On the other hand, the
moment distribution factors remain almost uniform with increasing the number of

boxes.
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Shear distribution factor is almost uniform with increasing span length and decrease
with increase in number of lanes from 2 to 3. However, this trend changes by
increasing the number of lanes from 3 to 5. On the other hand, the shear distribution
factor increased with increased number of boxes.

In case of ultimate limit state design, the CHBDC simplified method of analysis
seems to be conservative for shear distribution factors when compared to data
generated form the finite-element analysis. On the other hand, the CHBDC simplified
method underestimates the moment distribution factors by up to 150% when
compared to those obtained from the finite-element analysis.

The CHBDC values are the most conservative (i.e. highest overestimation) for all
distribution factors in case of fatigue limit state with a range up to 80% difference
compared with the values calculated based on the finite-element analysis.

Generally, the AASHTO-LRFD load distribution factors for ULS and FLS
overestimate the structural response of bridges up to 80%. Few cases were observed
to underestimate the structural response with a difference up to 80% when compared
to the FEA results.

Based on the data generated from the parametric study on two-span-length straight
bridges, empirical expressions for the moment and shear distribution factors were
developed. Correlations with FEA results show that the proposed expressions are
more accurate and reliable than the available simplified method specified in the

CHBDC simplified method of analysis.

6.3 Recommendations for Future Research

It is recommended that further research efforts be directed to address the following:

1-

Study the effect of material and geometric nonlinearly on the load distribution factors

of such bridges.

Investigate the effect of skewness of bridge superstructure on the load distribution of

such bridges.

Extension of the developed load distribution factors to integral abutment bridges.
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Table 2.1 Expression for F and C; for longitudinal moments in multi-box bridges
as determined by CHBDC 2006

Limit state :\_“mh*;;lj':s fesien f.m Con %
ULS or SLS 2 8.5-03p 16 -25

3 11.5-0558 16 -25

4 145-0.7p8 16 -2/

FLS 2 or more 8.5-09p 16 -2/

Table 2.2 Expression for F for longitudinal vertical shear in mulfi-box bridges
as determined by CHBDC 2006

Number of design

Limit state lanes F,m
ULS or SLS 2 7.20

3 9.60

4 11.20

FLS 2 or more 4.25
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Table 4.1 Modification factors for multilane loading as determined by CHBDC 2006

Number of loaded

design lanes Modification factor (R;)

1 1.00
2 0.90
3 0.80
4 0.70
5 0.60
6 or more 0.55
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Table 4.2 Comparsion between truck load and lane load in the calculation

of the load distribution factors

Bridge Track cases LDF B
type CL-625-ONT CL-625-ONT Lane
Truck Load Load
2L-80-2b

Fm™° 0.79 0.74

-ve
Partial Load Fm 1.27 1.05
(FV) inner 0.98 0.90
(FV) outer 0.92 0.83
Fm™® 1.18 1.15

-ve
Eull Load Fm 1.80 1.56
(FV) inner 1.26 1.18
(FV) outer 1.20 1.14
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Table 4.3 Number of design lanes as determined by CHBDC 2006

W, n
6.0 morless 1
Over 6.0 mto 10.0 mincl. 2
Over 10.0 mto 13.5 mincl. 20r3
Over 13.5 mto 17.0 mincl. 4
Over 17.0 m to 20.5 m incl. 5
Over 20.5 m to 24.0 m incl. 6
Over 24.0 m to 27.5 m incl. 7
Over 27.5m 8
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Table 4.4 Geometries of bridges used in parametric study for load distribution factor

Cross Section Dimensions (m)

Bridge | Number of lanes | Span Length | Number of | Bridge Width | Deck width | Width of Design width Depth of Box

type (n) L) Boxes (N) (B) (W) Lane (W,) (By) D)
2L-20-2b 20 2 10.00 9.00 4.50 250 0.80
2L-20-3b 20 3 10.00 9.00 4.50 1.67 0.80
2L-40-2b 40 2 10.00 5.00 4.50 250 1.60
2L-40-3b 40 3 10.00 9.00 4.50 1.67 1.60
2L-60-2b 2 Lane 60 2 10.00 9.00 4.50 250 240
2L-60-3b 60 3 10.00 9.00 450 1.67 240
21 -80-2b &0 2 10.00 5.00 4.50 250 3.20
2L-80-3b 80 3 10.00 9.00 4.50 1.67 3.20
2L-100-2b 100 2 10.00 9.00 4.50 2.50 4.00
2L-100-3b 100 3 10.00 9.00 450 1.67 4.00
3L-20-2b 20 2 13.50 12.50 417 3.38 0.80
3L-20-3b 20 3 13.50 12.50 4.17 225 0.80
3L-20-4b 20 4 13.50 12.50 417 1.689 0.80
3L-40-2b 40 2 13.50 12.50 417 3.38 1.60
3L-40-3b 40 3 13.50 12.50 417 225 1.60
3L-40-4b 40 4 13.50 12.50 417 1.69 1.60
3L-60-2b 60 2 13.50 12.50 417 3.38 2.40
3L-60-3b 3 Lane 60 3 13.50 12.50 417 225 240
3L-60-4b 60 b 13.50 12.50 417 1.69 240
3L-80-2b 80 2 13.50 12.50 417 3.38 3.20
3L-80-3b 50 3 13.50 12.50 417 225 3.20
3L-80-4b 80 4 13.50 12.50 417 1.69 3.20
3L-100-2b 100 2 13.50 12.50 417 3.38 4.00
3L-100-3b 100 3 13.50 12.50 417 225 4.00
3L-100-4b 100 4 13.50 12.50 417 1.69 4.00
4L-20-3b 20 3 17.00 16.00 4.00 283 0.80
4L-20-4b 20 4 17.00 16.00 4.00 213 0.80
4L-20-5b 20 3 17.00 16.00 4.00 1.70 0.80
4L-40-3b 40 3 17.00 16.00 4.00 283 1.60
4L-40-4b 40 4 17.00 16.00 4.00 213 1.60
4L-40-5b 40 5 17.00 16.00 4.00 1.70 1.60
4L-60-3b 60 3 17.00 16.00 4.00 283 240
4L-680-4b 4 Lane 60 4 17.00 16.00 4.00 2.13 2.40
4L-60-5b 60 5 17.00 16.00 4.00 1.70 240
4L-80-3b &0 3 17.00 16.00 4.00 283 3.20
4L-80-4b 80 4 17.00 16.00 4.00 2.13 3.20
4L-80-5b 80 3 17.00 16.00 4.00 1.70 3.20
4L-100-3b 100 3 17.00 16.00 4.00 283 4.00
4L-100-4b 100 4 17.00 16.00 4.00 213 4.00
4L-100-5b 100 ] 17.00 16.00 4.00 1.70 4.00
5L 20 3b 20 3 20.50 19.50 3.90 3.42 0.80
5L-20-4b 20 4 2050 19.50 3.90 256 0.80
5L-20-5b 20 ] 2050 19.50 3.90 205 0.80
5L-40-3b 40 3 20.50 19.50 3.90 3.42 1.60
5SL-40-4b 40 4 20.50 19.50 3.90 2.56 1.60
SL-40-5b 40 5 20.50 19.50 3.90 205 1.60
5L-60-3b 60 3 2050 19.50 3.90 342 240
5L-60-4b 5 Lane 60 4 2050 19.50 3.90 2.56 240
5L-60-5b 60 5 20.50 19.50 3.90 2.05 2.40
5L-80-3b 80 3 20.50 19.50 3.90 342 3.20
5L-80-4b 80 4 2050 19.50 3.90 256 3.20
5L-80-5b &0 5 2050 19.50 3.90 205 3.20
5L-100-3b 100 3 20.50 19.50 3.90 3.42 4.00
SL-100-4b 100 4 2050 19.50 3.90 256 4.00
SL-100-5b 100 ] 2050 19.50 3.90 205 4.00
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Table 5.1 Summary of parameters of empirical equation for positive moment distribution factors

at ULS
N - .
de:slil;l:?;uc:; Value of F Value of C; Parameter (e)
2 (T+B)N* 15 -27 B 0.75
3 (9.5-09p)N° 17-7B 0.75
4 (13-0.9p) N 1.4-7B 0.75
5 (10-0.9B) N* 51-7p 0.75

Table 5.2 Summary of parameters of empirical equation for negative moment distribution factors

at ULS
N : ]
dellilgfil;uit; Value of F Value of C; Parameter (e)
2 (4.6-034p)N* 17-7B 0.95
3 (5.6-025p) N * 18-5p 0.95
4 (44-007p) N~ 14-2B 0.8
5 (3.6-0.06 PN~ 12-2p 0.62

Table 5.3 Summary of parameters of empirical equation for positive moment distribution factors

at FLS
N : ,
de:;lir;;};:uc:; Value of F Value of C; Parameter (e)
2 (7.3-1.92B)N° 5-2B 0.75
3 (9.34-1.18B) N * 4-13.15P 0.86
4 (8.16-0.85p) N -75-10B 0.7
5 (8.38-0.85p) N © 7-10.85 B 0.77

Table 5.4 Summary of parameters of empirical equation for negative moment distribution factors

at FLS
i;li?;}?:uci Value of F Value of C; Parameter (e)
2 (4.5-037B) N~ 6.4-7.77 B 1.09
3 (5.25-033p)N° 9.25-6.9 B 1.18
4 (4-0.15B) N ® 6-3.86 B 1.07
5 (3.7-0.14 BN 5-3.74 B 1
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The First set of equation when F is a function of (I.) Span length

Table 5.5 Summary of parameters of empirical equation for shear distribution factors at ULS state
at inner support

Number of design lanes Value of F parameter (e)
2 (145-0.01L)N® 1.80
3 (15.8-0.01 L) N* 1.45
4 (185-0.01L)N* 1.40
5 (13.6- 0.01L)N* 1.11

Table 5.6 Summary of parameters of empirical equation for shear distribution factors at ULS state
at outer support

Number of design lanes Value of F Parameter (e)
2 (145-0.01 L)N® 1.72
3 (15.8-0.01 L) N® 1.40
4 (18.5-0.01 L) N® 1.33
5 (15-0.011) N 1.10

Table 5.7 Summary of parameters of empirical equation for shear distribution factors at FLS state
at inner support

Number of design lanes Value of F Parameter (e)
2 (9)N° 1.67
3 (12.6)N*® 1.8
4 (14.7)N* 1.78
5 (17.23) N® 1.8

Table 5.8 Summary of parameters of empirical equation for shear distribution factors at FLS state
at outer support

Number of design lanes Value of F Parameter ( e)
2 (9.3) N* 1.6
3 (13)N*® 1.74
4 (15.45) N*° 1.74
5 (18) N 1.77
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The Second set of equation when F is a function of (p)

Table 5.9 Summary of parameters of empirical equation for shear distribution factors at ULS
state at inner support

I\umb::nuefsde.‘,lgn Value of F Parameter (e)
2 (13.6-0.30B) N° 1.80
3 (15-0.2B) N° 1.45
4 (17.4-0.24 B)N* 1.40
5 (17.4-024 B)N* 1.12

Table 5.10 Summary of parameters of empirical equation for shear distribution factors at ULS
state at outer support

I\umb;z;f;lemgn Value of F Parameter (e)
2 (14 -0.30 B) N® 1.80
3 (15 -0.20 B) N*® 1.42
4 (18.5-0.24 B) N® 1.40
5 (14 -0.14 B) N 1.12

Table 5.11 Summary of parameters of empirical equation for shear distribution factors at FLS
state at inner support

I\umb;z;f;lemgn Value of F Parameter (e)
2 (9) N 1.66
3 (12.8-0.27PB) N® 1.78
4 (14.9-0.15B) N® 1.77
5 (17.45-0.06R) N 1.80

Table 5.12 Summary of parameters of empirical equation for shear distribution factors at FLS
state at outer support

I\unlbtle:nuefsdeﬂgn Value of F Parameter (e)
2 (9)N°® 1.60
3 (13.25-0.14B) N 1.73
4 (15.6-0.08 B) N 1.73
5 (18.2-0.07PB) N 1.76
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The third set of equation when F is a function of (]32)

Table 5.13 Summary of parameters of empirical equation for shear distribution factors at
ULS state at inner support

dl\e:-lilg:;:noei Valueof F Parameter (e)
2 (12.6 +2p - 0.46p" ) N* 1.8
3 (13.4 +1.9B -0.36p") N 1.46
4 (15 +2.33B - 0.36p°) N 1.4
5 (123+0.7p - 0.1p") N* 1.12

Table 5.14 Summary of parameters of empirical equation for shear distribution factors at
ULS state at outer support

dl\e:,-lilg:‘l?::noei Value of F Parameter (e)
2 (12+0‘86[3-0.01[32 )N* 1.75
3 (13.4+1.18p -0.13]33)N'e 1.4
4 (15+1.85p -0.17") N* 1.4
5 (12.8+0‘7[3-0.05[33)1\I'e 1.12

Table 5.15 Summary of parameters of empirical equation for shear distribution factors at
FLS state at inner support

(i:-:l;;‘l:):;:noei Value of F Parameter (e)
2 (8+1.18-0.36p") N° 1.63
3 (11.77+0.84-0.22BE)N'E 1.79
4 (13.94+0.7-0.15 BE)N'e 1.78
5 (16+0.94-0.15[33)N"" 1.8

Table 5.16 Summary of parameters of empirical equation for shear distribution factors at
FLS state at outer support

(i::_l;;l:;:no; Value of F Parameter ( e)
2 (8.3+0‘9-U.17|33)N"’ 1.63
3 (11.9+0.74-0.11 Bj)N"“ 1.74
4 (14+0.8-0.09 Bj) N*© 1.74
5 (16.8+0.66-0.07 BHI)N* 1.77
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Figure 1.2 Typical twin-box girder bridge cross section

Figure 1.3 View of a Twin- box girder bridge
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Figure 3.1 Sketches of the four-node shell element used in the analysis, “SAP2000
software” Wilson and Habibullah, 2010
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Connection between concrete slab
and steel box-girder
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Figure 3.2 Schematic view of the bridge model showing the intermittent connections

between steel box-girder and concrete slab
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Figure 4.1 CL- 625-ONT Truck Loading and Lane Load
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Figure 4.4 Loading cases for two—design lane, two-girder bridges
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Figure 4.5 Loading cases for three—design lane, three-girder bridges
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Figure 4.6 Loading cases for exterior girder for four—design lane, three-girder bridges
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Figure 4.7 Loading cases for middle girder for four—design lane, three-girder bridges
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Figure 4.8 Loading cases for fatigue load for four—design lane, three-girder bridges
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Figure 4.9 Loading cases for exterior girder for five—design lane, four-girder bridges
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Figure 4.10 Loading cases for middle girder for five—design lane, four-girder bridges
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Figure 4.11 loading cases for fatigue load for five—design lane, four-girder bridges
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Figure 5.1 Effect of span length on positive moment distribution factors at ULS due to
CHBDC truck load
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Figure 5.2 Effect of no. of lanes on positive moment distribution factors at ULS due to
CHBDC truck load
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Figure 5.3 Effect of no. of boxes on positive moment distribution factors at ULS due to
CHBDC truck load
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Figure 5.4 Effect of span length on positive moment distribution factors at FLS due to
CHBDC truck load
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Figure 5.5 Effect of no. of lanes on positive moment distribution factor at FLS due to
CHBDC truck load
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Figure 5.6 Effect of no. of boxes on positive moment distribution factor at FLS due to
CHBDC truck load
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Figure 5.7 Effect of span length on negative moment distribution factors at ULS due to
CHBDC truck load
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Figure 5.8 Effect of no. of lanes on negative moment distribution factors at ULS due to
CHBDC truck load
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Figure 5.9 Effect of no. of boxes on negative moment distribution factor at ULS due to
CHBDC truck load
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Figure 5.10 Effect of span length on negative moment distribution factor at FLS due to
CHBDC truck load
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Figure 5.11 Effect of no. of lanes on negative moment distribution factors at FLS due to
CHBDC truck load
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Figure 5.12 Effect of no. of boxes negative moment distribution factors at FLS due to
CHBDC Truck load
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Figure 5.13 Effect of span length on shear distribution factors at ULS due to CHBDC
truck load
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Figure 5.14 Effect of no. of lanes on shear distribution factors at ULS due to CHBDC
truck load
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Figure 5.15 Effect of no. of boxes on shear distribution factors at ULS due to CHBDC
truck load
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Figure 5.16 Effect of span length on shear distribution factors at FLS due to CHBDC
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Figure 5.17 Effect of no. of lanes on shear distribution factors at FLS due to CHBDC
truck load
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Figure 5.18 Effect of no. of boxes on shear distribution factor at FLS due to CHBDC truck
load
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Figure 5.19 Correlation between positive moment distribution factor (Fm+) from FEA and
CHBDC results at ULS
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Figure 5.20 Correlation between negative moment distribution factor (Fm-) from FEA and
CHBDC results at ULS.
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Figure 5.21 Correlation between Shear Distribution factors (F,) at internal support from
FEA and CHBDC results at ULS.
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Figure 5.22 Correlation between shear distribution factors (F,) at external support from
FEA and CHBDC results at ULS.
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Figure 5.23 Correlation between positive moment distribution factors (Fm+) from FEA
and CHBDC results at FLS
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Figure 5.24 Correlation between negative moment distribution factor (Fm-) from FEA and
CHBDC results at FLS
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Figure 5.25 Correlation between shear distribution factors (Fy) at internal support from

FEA and CHBDC results at FLS
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Figure 5.26 Correlation between shear distribution factor (Fy) at external support from
FEA and CHBDC results at FLS
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Figure 5.27 Correlation between positive moment distribution factors (Fm+) from FEA
and AASHTO results at ULS
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Figure 5.28 Correlation between negative moment distribution factor (Fm-) from FEA and
AASHTO results at ULS
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Figure 5.29 Correlation between shear distribution factor (F,) at internal support from
FEA and AASHTO results at ULS
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Figure 5.30 Correlation between shear distribution factor (F,) at external support from
FEA and AASHTO results at ULS
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Figure 5.31 Correlation between positive moment distribution factors (Fm+) from FEA

and AASHTO results at FLS
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Figure 5.32 Correlation between negative moment distribution factor (Fm-) from FEA and
AASHTO results at FLS
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Figure 5.33 Correlation between shear distribution factor (F,) at internal support from

FEA and AASHTO results at FLS
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Figure 5.34 Correlation between shear distribution factors (F,) at external support from

FEA and AASHTO results at FLS
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Figure 5.35 Comparison between positive moment distribution factors from the empirical

equation and FEA for two lanes bridges at ULS
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Figure 5.36 Comparison between negative moment distribution factors from the

empirical equation and FEA for two lanes bridges at ULS
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Figure 5.37 Comparison between positive moment distribution factors from the empirical

equation and FEA for three lanes bridges at ULS
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Figure 5.38 Comparison between negative moment distribution factors from the

empirical equation and FEA for three lanes bridges at ULS
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Figure 5.39 Comparison between positive moment distribution factors from the empirical

equation and FEA for four lanes bridges at ULS
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Figure 5.40 Comparison between positive moment distribution factors from the empirical

equation and FEA for four lanes bridges at ULS
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Figure 5.41 Comparison between positive moment distribution factors from the empirical

equation and FEA for five lanes bridges at ULS
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Figure 5.42 Comparison between negative moment distribution factors from the

empirical equation and FEA for five lanes bridges at ULS
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Figure 5.43 Comparison between positive moment distribution factors from the empirical

equation and FEA for two lanes bridges at FLS
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Figure 5.44 Comparison between negative moment distribution factors from the

empirical equation and FEA for two lanes bridges at FLS
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Figure 5.45 Comparison between positive moment distribution factors from the empirical

equation and FEA for three lanes bridges at FLS
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Figure 5.46 Comparison between negative moment distribution factors from the

empirical equation and FEA for three lanes bridges at FLS
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Figure 5.47 Comparison between positive moment distribution factors from the empirical

equation and those from FEA for four lanes bridges at FLS
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Figure 5.48 Comparison between negative moment distribution factors from the

empirical equation and those from FEA for four lanes bridges at FLS
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Figure 5.49 Comparison between positive moment distribution factors from the empirical

equation and FEA for five lanes bridges at FLS
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Figure 5.50 Comparison between negative moment distribution factors from the

empirical equation and FEA for five lanes bridges at FLS

10.00
9.00 - --mmmmmm oo
8.00 - - - oo m oo o
7.00 f--mmm oo A REEEE LR,
6.00 f-----mmm oo O ]
B.OO - - mmmm oo
B.00 F----mmmm oo ]

300 fo-mmmmmm e

Empirical Equation values

2.00 - = - m o

100 f -

0-00 T T T T T T T T T
000 100 200 300 400 500 600 700 800 9.00 10.00

FEA values

103



Figure 5.51 Comparison between vertical shear at internal support from the empirical

equation and FEA for two lanes bridges at ULS as function of (L)
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Figure 5.52 Comparison between vertical shear at external support from the empirical

equation and FEA for two lanes bridges at ULS as function of (L)
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Figure 5.53 Comparison between vertical shear at internal support from the empirical

equation and FEA for three lanes bridges at ULS as function of (L)
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Figure 5.54 Comparison between vertical shear at external support from the empirical

equation and FEA for three lanes bridges at ULS as function of (L)
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Figure 5.55 Comparison between vertical shear at internal support from the empirical

equation and FEA for four lanes bridges at ULS as function of (L)
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Figure 5.56 Comparison between vertical shear at external support from the empirical

equation and FEA for four lanes bridges at ULS as function of (L)
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Figure 5.57 Comparison between vertical shear at internal support from the empirical

equation and FEA for five lanes bridges at ULS as function of (L)
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Figure 5.58 Comparison between vertical shear at external support from the empirical

equation and FEA for five lanes bridges at ULS as function of (L)
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Figure 5.59 Comparison between vertical shear at internal support from the empirical

equation and FEA for two lanes bridges at FLS as function of (L)
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Figure 5.60 Comparison between vertical shear at external support from the empirical

equation and FEA for two lanes bridges at FLS as function of (L)

4.00

BUB0 == m e m i m

3.00

2.50

Empirical Equation values

OOO T T T T T T

200 f---mmmmmmmmmmmm e I

1.50 - e e

100 f--mmmmmm o

0.50 == === o7 m

FEA values

0.00 0.50 1.00 1.50 2.00 2.50 3.00 3.50 4.00

108




Figure 5.61 Comparison between vertical shear at internal support from the empirical

equation and FEA for three lanes bridges at FLS as function of (L)
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Figure 5.62 Comparison between vertical shear at external support from the empirical

equation and FEA for three lanes bridges at FLS as function of (L)
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Figure 5.63 Comparison between vertical shear at internal support from the empirical

equation and FEA for four lanes bridges at FLS as function of (L)
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Figure 5.64 Comparison between vertical shear at external support from the empirical

equation and FEA for four lanes bridges at FLS as function of (L)
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Figure 5.65 Comparison between vertical shear at internal support from the empirical

equation and FEA for five lanes bridges at FLS as function of (L)
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Figure 5.66 Comparison between vertical shear at external support from the empirical

equation and FEA for five lanes bridges at FLS as function of (L)
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Figure 5.67 Comparison between vertical shear at internal support from the empirical

equation and FEA for two lanes bridges at ULS as function of (B)

2.0

1.9 -

1.8 -
"

©

n
=
()]

|

=
w
|

(]
B . 7 | P n 7

1.0 1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8
FEA values

1.9

2.0

Figure 5.68 Comparison between vertical shear at external support from the empirical

equation and FEA for two lanes bridges at ULS as function of ()
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Figure 5.69 Comparison between vertical shear at internal support from the empirical

equation and FEA for three lanes bridges at ULS as function of (B)
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Figure 5.70 Comparison between vertical shear at external support from the empirical

equation and FEA for three lanes bridges at ULS as function of (B)
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Figure 5.71 Comparison between vertical shear at internal support from the empirical

equation and FEA for four lanes bridges at ULS as function of (f3)
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Figure 5.72 Comparison between vertical shear at external support from the empirical

equation and FEA for four lanes bridges at ULS as function of (B)
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Figure 5.73 Comparison between vertical shear at internal support from the empirical

equation and FEA for five lanes bridges at ULS as function of (B)
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Figure 5.74 Comparison between vertical shear at external support from the empirical

equation and FEA for five lanes bridges at ULS as function of (B)
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Figure 5.75 Comparison between vertical shear at internal support from the empirical

equation and FEA for two lanes bridges at FLS as function of (B)
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Figure 5.76 Comparison between vertical shear at external support from the empirical

equation and FEA for two lanes bridges at FLS as function of (§3)
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Figure 5.77 Comparison between vertical shear at internal support from the empirical

equation and FEA for three lanes bridges at FLS as function of ()
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Figure 5.78 Comparison between vertical shear at external support from the empirical

equation and FEA for three lanes bridges at FLS as function of (B)
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Figure 5.79 Comparison between vertical shear at internal support from the empirical

equation and FEA for four lanes bridges at FLS as function of (f3)
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Figure 5.80 Comparison between vertical shear at external support from the empirical

equation and FEA for four lanes bridges at FLS as function of (38)
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Figure 5.81 Comparison between vertical shear at internal support from the empirical

equation and FEA for five lanes bridges at FLS as function of (B)
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Figure 5.82 Comparison between vertical shear at external support from the empirical

equation and FEA for five lanes bridges at FLS as function of (§3)
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Figure 5.83 Comparison between vertical shear at internal support from the empirical

equation and FEA for two lanes bridges at ULS as function of (Bz)
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Figure 5.84 Comparison between vertical shear at external support from the empirical

equation and FEA for two lanes bridges at ULS as function of (?)
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Figure 5.85 Comparison between vertical shear at internal support from the empirical

equation and FEA for three lanes bridges at ULS as function of (BZ)
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Figure 5.86 Comparison between vertical shear at external support from the

empirical equation and FEA for three lanes bridges at ULS as function of (Bz)
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Figure 5.87 Comparison between vertical shear at internal support from the empirical

equation

and FEA for four lanes bridges at ULS as function of (BZ)
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Figure 5.88 Comparison between vertical shear at external support from the empirical

equation

and FEA for four lanes bridges at ULS as function of (BZ)
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Figure 5.89 Comparison between vertical shear at internal support from the empirical

equation and FEA for five lanes bridges at ULS as function of (BZ)
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Figure 5.90 Comparison between vertical shear at external support from the empirical

equation and FEA for five lanes bridges at ULS as function of (?)
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Figure 5.91 Comparison between vertical shear at internal support from the empirical

equation and FEA for two lanes bridges at FLS as function of (Bz)
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Figure 5.92 Comparison between vertical shear at external support from the empirical

equation and FEA for two lanes bridges at FLS as function of (%)
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Figure 5.93 Comparison between vertical shear at internal support from the empirical

equation and FEA for three lanes bridges at FLS as function of (Bz).
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Figure 5.94 Comparison between vertical shear at external support from the empirical

equation and FEA for three lanes bridges at FLS as function of (B?).
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Figure 5.95 Comparison between vertical shear at internal support from the empirical

equation and FEA for four lanes bridges at FLS as function of (Bz).
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Figure 5.96 Comparison between vertical shear at external support from the empirical

equation and FEA for four lanes bridges at FLS as function of (g?).
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Figure 5.97 Comparison between vertical shear at internal support from the empirical

equation and FEA for five lanes bridges at FLS as function of (Bz).
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Figure 5.98 Comparison between vertical shear at external support from the empirical

equation and FEA for five lanes bridges at FLS as function of (8?).
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Appendix A.1 Parameters of empirical equation of moment distribution factors at ULS

. ) #of Number | Center fo Result from FEA | Parameters of empirical equation | poonire |
Eridge tvpe #of Trucks 1:(:;_5 R, M{f‘)u c;::irngglréu n () of equation Variance
Fm+ Fm+ Fm- a b [ d 2
2lanes
2L-20-2b [ 2 | Full Load 2 |08 2 5 1 235 | 177 7ol 1 |15 |27 oy 7S -1.45
2L-203b | 2 | Full Load 2 |09 3 3.33 1 | 253 | 175 7 | 1 |15 |-27|075| 176 | 052
214020 | 2 | FullLoad 2 |08 2 5.00 i 152 | 127 7|4 |15 |-27|075| 134 | 510
21403 | 2 | Full Load 2 |08 3 333 1 177 | 128 7 | 1 |15 |-27|07s| 129 | o0&
JL602b | 2 | Full Load 2 |08 | 2 5.00 1 111 | 115 7 | 1 |15 |27 |07s| 122 | 588
21603 | 2 | Full Load 2 |08 | 3 333 1 133 | 113 7 | 1 |15 |27 |075| 115 | 314
2L-802b | 2 | Full Load 2 |08 2 5.00 1| 093 | 113 7| 1 |15 |-27|07s| 118 | D20
21803 | 2 | Full Load 2 |08 3 333 1 114 | 115 7 | 1 |15 | 27 |07s| 111 | 448
2110026 | 2 | Full Load 2 |08 | 2 5.00 1 | 082 | 112 7 | 1 |15 |27 |075| 116 | 334
2-100-38| 2 | Full Load 2 o8| 3 333 i 102 | 111 70 i |15 ] -27|o7s| 108 | -20i
2 Lanes B) of Fm-
212020 | 2 | FullLoad 2 |08 2 5.00 1 377 335 | 46 [-034[ 17 [ 7 |o@s| 321 | 414
21203 | 2 | FullLoad 2 |08 3 3.33 1 415 282 | 45 |-034] 17 [ 7 |0es| 337 | 1061
JL402b | 2 | FullLoad 2 |08, 5.00 1| 244 235 | 46 |-034) 17 [ 7 |oes| 258 | 778
214030 | 2 | FullLoad 2|08 3 333 1| 282 271 | 46 |-034| 17 [ 7 |o@s| 267 | 145
2L602b | 2 | FullLoad 288, 5.00 1 1.73 226 | 46 |-034| 17 [ 7 |oes| 231 | 247
21603 | 2 | FullLoad 2|08 3 333 1| 212 241 | 46 [-034[ 17 [ 7 |08s]| 230 | o
JL802b | 2 | Full Load 21081 4 5.00 1 1.49 200 | 46 |-034) 17 | 7 |0es| 222 | 1087
2L-803b | 2 | Full Load 21081 3 333 1 182 215 | 46 |-034[ 17 [ 7 |oss| 228 | sa2
2110026 | 2 | Full Load 2 1081 3 5.00 1 1.32 168 | 46 |034| 17 | 7 |085| 216 | 1493
2.-100-38| 2 | Full Load 2 |08 3 333 i 1.63 235 | 46 |-034) 17| 7 |ogs] 221 | 576
3 Lanes () of Fm+
3L-20-2b | 3 | Full Load 3108 2 B.75 1| 30 | 159 a5 |-09| 17 | 7 |o7s| 174 | 981
3L-203b | 3 | Full Load 3 | DB | 3 450 1 | 325 | 153 a5 |08 17 | 7 |0o7s| 168 | 791
3L-20-4b | 3 | Full Load 3| 0B | 4 3.38 1 | 385 | 173 95 |-09| 17 | 7 |o75| 176 | 167
3L402b | 3 | Full Load 3 |08 2 B.75 1 181 | 131 a5 | 08| 17 | 7 |075| 138 | 528
3L403b | 3 | Full Load 3 | 0B 3 450 1 132 | 130 a5 | 09| 17| 7 |o7s| 125 | am
3L-40-4b | 3 | Full Load 308 4 338 1| 228 | 130 a5 |-09| 17 | 7 |o7s| 127 | 220
3L-60-2b | 3 | Full Load 3|08 2 B.75 i 1.30 | 1.14 as |08 17 | 7 |o7s| 126 | 1143
3L-60-3b | 3 | Full Load 3108 3 450 1 157 | 1.18 as |-09| 17 | 7 |o7s| 120 | 271
3L-60-40 | 3 | Full Load 3|08 4 338 i 178 | 147 a5 |-09| 17 | 7 |o7s| 116 | -Da4
3L-80-2b | 3 | Full Load 3|08 2 B.75 1 111 | 114 o5 |09 17 | 7 |o75| 122 | 7.9
3L-80-3b | 3 | Full Load 3 |08 3 450 1 132 | 112 a5 | 08| 17 | 7 |075| 115 | 212
3L-804b | 3 | Full Load 3 | 0B 4 338 1 153 | 115 o5 09| 17 | 7 |o75| 111 | 500
3L-100-28| 3 | Full Load 3|08 2 B.75 1| 047 | 142 a5 |09 17 | 7 |o7s| 119 | 647
3L-100-38| 3 | Full Load 3|08 3 450 i 117 | 111 a5 |-08| 17 | 7 |075| 142 | 049
3L-100-48| 3 | Full Load 3]08) 4 338 i 137 | 113 a5 |09 17| 7 |o7s| 108 | 467

128




Cont.

_ ) #af Number | Center to Result from FEA | Parameters of empirical equation | pooigeq|
Bridge type £ of Truclks ll(:.;.i R, Mg]n\: c:cdrngglrgju B ®of equation Variance
Fm+ Fm= Fm- a b 3 d ]

3 Lanes () of Fm-

AL-20-2b | 3 Full Load 3 08 2 B.75 1 4.81 329 [ 56 |-025) 18 | -5 (085 316 -4.12
AL-20-3b | 3 Full Load 3 0.8 3 4.50 1 5.20 287 [ 56 |-025) 18 | -5 (D85 323 12.41
3L-20-4b | 3 Full Load 3 0.8 4 3.38 1 6.18 336 |56 |-025) 18 | -5 (095 356 5.90
AL40-2b | 3 Full Load 3 0.8 2 6.75 1 2.90 265 |56 |-025) 18 | -5 [085| 255 -2.59
3L-40-3b | 3 Full Load 3 0.8 3 4.50 1 2.9 254 |56 |-025) 18 | -5 (095 253 -0.13
3L-40-4b | 3 Full Load 3 0.8 4 3.38 1 3.63 256 |56 |-025) 18 | -5 (095 270 318
AL-60-2b | 3 Full Load 3 08 2 E.75 1 2.08 212 |56 |-025| 18 | -5 (085 235 1245
AL-60-3b | 3 Full Load 3 0.8 3 4.50 1 251 219 [ 56 |-025| 18 | -5 (085 244 11.26
AL-60-4b | 3 Full Load 3 0.8 4 333 1 2.85 226 |56 |-025) 18 | -5 [095| 245 9.70
AL-80-2b | 3 Full Load 3 0.8 2 6.75 1 1.77 215 | 56 |-025| 18 | -5 (085 232 7.72
3L-80-3b | 3 Full Load 3 08 3 4.50 1 212 220 |56 |-025) 18 | -5 [095| 235 6.73
3L-80-4b | 3 Full Load 3 0.8 4 3.38 1 2.44 241 [ 56 |-025) 18 | -5 (095 239 -1.47
AL-100-20 ] 3 Full Load 3 0.8 2 B.75 1 1.55 216 [ 56 |-025| 18 | -5 (095 227 4.97
AL-100-30 ] 3 Full Load 3 08 3 4.50 1 1.88 234 |56 |-025) 18 | -5 (095 229 -1.85
AL-100-40 ] 3 Full Load 3 0.8 4 3.38 1 2.19 245 | 56 |-025] 18 | -5 (095 233 -4.97
4 Lanes (B)of Fm+

41-20-3b | 4 Full Load 4 0.7 3 5.67 1 390 | 1.90 12 | 08|14 | -7 (075 184 -3.31
41-20-4b | 4 Full Load 4 0.7 4 4235 1 414 | 1.65 12 | 08|14 | -7 [075] 1.79 3.54
41-20-3b | 4 Full Load 4 0.7 3 3.40 1 438 | 1.81 132 |08 |14 | -7 (075 1.77 10.47
4L-40-3b | 4 Full Load 4 or 3 5.67 1 240 | 1.44 12 |08 14| -7 (075 141 -2.40
4L-40-4b | 4 Full Load 4 or 4 425 1 264 | 144 12 | 08|14 | -7 [075] 1.36 -5.16
4L-40-5b | 4 Full Load 4 or 5 240 1 287 | 140 12 |08 |14 | -7 [075] 134 -4.18
4L-80-3b | 4 Full Load 4 or 3 5.67 1 1.80 | 1.27 12 | 0% |14 | -7 (075 1.28 Q.77
4L-60-4b | 4 Full Load 4 or 4 425 1 202 | 1.25 12 | 0% |14 | -7 (075 1.23 -1.05
4L-60-3b | 4 Full Load 4 07 5 240 1 224 | 128 12 |08 |14 | -7 [075] 1.2 -4.30
4L-80-3b | 4 Full Load 4 07 3 5.67 1 1.50 | 1.18 12 | 08|14 | -7 [075( 1.22 244
41-30-4b | 4 Full Load 4 07 4 425 1 1.71 117 12 |05 |14 | -7 (075 1497 0.54
41-830-3b | 4 Full Load 4 or 5 240 1 192 | 1.20 12 | 08|14 | -7 (075 115 -4.92
4L-100-30 | 4 Full Load 4 0.7 3 5.67 1 1.32 | 147 12 | 05|14 | -7 [075] 1.19 1.52
4L-100-40 | 4 Full Load 4 0.7 4 425 1 1.52 | 1.15 12 |05 |14 | -7 (075 1.14 -1.21
4L-100-56 | 4 Full Load 4 0.7 5 340 1 1.72 | 118 12 |08 )14 | -7 [07s5] 111 -£.24
4 Lanes () of Fm-

4L-20-3b | 4 Full Load 4 or 3 5.67 1 6.24 350 |44 |-007] 14 | -2 | DB 339 -3.10
4L-20-4b | 4 Full Load 4 or 4 425 1 6.63 300 |44 |-007) 14 | -2 | DB 325 8.36
4L-20-5b | 4 Full Load 4 or 5 240 1 7.00 272 |44 |-007) 14 | -2 [ 08 215 16.05
4L-40-3b | 4 Full Load 4 or 3 5.67 1 3.54 325 [ 44 |-007| 14 | -2 [ 08 21 -4.52
4L-40-4b | 4 Full Load 4 07 4 425 1 4.22 307 |44 |-007] 14 | -2 | DB 297 =315
4L-40-3b | 4 Full Load 4 07 3 340 1 4.59 294 |44 |-007] 14 | -2 | DB 2388 -1.54
4L-60-3b | 4 Full Load 4 07 3 5.67 1 2.88 293 |44 |-007| 14 | -2 [ 08 200 2.34
41-50-4b | 4 Full Load 4 0.7 4 425 1 3.23 280 |44 |-007] 14 | -2 | DB 287 2.65
41-80-5b | 4 Full Load 4 0.7 5 2.40 1 3.58 291 |44 |-007) 14 | -2 [ 08 278 -4.37
41-530-3b | 4 Full Load 4 0.7 3 5.67 1 2.40 263 |44 |-007] 14 | -2 [ 08 2495 10.14
41-30-4b | 4 Full Load 4 0.7 4 425 1 274 249 (44 |-007] 14 | -2 [ 08 282 13.23
41-30-3b | 4 Full Load 4 or 3 340 1 3.08 274 |44 |-007] 14 | -2 | DB 273 0.55
4L-100-30 | 4 Full Load 4 or 3 5.67 1 21 269 |44 |-007] 14 | -2 | DB 292 8.78
410040 [ 4 Full Load 4 or 4 425 1 244 265 |44 |-007) 14 | -2 [ 0B 279 5.35
4L-100-30 | 4 Full Load 4 07 5 3.40 1 2.75 280 | 44 |-007]) 14 | -2 | DB 270 -3.62
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i ) #af Number (- Center to Result fromFEA | Parameters of empirical equation | prooigeq|
Eridge type #of Trucks lanes | Ry of Box cmtq girder| B of equation Variance
® ® spacing (3) tPB|311+ Fm+ Fm- a b T d g

5 Lanes () of Frn=

5L-20-3b | 5 Full Load = 06 3 6.83 1 4538 | 21 10 | 08] 51 T | 075 2323 0.87
SL-20-4b | 5 Full Load 5 0.6 4 4.88 1 4939 | 2.18 10 | -08] 51 -1 | 075 26 -1.15
S5L-20-5b | 5 Full Load 5 0.6 5 410 1 508 | 213 10 | 0.8 ] 51 7| 075 218 2.85
SL-40-3b | 5 Full Load 5 0.6 3 6.83 1 274 | 157 10 | 0.8 ] 51 7| 075 157 -0.18
SL-40-4b | 5 Full Load 5 0.6 4 488 1 298 | 1.52 10 |08 ] 51 -7 | 075 145 -4.69
SL-40-3b | 5 Full Load 5 0.6 5 4.10 1 3.22 | 143 10 08 5 -1 | 075 1.50 4.93
SL-60-3b | 5 Full Load 5 0.6 3 6.83 1 203 | 1.35 10 | 08] 51 T 075 138 2497
SL-60-4b | 5 Full Load 5 0.6 4 485 1 226 | 1.35 10 | 08] 51 T 075 1328 -4.95
SL-80-3b | 5 Full Load 5 0.6 5 4.10 1 248 | 1.34 10 08 5 -1 075 132 -1.36
SL-80-3b | 5 Full Load 5 0.6 3 B.83 1 1.68 [ 1.27 10 08 5 -1 075 132 3.97
S5L-80-4b | 5 Full Load 3 06 4 485 1 188 [ 1.4 10 | 08] 51 7075 121 -2.83
S5L-80-5b | 5 Full Load = 06 5 410 1 210 | 1.20 10 | 08] 51 T | 075 124 344
SL-100-30 | 5 Full Load 5 06 3 6.83 1 146 [ 1.22 0 1 -08] 51 -1 | 075 127 4.57
SL-100-4b | 5 Full Load 5 06 4 485 1 167 | 122 10 |08 ] 51 T | 075 1.6 -4.43
SL-100-50 ] 5 Full Load 5 0.6 5 4.10 1 1.87 | 117 0 [ -08] 51 -1 | 0.75] 1.20 213
5 Lanes {2) af Fm-

5L-20-3b | 5 Full Load 5 0.6 3 6.83 1 7.32 428 | 36 |-008| 12 | -2 |062| 438 244
SL-20-4b | 5 Full Load 5 0.6 4 4.88 1 7.98 368 | 36 |-0.06| 12 | -2 | 062 384 4.39
SL-20-3b | 5 Full Load 5 0.6 3 4.10 1 8.12 355 | 36 |-008| 12 | -2 |0E2) 373 3514
SL-40-3b | & Full Load 3 0.6 3 B.83 1 4.39 412 | 36 |-0.08| 12 | -2 |062| 392 -4.86
S5L-40-4b | 5 Full Load = 06 4 485 1 477 361 | 36 (008 12 | -2 |0E2] 338 -£5.04
S5L-40-5b | 5 Full Load = 06 5 410 1 5.15 320 | 36 |-008) 12 | -2 | 062 332 3.8
SL-80-3b | 5 Full Load 5 06 3 B.83 1 3.23 371 | 36 |-008| 12 | -2 |0E2) 378 1.33
SL-60-4b | 5 Full Load 5 0.6 4 485 1 3.61 338 | 36 |-00&[ 12 | -2 |062] 3225 -3T7
SL-80-3b | 5 Full Load 5 0.6 3 4.10 1 3.98 323 | 36 |-008| 12 | -2 |0.62] 318 -1.69
SL-80-3b | 5 Full Load 5 0.6 3 B.83 1 2.68 354 | 36 (-008| 12 | -2 |062] 365 4.12
SL-80-4b | 5 Full Load 5 0.6 4 485 1 3.03 330 | 36 (008 12 | -2 |062] 3215 -3.67
S5L-80-5b | 5 Full Load 5 0.6 5 410 1 3.36 294 | 36 (006 12 | -2 |062] 3N 5.58
SL-100-30 | 5 Full Load 5 0.6 3 B.83 1 2.34 331 | 36 |-008| 12 | -2 | 062 364 10.00
SL-100-40 | 5 Full Load 5 0.6 4 4.88 1 2.67 313 | 36 |-008| 12 | -2 | 062 314 0.14
SL-100-58] 5 Full Load 3 06 5 4.10 1 2.99 301 | 36 |-008| 12 | -2 |0E2] 307 2.00
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Appendix A.2 Parameters of empirical equation of moment distribution factors at FLS

. N Center to
Bridze , #of Number center Empirical |,. ,
type #of Trucks lames | Ro | of Box sirder n ® of Result from FEA | Parameters of empirical equation equation Variance
(x) ™ ipacing )| | Fue | P | P |0 | b | | a | e

2 Lanes

2L-20-2b | 1| Fatigus 1| 2 | 09 2 5.00 1235 297 7.30|-1.82(500| -2.00 |075| 302 1.63
2L-20-30 | 1| Fatigue 1| 2 0.9 3 3.33 1] 259 | 200 720 |-1.92|5.00| 200 {075 328 9.38
2L-40-20 | 1| Fatigue 1| 2 | 08 2 5.00 1152 164 730|-1.92]500| 200 |075| 188 | 1542
2L-40-3p | 1| Fatigue 1| 2 0.3 3 3.33 11177 | 179 720 |-1.92|500] 200 [075] 191 7.12
21-60-2b | 1 | Fatigue 1| 2 | 08 2 5.00 11111 ] 187 7.30|-1.82(500| -2.00 |075| 158 433
21-60-3b | 1| Fatigus 1| 2 | 08 3 333 11133 ] 160 7.30|-1.82(500| -2.00 |075| 156 263
21-80-2b | 1 | Fatigue 1| 2 | 08 2 5.00 11083 142 7.30|-1.82|5.00| -2.00 |075| 148 4.24
21-80-3b | 1| Fatigus 1| 2 | 08 3 333 11114 ] 150 7.30|-1.92(500| -200 |075| 145 | -345
2L-100-2b| 1 | Fatigue 1| 2 | 08 2 5.00 11082 133 7.30|-1.82(500| -200 |075| 142 6.69
20-100-3b| 1 | Fatigue _1| 2 03 3 3.33 11102 | 1.4 720 |-192|500| 200 {075 138 2193
2 Lames (B) of Fin-

2L-20-2b | 1 | Fatigue 1| 2 | 09 2 5.00 11377 450 |450|037(640| -7.77 |108| 444 128
2L-20-3b | 1| Fatigue 1| 2 | 08 3 333 1] 415 434 |450|037|640| -7.77 [109] 502 | 1569
2L-40-2b | 1| Fatigus 1| 2 | 08 2 5.00 1] 244 292 |450|037|640| -7.77 [109] 338 | 1604
21-40-3b | 1 | Fatigus 1| 2 | 08 3 333 1] 282 354 |450|037(640| 777 |108] 378 7.89
216020 | 1| Fatigue 1| 2 | 08 2 5.00 11178 315 |450|037|640| 777 [1.08] 289 | 500
2L-60-30 | 1| Fatigue 1| 2 0.3 3 3.33 1] 212 330 | 450037640 777|109 33 0.24
2L-80-20 | 1| Fatigue 1| 2 0.3 2 5.00 1] 149 245 |450|-037|640| 777 |1.09| 284 15.70
21-80-3b | 1 | Fatigus 1| 2 | 08 3 333 11182 282 |450|037(640| 777 |108] 313 7.98
2L-100-2b| 1 | Fatigue 1] 2 [ 08 ] 2 00 11 qa 233 | 450|027 640| 777 [109] 278 | 1821
20-100-2b| 1 | Fatigus 1| 2 | 08 3 333 1] 163 324 |450|037|640| 777 |109| 302 | RET
3 Lanes (f) of Fin+

3L-20-2b | 1| Fatigus 1| 23 | 08 2 875 11301 248 9.34|-1.13[400| 1315|086 | 328 | 498
3L-20-3b | 1| Fatigue 1] 2 0.8 3 450 11325 340 934 [-1.18[4.00| 1315 [ 086 | 343 -1.88
3L-20-4b | 1 | Fatigus 1| 3 | 08 4 3.36 11385 | 414 9.34 |-1.13[4.00|-13.15| 086 | 434 467
L4020 | 1| Fatigus 1| ¥ [ 08 ] 2 575 |1 | 181 218 934|118 4.00| -13.15 [ 088 | 212 | an3
3L-40-3b | 1 | Fatigus 1| 3 | 08 3 450 11182 208 9.34 |-1.13[4.00| 1315|086 | 2.01 -3.82
3L-40-4b | 1 | Fatigus 1] 3 | 08 4 3.38 1228 235 9.34|-1.13[400|-1315|086| 226 | -381
3L-60-2b | 1 | Fatigus 1| 2 | 08 2 875 11130 164 934 |-1.13400|-1315|086| 180 | 1008
3L-60-3b | 1 | Fatigus 1| 23 | 08 3 450 11157 ] 178 9.34 |-1.13[4.00| 1315|086 | 1.85 365
3L-60-4b | 1| Fatigue 1] 2 0.8 4 3.38 11178 | 1.94 934 [-1.18[4.00| 1315|086 |  1.91 -1.76
3L-80-2b | 1 | Fatigue 1] 2 0.3 2 875 11111 | 1.2 934 [-118[400| 1315|086 171 12.10
AL-80-3p | 1| Fatigus 1| 3 | 08 3 450 11132 186 934 |-1.18]4.00| -13.15 | 086 | 172 322
3L-80-4b | 1 | Fatigus 1| 3 | 08 4 3.36 11153 182 9.34 |-1.13[4.00| 1315|086 | 1.78 -345
3L-100-2b| 1 | Fatigus 1| 23 | 08 2 6.75 11087 145 9.34 |-1.13[4.00| 1315|086 | 164 13.09
3L-100-2b| 1 | Fatigus 1] 3 | 08 3 450 11147 | 161 9.34 |-1.13[400| 1315|086 | 164 2.14
3L-100-4h| 1 | Fatigus 1| 2 | 08 4 3.38 11137 ] 17 934 |-1.13[400| 1315|086 | 167 | 1490
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Cont.

, _ Center to
Bridge , #of Number center . . Empirieal | .
type #of Trucks lames | Ry | of Box girder n ®) of Rezult from FEA | Parameters of empirical equation equation Variance
(@) ™ spacing (%) Fm+ Fy. Fu. a | b c d | A

3 Lane: {f) of Fm-

3L-20-2 | 1| Fatigus_1| 3 0.8 2 8.75 1] 4.81 576 [5.25|033|9.25| 680 |118| 549 484
3L-20-3% | 1| Fatigus 1| 3 0.8 3 450 1] 520 5098 [5.25|033|925| 600 |118]| 635 6.04
3L-204b | 1| Fatigus 1| 3 0.8 4 338 116186 760 [5.25|033|925| 680 |118| 808 6.11
3L-40-26 | 1| Fatigus_1| 3 0.8 2 8.75 1] 290 398 [5.25|033|925| 680 |118| 349 0.76
3L-40-3 | 1| Fatigus 1| 3 0.8 3 450 1| 2.91 437 |525|033|925| 680 | 118 430 188
3L-40-4b | 1| Fatigus 1| 3 0.8 4 338 1] 368 478 [525|033|925| 600 |118] 5.0 6.66
3L-60-26 | 1| Fatigus 1| 3 0.8 2 8.75 1] 208 338 [5.25|033|925| 680 | 118 353 5.02
3L-60-3% | 1| Fatigus_1| 3 0.8 3 450 1] 2.51 364 [5.25|033|925| 680 | 118 408 11.05
3L-80-46 | 1| Fatigus 1| 3 0.8 4 338 1] 288 413 [525|033|925| 680 | 118 449 7.13
38026 | 1| Fatigus 1| 3 0.8 2 875 1] 292 [525|033|925| 680 |118]| 338 15.74
3L-80-3 | 1| Fatigus_1| 3 0.8 3 450 1] 212 365 [5.25|033|925| 680 |118| 382 4.71
3L-80-4b | 1| Fatigus_1| 3 0.8 4 338 1] 244 431 [5.25|033|925| 680 |118| 422 220
3L-100-2k| 1 | Fatigus 1| 2 0.8 2 575 11158 295 |525|033|925| -6.90 | 118 327 11.02
3L-100-3b| 1 | Fatigus 1| 3 0.8 3 450 1] 188 382 [525|033|925| 680 | 118 369 388
3L-100-4b| 1 | Fatigus 1| 3 0.8 4 338 1| 219 386 |525|033|925| 680 |118| 407 2.70
4 Lanes (f) of Fm+

412036 | 1| Fatigus 1| 4 07 3 587 1] 390 | 487 8.16 |-0.85|-750| -10.00 |0.70 | 472 314
41-20-4b | 1| Fatigus _1| 4 0.7 4 425 1] 414 | 439 8.16 |-0.85|-7.50| -10.00 | 0.70 | 472 7.78
41206 | 1| Fatigus 1| 4 0.7 g 3.40 1] 438 | 431 816 |-0.85|-7.50| -10.00 | 0.70 | 4.8 12.41
41403 | 1 | Fatigus 1| 4 0.7 3 567 1240 | 295 8.16 |-0.85|-750| -i0.o0 |o.70| 242 144
41-40-4b | 1| Fatigus 1| 4 07 4 425 1] 264 | 294 8.16 |-0.85|-750| -10.00 |0.70 | 288 258
41-40-Sp | 1| Fatigus 1| 4 0.7 g 3.40 1| 287 | 297 816 |-0.85|-7.50| -10.00 |0.70 | 287 328
41803 | 1| Fatigus _1| 4 0.7 3 587 1180 222 816 |-0.85|-750| -10.00 | 0.70 | 248 11.43
41504k | 1 | Fatigus 1| 4 07 4 425 1] 202 | 235 816 |-0.85|-750| -10.00 | 070 | 241 256
41-80-Sb | 1| Fatigus 1| 4 0.7 5 3.40 1224 | 252 8.16 |-0.85|-750| -10.00 |0.70 | 239 535
41-80-3% | 1| Fatigus 1| 4 0.7 3 587 1150 | 1.97 816 |-0.85|-7.50| -10.00 |0.70 | 2.29 18.17
41-80-4b | 1| Fatigus 1| # 0.7 4 425 11171 ] 210 8.16 |-0.85|-7.50| -10.00 [ 0.70| 222 574
418056 | 1 | Fatigus 1| 4 07 5 340 1] 182 | 225 8.16 |-0.85|-750| -i0.00 | 070 | 2148 266
41-100-3b| 1 | Fatigus 1| 4 0.7 3 587 11132 | 183 816 |-0.85|-750| -10.00 |0.70 | 219 19.72
41-100-2h| 1 | Fatigus 1| 4 0.7 4 425 1] 1.52 [1.9522 8.16 |-0.85|-750( 1000 | 070 2.1 8.27
41-100-5h| 1 | Fatigus_1| 4 0.7 g 340 1| 172 |2.0018 816 |-0.85|-750| -10.00 | 070 | 208 082
4 Lames ) of Fin-

41-20-3b | 1| Fatigus 1| # 0.7 3 567 1] 6.24 770 |400|-0.45|6.00| -3.86 |1.07| 7.32 499
41-20-4b | 1 | Fatigus 1| 4 0.7 4 425 1] 663 767 |400|-015|6.00] -388 |107| 775 1.01
412056 | 1 | Fatigus 1| 4 07 5 340 1| 7.00 700 [400|-015|6.00] -388 |107| 847 16.65
41-40-3% | 1| Fatigus 1| 4 0.7 3 587 1| 3.84 587 |4.00|-015|6.00/ -388 |107| 588 0.23
41-40-4b | 1| Fatigus 1| 4 0.7 4 425 1] 42 544 |400|-D.15|6.00| -3.86 |1.07| 6.20 370
414056 | 1 | Fatigus 1| 4 0.7 5 340 1] 450 674 |4.00|-015|6.00 -3.86 |107| 651 342
41603 | 1| Fatigus 1| 4 0.7 3 587 1| 288 517 |400|-015|6.00| -386 |107| 542 457
4L-60-4b | 1 | Fatigus _1| 4 0.7 4 4725 1]3m: 568 |4.00|-015|6.00]| -3.86 |1.07| 570 0.37
4L-60-Sb | 1 | Fatigus 1| 4 0.7 5 340 1] 356 6.10 [4.00|-015|6.00| -3.88 |107| 598 237
41503 | 1 | Fatigus 1| 4 0.7 3 567 1] 2.40 474 |4.00|015|600] -386 |107| 52 10.01
418046 | 1| Fatigus 1| 4 0.7 4 425 1] 274 513 |400|-015|6.00| -386 |107| 547 6.57
4L-80-5b | 1 | Fatigus _1| 4 0.7 5 3.40 1] 306 552 |4.00|-015|6.00] -3.86 |1.07| 571 367
41-100-3b| 1 | Fatigus_1| 4 0.7 3 567 1] 241 463 |4.00|-015|6.00| -388 |107| 508 .62
41-100-4b| 1 | Fatigus 1| 4 0.7 4 475 1| 244 520 |400|-015|6.00]| -386 |107| 534 2.51
41-100-5h| 1 | Fatigus_1| 4 0.7 g 340 1] 275 568 |400|015|600| -386 |107| 558 218
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. . Center to
Bridze , # of Number center Empirieal |,
type #of Trucks lanes | Ry | of Box girder n (B of Eesult from FEA | Parameters of empirical equation equation Variance
(=) ®) spacing (S) Fm+ Fu Fu a | b ‘ « ‘ d | e

5 Lanes (B) of Fm#

SL-20-3b | 1| Fatigus 1| = 0.8 3 5.83 1458 | 590 828 |-0.85| 7.00 | -10.85 | 077 | 6.1% 4.87
SL-20-4b | 1| Fatigus 1| = 0.8 4 485 11499 6.01 833|085 7.00|-1085[077] 648 7.75
5L-20-5b | 1| Fatigue 1| 5 | 08 5 410 11508 | 597 833 |-0.85|7.00| 1085 (077 | A1 12.43
5L-40-3 | 1| Fatigus 1| 5 0.8 3 6.83 1274 | 339 833|085 7.00| 1085|077 341 0.50
SL-404b | 1| Fatigue 1| 5 | 08 4 488 1] 298| 342 833|085 700|-1085(077] 325 -4.98
5L-40-Sb | 1| Fatigue 1| 5 | 08 5 410 1322 | 337 833|085 700| 1085|077 348 3.33
5L-60-3: | 1| Fatigue 1| 5 | 08 3 £.83 1 {203 230 8.38 |-0.85|7.00 | -10.85 [ 0.77 | 282 | 1268
S5L-504b | 1| Fatigus 1| 5 | 08 4 488 122 | 272 833|085\ 700|-1085(077| 288 -2.08
5L-60-55 | 1| Fatigus 1| % 0.6 5 410 1248 | 284 8238 |-0.85| 7.00|-10.85 | 0.77 | 282 -0.93
5L-80-3 | 1| Fatigue 1| 5 | 08 3 .63 1188 | 221 8.38 |-0.85| 7.00 | -1085 [ 077 | 258 16.64
5L-80-4b | 1| Fatigus 1| % 0.8 4 488 1] 188 | 239 833 [-0.85|7.00| -1085 077 | 242 1.09
5L-80-Sb | 1| Fatigue 1| 5 | 08 5 410 11210 241 833|055 7.00| 1085 077 255 5.73
5L-100-3b| 1 | Fatigue 1| 5 | 08 3 5.83 1] 146 | 2.25 833|085 7.00| 1085|077 245 5.79
SL-100-4b| 1| Fatigue 1| 5 | 08 4 4.68 1 1er| 278 8.38 |-0.85| 7.00 | -10.85 [ 077 | 229 4.95
SL-100-Sb| 1| Fatigue _1| 5 | 08 5 410 1187 | 224 838|085 700|-1085|077| 240 7.31
5 Lanes {B) of Fm-

SL-20-3 | 1| Fatigus 1| % 0.8 3 6.83 11732 10.20 |3.70|-0.14|5.00| -3.74 [ 1.00| 9488 -3.18
5L-204b | 1| Fatigus 1| 5 | 08 4 488 1] 788 991 |3.70|-0.14|500] -3.74 | 1.00| 10.05 1.28
5L-20-Sb | 1| Fatigue 1| 5 | 08 5 410 1] 812 982 |370/-014|500( -3.74 | 1.00] 1072 9.15
5L-40-3 | 1| Fatigue 1| 5 | 08 3 £.83 1 [ 4.39 755 |370|-0.14|500) 374 [100] 750 | -063
5L-404b | 1| Fatigue 1| 5 | 08 4 488 1] 477 758 370014500 -3.74 |1.00| 738 281
SL-40-5b | 1| Fatigus 1| = 0.6 5 410 1| 515 768 |270|-0D.14|500| -374 |100| @03 451
5L-60-3b | 1| Fatigus_1| % 0.6 3 6.83 1| 328 628 |370|-D.14|500| -3.74 |1.00| 680 8.29
SL-60-4b | 1| Fatigus 1| % 0.6 4 488 1| 361 7.05 [370|-0D.14|500| -3.74 | 1.00| G667 -5.40
SL-60-Sb | 1| Fatigus 1| = 0.8 5 410 1] 398 742 |370|-0.14|500] -3.74 | 100 723 -2.57
5L-80-3 | 1| Fatigue 1| 5 | 08 3 6.83 1] 268 602 |370)-014|500/| -374 | 1.00| 649 7.78
SL-80-4p | 1| Fatigue 1| 5 | 08 4 4,68 1 [ 3.03 677 |3.70|-0.14|500| -374 [1.00] 635 | R4
5L-80-Sb | 1| Fatigue 1| 5 | 08 5 410 1] 338 B84 |370|014|500] -3.74 | 1.00| 6AT7 3.40
5L-100-3b| 1 | Fatigus 1| 5 | 08 3 6.83 1] 234 566 |370|-014|500( -374 | 100 632 11.57
5L-100-4h| 1 | Fatigus 1| 5 0.6 4 488 1| 267 638 [370|-D.14|500| -3.74 |100] &AT -3.31
5L-100-5b| 1 | Fatigus 1| = 0.6 5 410 1] 29 665 |370|-014|500| -374 |1.00| 6&E 0.02
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Appendix A.3 Parameters of empirical equation of shear distribution factors as function of

(L) span length at ULS

#of | Span Number | Center to Parameters le empirical .
Bridge type # of Trucks lanes | length | Ry | of Box | center girder Result from FEA equation Empulu:al Variance
(n) @ ™ spacing (S) B [Fvinner (Evouter e a b cauation

2 Lanes
2L-202b |2 | Full Load 2 20 |08 2 5.00 100 121 18 | 145 | 001 1.22 0.23
2L-20-3b |2 | Full Load 2 20 [09] 3 3.33 100| 1.68 1.8 | 145 | -0.01 1.68 0.30
2L-40-2b |2 | Full Load 2 40 [09] 2 5.00 100 1.22 1.8 | 145 | -0.01 1.23 1.10
2L-40-3b |2 | Full Load 2 40 [09] 3 3.33 1.00| 1.68 1.8 | 145 | -0.01 1.71 1.86
2L-60-2b |2 | Full Load 2 60 [09] 2 5.00 100| 1.23 1.8 | 145 | -0.01 1.25 1.87
2L-60-3b |2 | Full Load 2 60 [09] 3 3.33 1.00| 1.71 1.8 | 145 | -0.01 1.73 1.50
2L-80-2b |2 | Full Load 2 g0 [09] 2 5.00 100 1.26 1.8 | 145 | -0.01 1.27 1.25
2L-80-3b |2 | Full Load 2 80 [09] 3 333 100 1.74 18 | 145 | -0.01 1.76 1.15
2L-100-2b | 2 | Full Load 2 | 100 [09] 2 5.00 100 1.27 1.8 | 145 | -0.01 1.29 1.39
2L-100-3b | 2 | Full Load 2 | 100 [09] 3 3.33 100]| 1.75 1.8 | 145 | -0.01 1.78 1.88

2 Lanes
2L-20-2b |2 | Full Load 2 20 [08] 2 5.00 1.00 115 | 1.72 | 14.5 | -0.01 1.15 -0.27
2L-20-3b |2 | Full Load 2 20 [09] 3 3.33 1.00 155 | 1.72 | 145 | -0.01 1.54 -0.27
2L-40-2b |2 | Full Load 2 40 [09] 2 5.00 1.00 117 [ 1.72 | 145 | -0.01 1.17 -0.46
2L-40-3b |2 | Full Load 2 40 [09] 3 3.33 1.00 1.57 | 1.72 | 145 | -0.01 1.56 -0.08
2L-60-2b |2 | Full Load 2 60 [09] 2 5.00 1.00 120 [ 1.72 | 145 | -0.01 1.19 -1.04
2L-60-3b |2 | Full Load 2 60 [09] 3 3.33 1.00 160 | 1.72 | 14.5 | -0.01 1.59 -0.86
2L-80-2b |2 | Full Load 2 g0 [09] 2 5.00 1.00 120 [ 1.72 | 145 | -0.01 1.20 -0.19
2L-80-3b |2 | Full Load 2 80 [09] 3 3.33 1.00 162 [ 1.72 | 145 | -0.01 1.61 -0.61
2L-100-2b | 2 | Full Load 2 | 100 [09] 2 5.00 1.00 121 [ 1.72 | 145 | -0.01 1.22 0.79
2L-100-3b | 2 | Full Load 2 | 100 [09] 3 3.33 1.00 164 | 1.72 | 145 | -0.01 1.63 -0.48

3 Lanes
3L-20-2b | 3| Full Load 3 20 [08] 2 6.75 100 1.23 145 | 158 | -0.01 1.18 -3.80
3L-20-3b | 3| Full Load 3 20 [08] 3 450 100| 1.32 145 | 158 | -0.01 1.42 7.56
3L-204b | 3| Full Load 3 20 [08] 4 3.38 100 167 145 | 158 | -0.01 1.61 -3.42
3L-40-2b | 3 | Full Load 3 40 (08| 2 6.75 100 1.22 145 | 158 | -0.01 1.20 -1.67
3L-40-3b | 3| Full Load 3 40 [08] 3 450 100| 1.35 145 | 158 | -0.01 1.44 6.24
3L-40-4b | 3 | Full Load 3 40 [08] 4 3.38 100| 1.65 145 | 158 | -0.01 1.64 -0.74
3L-60-2b | 3| Full Load 3 60 [08] 2 6.75 100| 1.23 145 | 158 | -0.01 1.21 -1.72
3L-60-3b | 3| Full Load 3 60 [08] 3 450 100| 1.35 145 | 158 | -0.01 1.46 7.56
3L-60-4b | 3 | Full Load 3 60 [08| 4 3.38 100| 1.66 145 | 158 | -0.01 1.66 -0.44
3L-80-2b | 3 | Full Load 3 g0 [08] 2 6.75 100 1.27 145 | 158 | -0.01 1.23 -3.01
3L-80-3b | 3| Full Load 3 80 [08] 3 450 100| 1.36 145 | 158 | -0.01 1.48 8.28
3L-80-4b | 3| Full Load 3 80 [08] 4 3.38 1.00| 1.69 145 | 158 | -0.01 1.68 -0.76
3L-100-2b | 3 | Full Load 3 | 100 [08] 2 6.75 1.00| 1.30 145 | 158 | -0.01 1.25 -4.12
3L-100-3b | 3 | Full Load 3 | 100 [08] 3 450 100| 1.37 145 | 158 | -0.01 1.50 8.84
3L-100-4b | 3 | Full Load 3 | 100 [08] 4 3.38 100]| 1.73 145 | 158 | -0.01 1.70 -1.39
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Cont.

Parameters of empirical

#of | Span Number | Center to . .
Bridge type #of Trucks lanes | length | Ry | of Box cente{‘ girder Result from FEA ewﬁ i?]f;:;:;l Variance
@) @ ™) spacing (3) y  |Evimnner |Evouter € | a b
3 Lanes

3L-20-2b |3 | Full Load 3 20 |08 2 675 1.00 114 | 1.4 | 158 | -0.01 1.14 0.16
3L-20-3b | 3| Full Load 3 20 |08 3 450 1.00 125 | 14 | 158 | -0.01 1.34 7.47
3L-20-4b | 3| Full Load 3 20 |08 4 3.38 1.00 152 | 1.4 | 158 | -0.01 1.51 -1.05
3L-40-2b | 3| Full Load 3 40 |08 2 6.75 1.00 118 | 1.4 | 158 | -0.01 1.16 -1.66
3L-40-3b | 3| Full Load 3 40 |08 3 450 1.00 126 | 14 | 158 | -0.01 1.36 7.61
3L-40-4b | 3| Full Load 3 40 |08 4 3.38 1.00 153 | 14 | 158 | -0.01 1.53 -0.54
3L-60-2b | 3| Full Load 3 60 |08 2 6.75 1.00 1.21 14 | 158 | -0.01 1.17 -3.12
3L-60-3b | 3| Full Load 3 60 |08 3 450 1.00 129 | 1.4 | 158 | -0.01 1.38 6.91
3L-60-4b | 3| Full Load 3 60 |08 4 3.38 1.00 157 | 1.4 | 158 | -0.01 1.55 -1.30
3L-80-2b |3 | Full Load 3 g0 |08 2 6.75 1.00 122 | 1.4 | 158 | -0.01 1.19 -2.56
3L-80-3b | 3| Full Load 3 80 |08 3 450 1.00 130 | 1.4 | 158 | -0.01 1.40 7.48
3L-80-4b | 3| Full Load 3 g0 |08 4 3.38 1.00 159 | 1.4 | 158 | -0.01 1.57 -1.28
3L-100-2b | 3| Full Load 3 | 100 |08] 2 675 1.00 124 | 14 | 158 | -0.01 1.20 265
3L-100-3b | 3 | Full Load 3 | 100 |08] 3 450 1.00 1.31 14 | 158 | -0.01 1.42 772
3L-100-4b | 3 | Full Load 3 | 100 |08] 4 3.38 1.00 162 | 14 | 158 | -0.01 1.59 -1.91
4 Lanes

4L-20-3b |4 | Full Load 4 20 |07 3 567 100| 1.48 14 | 185 | -001 1.44 -2.83
4L-20-4b |4 | Full Load 4 20 |07 4 425 1.00| 147 14 | 185 | -0.01 1.62 9.79
4L-20-5b | 4 | Full Load 4 20 |07 5 3.40 1.00| 1.84 14 | 185 | -001 1.77 -4.05
4L-40-3b |4 | Full Load 4 40 |07 3 567 100| 1.49 14 | 185 | -0.01 1.46 -2.37
4L-40-4b |4 | Full Load 4 40 |07 4 425 1.00| 1.48 14 | 185 | -001 1.64 10.19
4L-40-5b | 4 | Full Load 4 40 |07 5 3.40 1.00| 1.81 14 | 185 | -0.01 1.79 -1.38
4L-60-3b |4 | Full Load 4 60 |07 | 3 5.67 100| 1.52 14 | 185 | -0.01 1.47 -3.12
4L-60-4b |4 | Full Load 4 60 |07 | 4 425 100| 1.48 14 | 185 | -001 1.65 11.65
4L-60-5b | 4 | Full Load 4 60 |07 | 5 3.40 100| 1.83 14 | 185 | -0.01 1.81 -1.34
4L-80-3b |4 | Full Load 4 80 |07 3 5.67 1.00| 1.56 14 | 185 | -0.01 1.49 -4.28
4L-80-4b |4 | Full Load 4 80 |07 4 425 1.00| 1.50 14 | 185 | 001 1.67 11.48
4L-80-5b |4 | Full Load 4 80 |07 5 3.40 1.00| 1.88 14 | 185 | -0.01 1.83 -2.80
4L-100-3b | 4 | Full Load 4 | 100 |07] 3 5.67 1.00| 1.60 14 | 185 | -001 1.51 -5.65
4L-100-4b | 4 | Full Load 4 | 100 |07 | 4 425 100| 1.51 14 | 185 | -0.01 1.69 11.85
4L-100-5b | 4 | Full Load 4 | 100 |07] 5 3.40 100] 1.91 14 | 185 | -0.01 1.85 -3.27

4 Lanes

4L-20-3b |4 | Full Load 4 20 |07 3 5.67 1.00 1.33 | 1.33 | 185 | -0.01 1.33 0.71
4L-20-4b | 4 | Full Load 4 20 |07 | 4 425 1.00 137 | 1.33 | 185 | -0.01 1.47 717
4L-20-5b | 4 | Full Load 4 20 |07 5 3.40 1.00 165 | 1.33 | 185 | -0.01 1.58 -4.03
4L-40-3b |4 | Full Load 4 40 |07 3 5.67 1.00 1.38 | 1.33 | 18.5 | -0.01 1.35 -1.99
4L-40-4b |4 | Full Load 4 40 |07 | 4 425 1.00 136 | 1.33 | 185 | -0.01 1.48 9.51
4L-40-5b |4 | Full Load 4 40 |07 5 3.40 1.00 162 | 1.33 | 185 | -0.01 1.60 -1.19
4L-60-3b |4 | Full Load 4 60 |07 | 3 567 1.00 142 | 1.33 | 185 | -0.01 1.36 -4.06
4L-60-4b |4 | Full Load 4 60 |07 4 425 1.00 1.37 | 1.33 | 185 | -0.01 1.50 9.79
4L-60-5b | 4 | Full Load 4 60 |07 5 3.40 1.00 166 | 1.33 | 185 | -0.01 1.62 257
4L-80-3b |4 | Full Load 4 80 |07 3 5.67 1.00 145 | 1.33 | 185 | -0.01 1.38 -4.90
4L-80-4b |4 | Full Load 4 80 |07 4 425 1.00 1.39 | 1.33 | 185 | -0.01 1.52 9.18
4L-80-5b |4 | Full Load 4 80 |07 5 3.40 1.00 170 | 1.33 | 185 | -0.01 1.63 -3.81
4L-100-3b | 4 | Full Load 4 | 100 |07] 3 5.67 1.00 147 | 1.33 | 185 | -0.01 1.40 -5.29
4L-100-4b | 4 | Full Load 4 | 100 |07] 4 425 1.00 141 | 1.33 | 185 | -0.01 1.53 9.1
41-100-5b | 4 | Full Load 4 | 100 |07] 5 3.40 1.00 173 | 1.33 | 185 | -0.01 1.65 -4.75
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#of | Span Number Center to Parameters of empirical L.
Bridge type #of Trucks lanes | length | Ry | of Box | center girder Result from FEA equation Elﬂpll'llt‘al Variance
(n) @ ® spacing (3) P |Evinner |Fvouter e | qn_’- ] camen
5 Lanes
5L-20-3b | 5| Full Load 5 20 |06 3 6.83 100| 1.61 1.1 | 136 | -0.01 1.71 5.99
5L-20-4b | 5| Full Load 5 20 |06 4 4.88 100| 1.73 1.1 | 136 | -0.01 1.67 -3.42
5L-20-5b | 5| Full Load 3 20 |06 5 4.10 1.00| 1.67 1.1 | 136 | 001 1.80 7.30
5L-40-3b | 5| Full Load 3 40 |06 3 5.83 1.00| 161 1.1 | 136 | 0.01 1.73 7.66
5.-40-4b | 5| Full Load 3 40 (06| 4 4.88 1.00| 1.77 1.1 | 136 | -0.01 1.70 -4.31
5L-40-5b | 5| Full Load ] 40 |06 5 410 100| 1.71 1.1 | 136 | -0.01 1.82 6.59
5L-60-3b | 5| Full Load 3 60 |06 3 6.83 1.00| 161 1.1 | 136 | -0.01 1.76 9.58
5L-60-4b | 5| Full Load 3 60 |06 4 4.88 1.00| 1.79 1.1 | 136 | -0.01 1.72 -4.00
5L-60-5b | 5! Full Load 5 60 |06 5 410 1.00| 1.70 1.1 | 136 | -0.01 1.85 8.67
5L-80-3b | 5| Full Load 5 g0 |06 3 6.83 1.00| 1.64 1.1 | 136 | -0.01 1.79 8.91
5L-80-4b | 5| Full Load 5 80 |06 4 4.88 100| 1.82 1.1 | 136 | -0.01 1.75 -4.06
5L-80-5b | 5| Full Load 5 g0 |06 5 4.10 1.00| 1.72 1.1 | 136 | -0.01 1.88 9.16
5L-100-3b | 5| Full Load 5 | 100 |06] 3 6.83 1.00| 1.67 1.1 | 136 | -0.01 1.82 8.57
5L-100-4b | 5| Full Load 5 | 100 |06] 4 4.88 1.00| 1.86 1.1 | 136 | -0.01 1.78 -4.28
5L-100-5b | 5 { Full Load 5 | 100 |06] 5 410 100| 1.74 1.1 | 136 | -0.01 1.91 9.94
5 Lanes
5L-20-3b | 5| Full Load 3 20 |06 3 5.83 1.00 146 | 1.1 | 15 | -D.01 1.55 5.99
5L-20-4b | 5| Full Load 3 20 |06 4 4.88 1.00 156 | 1.1 | 15 | -D.01 1.51 -3.18
5L-20-5b | 5| Full Load 3 20 |06 5 4.10 1.00 154 | 1.1 | 15 | -0.01 1.63 5.36
5L-40-3b | 5| Full Load 5 40 |06 3 6.83 1.00 148 | 1.1 | 15 | -0.01 1.57 5.54
5L-40-4b | 5| Full Load 3 40 (06| 4 4.88 1.00 1.61 11| 15 | -0.01 1.53 -4.52
5L-40-5b | 5| Full Load 5 40 (06| 5 410 1.00 154 | 1.1 | 15 | -0.01 1.65 7.1
5L-60-3b | 5! Full Load 5 60 |06 3 6.83 1.00 1.51 1.1 15 | -0.01 1.59 5.49
5L-60-4b | 5| Full Load 5 60 |06 4 4.88 1.00 1.64 1.1 15 | -0.01 1.56 -5.38
5L-60-5b | 5| Full Load 5 60 |06 5 410 1.00 155 | 1.1 | 15 | -0.01 1.67 7.80
5L-80-3b | 5| Full Load 5 a0 | 06 3 6.83 1.00 1.51 1.1 15 0.01 161 6.44
5L-80-4b | 5| Full Load 5 o0 | 06 4 4.88 1.00 1.67 1.1 15 -0.01 1.58 -5.45
5L-80-5b | 5| Full Load 5 a0 | 06 5 410 1.00 1.58 1.1 15 0.01 1.70 763
5L-100-3b | 5| Full Load 5 | 100 |06] 3 6.83 1.00 153 | 1.1 | 15 | -0.01 1.63 7.13
5L-100-4b | 5{ Full Load 5 | 100 |06] 4 4.88 1.00 170 | 1.1 | 15 | -0.01 1.60 -5.63
5L-100-50 | 5| Full Load 5 | 100 06| 5 410 1.00 160 | 1.1 | 15 | -0.01 172 7.43
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Appendix A.4 Parameters of empirical equation of shear distribution factors as function

of (L) span length at FLS

#of | Span Number| oY Result from | Parameters of empirical .
Bridge type # of Trucks lanes |Length| Ry | of Box c.el_ltel‘ n FEA equation Empu.u:al Variance
m @ ™~ gu‘ der . o TFoms : | 2 | 5 equation

2 Lanes

IL-20-2b | 1| Fatigue 1 2 20 0.9 2 5.00 1 | 180 167 9 0 177 -1.81
2L20-3b | 1| Fatigue 1 2 20 | 09 3 333 1| 237 1.67 9 0 232 -1.93
2L-402b | 1| Fatigue 1 2 140 | 09 2 5.00 T 1176 1.67 9 0 177 0.23
2L-40-3b | 1| Fatigue 1 2 40 0.9 3 3.33 1 | 228 167 9 0 232 1.68
2L-60-2b | 1| Fatigue 1 2 60 | 09 2 5.00 11173 1.67 9 0 1.77 2.31
2L-60-3b | 1| Fatigue 1 2 6o | 09 3 3.33 1 | 229 1.67 9 0 2.32 1.27
2L-80-2b | 1 | Fatigue 1 2 80 0.9 2 5.00 11177 1.67 9 0 1.77 -0.04
2L-80-3b | 1| Fatigue 1 2 g0 | 09 3 3.33 1] 231 1.67 9 0 232 0.51
2L-1002b | 1 | Fatigue 1 2 100 | 09 2 5.00 11179 167 9 0 177 -1.14
2L-100-3b | 1 | Fatigue 1 2 100 | 0.9 3 3.33 1] 236 1.67 9 0 2.32 -1.85
2 Lanes

2L-202b | 1| Fatigue 1 2 20 | 09 2 .00 1 166 | 16 | 9.3 0 1.63 -1.93
2L-20-3b | 1| Fatigue 1 2 20 | 09 3 3.33 1 215 | 16 | 93 0 2.08 317
2L-40-2b | 1| Fatigue 1 2 40 0.9 2 5.00 1 163 | 16 9.3 0 1.63 -0.11
2L-40-3b | 1 | Fatigue 1 2 40 0.9 3 3.33 1 205 | 16 93 0 208 1.62
2L-60-2b | 1| Fatigue 1 2 g0 | 09 2 5.00 1 164 | 16 | 93 0 163 -0.50
2L-60-3b | 1| Fatigue 1 2 60 | 09 3 333 1 210 | 16 | 93 0 2.08 -1.15
2L-80-2b | 1| Fatigue 1 2 80 0.9 2 5.00 1 165 | 16 93 0 163 -1.09
J1-80-3b | 1| Fatigue 1 2 80 0.9 3 3.33 1 212 | 16 93 0 208 -1.95
2L-100-2b | 1 | Fatigue 1 2 100 | 0.9 2 5.00 1 166 | 16 93 0 163 -1.56
2L-100-3b | 1 | Fatigue 1 2 100 | 09 3 3.33 1 215 | 16 | 93 0 2.08 -3.48
3 Lanes

3L-202b | 1| Fatigue 1 3 20 | 08 2 6.75 1 | 188 18 | 126 0 1.87 -0.80
3L-203b | 1| Fatigue 1 3 20 | 08 3 4.50 1 | 268 18 | 126 0 2.58 -3.58
3L-204b | 1| Fatigue 1 3 20 0.8 4 3.38 1] 341 18 | 126 0 325 -470
3L-40-2b | 1 | Fatigue 1 3 40 0.8 2 6.75 1 | 184 18 | 126 0 1.87 1.20
3L-40-3b | 1 | Fatigue 1 3 40 | 08 3 450 1 | 259 18 | 126 0 258 -0.27
3L-40-4b | 1| Fatigue 1 3 40 | 08 4 3.38 1] 318 18 | 126 0 3.25 1.98
3L-60-2b | 1| Fatigue 1 3 50 0.8 2 6.75 1 | 183 18 | 126 0 1.87 2.03
3L-60-3b | 1| Fatigue 1 3 60 0.8 3 4.50 1 | 255 18 | 126 0 258 1.01
3L-60-4b | 1| Fatigue 1 3 60 | 08 4 3.38 1 1318 1.8 | 126 0 3.25 2.87
3L-80-2b | 1| Fatigue 1 3 a0 | 08 2 6.75 1| 184 18 | 126 0 1.87 1.23
3L-80-3b | 1| Fatigue 1 3 30 0.8 3 4.50 1 | 257 18 | 126 0 2.58 0.41
3L-80-4b | 1| Fatigue 1 3 a0 | 08 4 3.38 1| 347 18 | 126 0 3.25 244
3L-100-2b | 1| Fatigue 1 3 100 | 08 2 6.75 1 | 188 18 | 126 0 187 -0.64
3L-100-3b | 1 | Fatigue 1 3 100 | 08 3 4.50 1] 261 18 | 126 0 2.58 -1.24
3L-100-4b | 1 | Fatigue 1 3 100 | 08 4 3.38 1 | 322 18 | 126 0 325 0.76
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CETTET 10

. ‘ Zof Span Number cemter Result from |Parameters o.f empirical Empirical |
Bridge type # of Trucks lanes |Length| Ry of Box Lo n FEA equation . Variance
@ | © oy | gwder Fooe | Fow | o | a | p | cauaten
3 Lanes
3L20-2b | 1| Fatigue 1 3 20 | 08 2 6.75 1 174 | 174 | 13 0 1.73 032
3L20-3b | 1 | Fatigue 1 3 20 | 08 3 4.50 1 243 | 174 | 13 0 234 -3.53
3L20-4b | 1 | Fatigue 1 3 20 | 08 4 3.38 1 305 | 1.74 | 13 0 2.90 495
3L-40-2b | 1| Fatigue _1 3 40 | 08 2 6.75 1 173 | 1.74 | 13 0 173 0.54
3L-40-3b | 1| Fatigue 1 3 40 | 08 3 4.50 1 234 | 1.74 | 13 0 234 0.24
31-40-4b | 1 | Fatigue 1 3 40 0.8 4 3.38 1 282 | 1.74 13 0 2.90 279
31-60-2b | 1 | Fatigue 1 3 60 0.8 2 6.75 1 173 | 1.74 13 0 173 023
3L-60-3b | 1 | Fatigue 1 3 [ 0.8 3 450 1 234 | 174 13 0 234 0.20
3L-60-4b | 1 | Fatigue 1 3 80 0.8 4 338 1 284 | 174 13 0 2.90 212
3L-80-2b | 1| Fatigue 1 3 80 | 08 2 6.75 1 171 | 1.74 | 13 0 173 1.14
3L-80-3b | 1| Fatigue 1 3 g0 | 08 3 4.50 1 235 | 174 | 13 0 234 -0.44
3L-80-4b | 1 | Fatigue 1 3 80 0.8 4 3.38 1 287 | 1.74 13 0 2.90 1.00
3L-100-2b | 1 | Fatigue _1 3 100 | 08 2 6.75 1 173 | 1.74 13 0 1.73 0.24
3L-100-3b | 1 | Fatigue 1 3 100 | 038 3 4.50 1 238 | 174 13 0 234 -174
3L-1004b | 1 | Fatigue 1 3 100 | 0.8 4 3.38 1 203 | 1.74 | 13 0 2.90 -1.22
4 Lanes
4120-3b | 1| Fatigue 1 4 20 | 07 3 5.67 1| 277 178 | 147 0 272 -1.81
4L-20-4b | 1 | Fatigue _1 4 20 0.7 4 425 1 | 354 1.78 | 147 0 3.41 -3.60
41-20-5b | 1 | Fatigue _1 4 20 0.7 5 3.40 1| 413 178 | 147 0 406 -172
41-40-3b | 1| Fatigue 1 4 40 0.7 3 567 1 | 269 178 | 147 0 272 1.10
41-40-4b | 1 | Fatigue 1 4 40 0.7 4 425 1 | 344 178 | 147 0 3.41 -075
41-40-5b | 1| Fatigue 1 4 40 | 07 5 3.40 1] 402 178 | 147 0 406 1.02
41-60-3b | 1 | Fatigue 1 4 60 | 07 3 5.67 1] 265 178 | 147 0 272 274
4L-60-4b | 1 | Fatigue 1 4 50 07 4 425 1 | 337 1.78 | 147 0 3.41 1.08
4L-60-50 | 1 | Fatigue _1 4 60 07 5 3.40 1 | 398 1.78 | 147 0 4.06 1.90
41-80-3b | 1| Fatigue 1 4 80 0.7 3 5.67 1 | 2689 1.78 | 14.7 0 272 1.09
41-80-4b | 1| Fatigue 1 4 80 0.7 4 4.25 1 | 339 1.78 | 14.7 0 341 0.44
41-80-5b | 1| Fatigue 1 4 80 0.7 5 3.40 1 | 402 1.78 | 147 0 4.06 0.90
41-100-3b | 1 | Fatigue 1 4 100 | 07 3 567 1T 127 178 | 147 0 272 -041
41-100-4b | 1 | Fatigue _1 4 100 | 07 4 425 1| 347 178 | 147 0 341 -1.65
4L-100-5b | 1 | Fatigue 1 4 100 | 07 5 3.40 1 | 408 178 | 14.7 0 4.06 -0.63
4 Lanes
41-20-3b | 1 | Fatigue 1 4 20 0.7 3 567 1 253 | 174 | 1545| 0 248 -178
4L-20-4b | 1| Fatigue 1 4 20 | 07 4 4.25 1 319 | 1.74 | 1545| 0 3.07 373
41-20-5b | 1| Fatigue 1 4 20 | 07 5 3.40 1 370 | 1.74 | 1545| 0 362 -2.04
41-40-3b | 1| Fatigue 1 4 40 | 07 3 5.67 1 245 | 174 | 1545| 0 248 1.12
41-40-4b | 1| Fatigue 1 4 40 | 07 4 4.25 1 3.05 | 174 | 1545| 0 3.07 0.48
41-40-5b | 1| Fatigue _1 4 40 | 07 5 3.40 1 352 | 174 | 1545| 0O 3.62 278
41-60-3b | 1 | Fatigue _1 4 60 0.7 3 567 1 245 | 174 | 1545| 0O 248 1.29
4L-60-4b | 1 | Fatigue 1 4 60 0.7 4 425 1 304 | 174 | 1545| 0 3.07 0.82
41-60-50 | 1 | Fatigue 1 4 80 0.7 5 3.40 1 355 | 174 [ 1545| 0 362 211
41-80-3b | 1 | Fatigue 1 4 20 0.7 3 567 1 245 | 174 | 1545| 0 248 1.21
41-80-4b | 1 | Fatigue 1 4 a0 | 07 4 425 1 306 | 1.74 [ 1545| O 3.07 0.15
41-80-50 | 1| Fatigue 1 4 g0 | 07 5 3.40 1 361 | 174 | 1545| 0 3.62 0.41
4L-100-3b | 1 | Fatigue _1 4 100 | 07 3 5.67 1 247 | 174 | 1545| © 2.48 0.37
4L-100-4b | 1 | Fatigue _1 4 100 | 07 4 425 1 312 | 1.74 | 1545| © 3.07 -1.65
41-100-5b | 1 | Fatigue 1 4 100 | 07 5 3.40 1 368 | 1.74 | 1545 0 3.62 -1.69
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CETITET 10

# of Span Number center Result from | Parameters nf empirical Empirical
Bridge type # of Trucks lanes |Length| Rp of Box Lo n FEA equation . Variance
w | © oy | graer Fome | Frome | | a | B | “awation

5 Lanes

5.-20-3b | 1 | Fatigue 1 5 20 0.6 3 6.83 1 | 284 18 | 1723 O 2.87 0.96
5.-20-4b | 1 | Fatigus 1 5 20 0.6 4 488 1 | 357 18 | 1723 O 343 -3.90
5.-20-5b | 1 | Fatigue 1 5 20 0.6 5 4.10 1 | 434 18 | 1723 0O 4.31 -0.66
5L-40-3b | 1| Fatigue 1 5 40 | 06 3 6.83 1] 278 18 [ 1723] DO 287 311
5L-40-4b | 1| Fatigue 1 3 4p | 06 4 4.88 1 ] 355 18 | 1723 ] 0 3.43 343
5L-40-5b | 1 | Fatigue 1 5 40 0.6 5 4.10 1 | 420 18 | 1723 O 4.31 2.56
5L-60-3b | 1 | Fatigus 1 5 60 0.6 3 6.83 1| 276 18 [1723| O 287 392
5L-60-4b | 1 Fatigue 1 5 60 06 4 4.88 1 | 350 18 |17.23] 0O 343 -1.94
5.-60-5b | 1 | Fatigue 1 5 60 0.6 5 4.10 1 1 420 18 | 1723] O 431 266
5L-80-3b | 1| Fatigue 1 3 ap | 06 3 6.83 1 | 279 18 [1723] 0 287 2.58
5L-80-4b | 1| Fatigue 1 5 ap | 06 4 488 1 ] 355 18 [ 1723] DO 3.43 -3.36
5L-80-5b | 1 | Fatigus 1 5 80 0.6 5 410 T | 424 18 [1723| O 4.31 1.61
5L-100-3b | 1 | Fatigue 1 5 100 | 06 3 6.33 1 | 283 18 | 1723 O 2.87 1.27
5L-100-4b | 1 | Fatigue 1 5 100 | 08 4 488 1 | 357 18 | 1723] O 343 -3.90
5-100-5b | 1 = Fatigus 1 5 100 | 06 5 410 1 | 433 18 [1723] O 431 -0.34
5 Lanes

5L-20-3b | 1 Fatigue 1 5 20 0.6 3 6.33 1 259 | 177 18 0 2.65 228
5.-20-4b | 1 | Fatigus 1 5 20 0.6 4 4.88 1 330 | 177 18 0 315 -454
5L-20-5b | 1| Fatigue 1 5 20 06 5 4.10 1 3.90 | 1.77 18 0 3.93 0.88
5.-40-3b | 1 | Fatigue 1 5 40 0.6 3 6.83 1 255 | 1.77 18 0 2.65 3.90
5L-40-4b | 1| Fatigue 1 3 4p | 06 4 4.88 1 319 | 177 | 18 0 3.15 -1.25
5L-40-5b | 1| Fatigue 1 2 40 | 086 5 410 1 376 | 177 | 18 0 3.93 4.65
5.-60-3b | 1 Fatigue 1 5 60 0.6 3 6.83 1 2.55 | 1.77 18 0 2.65 3.91
5L-60-4b | 1 Fatigue 1 5 80 0.6 4 438 1 319 | 177 18 0 3.15 -1.32
5.-60-5b | 1 | Fatigue 1 5 60 0.6 5 4.10 1 3.76 | 1.77 18 0 3.93 4.54
5.-80-3b | 1 | Fatigue 1 5 30 0.6 3 6.83 1 255 | 177 18 0 2.65 3.07
5.-80-4b | 1 | Fatigue 1 5 80 0.6 4 4.88 1 321 | 1.77 18 0 3.15 -1.71
5L-80-5b | 1| Fatigue 1 5 ap | 06 5 4.10 1 381 | 177 | 18 0 3.93 3.12
5L-100-3b | 1| Fatigue 1 5 100 | 06 3 6.83 1 256 | 1.77 | 18 0 265 3.52
5L-100-4b | 1 | Fatigue 1 5 100 | 06 4 4.88 1 324 | 177 18 0 3.15 275
5L-100-5b | 1 | Fatigue 1 5 100 | 06 5 4.10 1 3.88 | 177 | 18 0 3.93 1.44
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Appendix A.5: Parameters of empirical equation of shear distribution factors as function of

(B) at ULS

#of Number | Center to .
Bridge type # of Trucks lames | Bp of Box center g:il'd.er M Result from FEA | Paramsters of Empirical equation }}:::5;::‘1 Variance
() N) | spacing (5) (B)of Fin= | Fvinner | Fv outer e | a | b
2 Lanes
2L-20-2b | 2 | FullLoad | 2 | 09 2 5.00 1.0 | 235 | 121 1.80 | 13.60 | 0.30 1.22 0.19
21-20-3b | 2 | FullLoad | 2 09 3 3.33 10 | 259 1.68 1.80 | 1360 | 0.30 1.67 -0.24
2L-40-2b | 2 | FullLoad | 2 | 09 2 5.00 10 | 152 | 122 1.80 | 13.60 | 0.30 1.24 1.41
2L-40-3b |2 | FullLoad | 2 | 09 3 3.33 1.0 | 1.77 | 168 1.80 | 13.60 | 0.30 1.70 1.65
2L-60-2b |2 | FullLoad | 2 | 09 2 5.00 1.0 | 111 1.23 1.80 | 13.60 | 0.30 1.25 1.62
2L-60-3b | 2 | FullLoad | 2 | 09 3 3.33 1.0 | 133 | 1.7 1.80 | 13.60 | 0.30 1.72 0.79
2L-80-2b |2 | FullLoad | 2 | 09 2 5.00 1.0 | 093 | 1.26 1.80 | 13.60 | 0.30 1.25 -0.06
2L-80-3b | 2 | FullLoad | 2 | 0.9 3 3.33 10 | 114 | 174 1.80 | 13.60 | 0.30 1.73 -0.60
2L-100-2b | 2 | Fullload | 2 | 08 2 5.00 1.0 | 082 | 127 1.80 | 13.60 | 0.30 1.26 -1.16
21-100-3b | 2 | Fullload | 2 | 08 3 3.33 10 | 102 | 175 1.80 | 13.60 | 0.30 1.73 -1.10
2 Lanes B) of Fm-
21-20-2b | 2 | FullLoad | 2 09 2 5.00 10 | 377 1.15 | 1.80 | 14.00 | 0.30 1.15 -0.37
21-20-3b | 2 | FullLoad | 2 0.9 3 3.33 10 | 415 1.55 | 1.80 | 14.00 | 0.30 1.58 215
2L-40-2b |2 | FullLoad | 2 | 039 2 5.00 1.0 | 244 1.17 | 1.80 | 14.00 | 0.30 1.18 0.71
2L-40-3b | 2 | FullLoad | 2 | 09 3 3.33 1.0 | 2.82 1.57 | 1.80 | 14.00 | 0.30 1.62 3.60
2L-60-2b | 2 | Fullload | 2 | 09 2 5.00 1.0 | 1.78 1.20 | 1.80 | 14.00 | 0.30 1.20 0.05
2L-60-3b |2 | FullLoad | 2 | 09 3 3.33 1.0 | 212 1.60 | 1.80 | 14.00 | 0.30 1.65 2.80
2L-80-2b | 2 | FullLoad | 2 | 0.9 2 5.00 10 | 1.49 120 | 1.80 | 14.00 | 0.30 1.21 0.04
2L-80-3b |2 | FullLoad | 2 | 0.9 3 3.33 1.0 | 1.82 1.62 | 1.80 | 14.00 | 0.30 1.66 2.21
2L-100-2b | 2 | Fullload | 2 | 08 2 5.00 1.0 | 1.32 1.21 | 1.80 | 14.00 | 0.30 1.21 -0.09
2L-100-3b | 2 | Fulllead | 2 | 08 3 3.33 1.0 | 1.63 164 | 1.80 | 14.00 | 0.30 1.66 1.24
3 Lanes (B) of Fm+
3L-20-2b | 3 | Fullload | 3 | 08 2 6.75 1.0 | 3.01 1.23 145 | 15.00 | 0.20 1.18 -3.81
3L-20-3b | 3 | Fullload | 3 | 08 3 4.50 1.0 | 325 | 1.32 145 | 15.00 | 0.20 1.41 7.22
3L-20-4b | 3 | Fullload | 3 | 08 4 3.38 1.0 | 3.85 | 167 145 | 15.00 | 0.20 1.60 -4.46
3L-40-2b | 3 | Fullload | 3 | 08 2 6.75 1.0 | 1.81 1.22 145 | 15.00 | 0.20 1.20 -1.43
3L-40-3b | 3 | Fullload | 3 | 08 3 4.50 10 | 182 | 1.35 145 | 1500 | 0.20 1.44 6.49
3L-40-4b | 3 | Fullload | 3 | 08 4 3.38 1.0 | 228 | 165 145 | 15.00 | 0.20 1.63 -1.10
3L-60-2b | 3| Fullload | 3 | 08 2 6.75 1.0 | 130 | 1.23 145 | 15.00 | 0.20 1.21 -2.11
3L-60-3b | 3 | Fullload | 3 | 08 3 4.50 1.0 | 1.57 | 1.35 145 | 15.00 | 0.20 1.45 6.77
3L-60-4b | 3 | Fullload | 3 | 08 4 3.38 1.0 | 1.78 | 166 145 | 15.00 | 0.20 1.64 -1.46
3L-80-2b | 3 | Fullload | 3 | 08 2 6.75 1.0 | 1.11 1.27 145 | 1500 | 0.20 1.21 -1.42
3L-80-3b | 3| Fullload | 3 | 08 3 4.50 1.0 | 132 | 136 145 | 15.00 | 0.20 1.45 6.40
3L-80-4b | 3 | Fullload | 3 | 08 4 3.38 1.0 | 153 | 1.69 145 | 15.00 | 0.20 1.65 -2.74
3L-100-2b | 3 | FullLoad | 3 | 08 2 6.75 1.0 | 0.97 | 127 145 | 15.00 | 0.20 1.21 -1.43
3L-100-3b | 3 | Fullload | 3 | 08 3 4.50 1.0 | 117 | 137 145 | 15.00 | 0.20 1.45 573
3L-100-4b | 3 | Fullload | 3 | 0.8 4 3.38 10 | 137 | 173 145 | 1500 | 0.20 1.65 -4.45
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Cont.

#of Number| Center to .
Bridge type # of Trucks lanes By of Box |center girder| m Result from FEA | Parameters of Empirical equation }}:::E;:;;l Variance
(n) (N) | spacing (S) (B)of Fin+ | Fvinner | Fv outer ¢ | a | b
3 Lanes g) of Fm-
3L-20-2b | 3 | Full Load 3 0.8 2 6.75 1.0 4.81 114 | 142 [ 1500 | 0.20 1.13 -0.75
3L-20-3b | 3 | Full Load 3 0.8 3 4.50 1.0 5.20 1.25 | 142 | 1500 | 0.20 1.34 6.84
3L-20-4b | 3 | Full Load 3 0.8 4 3.38 1.0 6.16 1.52 | 142 | 15.00 | 0.20 1.49 -2.22
3L-40-2b | 3 | Full Load 3 0.8 2 6.75 1.0 2.90 1.18 | 142 [ 15.00 | 0.20 1.16 -1.43
3L-40-3b | 3 | Full Load 3 0.8 3 4.50 1.0 291 1.26 | 142 | 15.00 | 0.20 1.37 8.72
3L-40-4b | 3 | Full Load 3 0.8 4 3.38 1.0 3.65 1.53 | 142 [ 1500 | 0.20 1.54 0.11
3L-60-2b | 3 | Full Load 3 0.8 2 6.75 1.0 2.08 1.21 142 | 15.00 | 0.20 1.17 -3.14
3L-60-3b | 3 | Full Load 3 0.8 3 4.50 1.0 2.51 1.29 | 142 | 1500 | 0.20 1.38 7.16
3L-60-4b | 3 | Full Load 3 0.8 4 3.38 1.0 2.85 1.57 | 142 [ 15.00 | 0.20 1.55 -0.93
3L-80-2b | 3 | Full Load 3 0.8 2 6.75 1.0 1.77 122 | 142 | 1500 | 0.20 1.18 -3.49
3L-80-3b | 3 | Full Load 3 0.8 3 4.50 1.0 2.12 1.30 | 142 [ 15.00 | 0.20 1.39 6.85
3L-80-4b | 3 | Full Load 3 0.8 4 3.38 1.0 2.44 159 | 142 | 1500 | 0.20 1.56 -1.71
3L-100-2b | 3 | Full Load 3 0.8 2 6.75 1.0 1.55 1.24 | 142 | 1500 | 0.20 1.18 -4.58
3L-100-3b | 3 | Full Load 3 0.8 3 4.50 1.0 1.88 1.31 1.42 | 15.00 | 0.20 1.39 6.00
3L-100-4b | 3 | Full Load 3 0.8 4 3.38 1.0 2.19 162 | 142 | 1500 | 0.20 1.57 -3.32
4 Lanes (B) of Fm+
4L-20-3b | 4 | Full Load 4 0.7 3 5.67 1.0 3.90 1.48 140 | 1740 | 0.24 1.44 -3.03
4L-20-4b | 4 | Full Load 4 0.7 4 4.25 1.0 4.14 1.47 1.40 | 17.40 | 0.24 1.61 9.23
4L-20-5b | 4 | Full Load 4 0.7 5 3.40 1.0 4.38 1.84 140 | 1740 | 0.24 1.75 -4.83
4L-40-3b | 4 | Full Load 4 0.7 3 5.67 1.0 2.40 1.49 140 | 17.40 | 0.24 1.47 -1.69
41-40-4b | 4 | Full Load 4 0.7 4 4.25 1.0 2.64 1.48 140 | 1740 | 0.24 1.64 10.60
4L-40-5b | 4 | Full Load 4 0.7 5 3.40 1.0 2.87 1.81 140 | 1740 | 0.24 1.79 -1.31
41L-60-3b | 4 | Full Load 4 07 3 5.67 1.0 1.80 1.52 140 | 17.40 | 0.24 1.48 -2.79
4L-60-4b | 4 | Full Load 4 0.7 4 4.25 1.0 2.02 1.48 140 | 1740 | 0.24 1.65 11.74
4L-60-5b | 4 | Full Load 4 0.7 5 3.40 1.0 2.24 1.83 140 | 17.40 | 0.24 1.80 -1.594
4L-80-3b | 4 | Full Load 4 0.7 3 5.67 1.0 1.50 1.56 140 | 1740 | 0.24 1.49 -4.61
4L-80-4b | 4 | Full Load 4 0.7 4 4.25 1.0 1.71 1.50 140 | 1740 | 0.24 1.66 10.79
4L-80-5b | 4 | Full Load 4 0.7 5 3.40 1.0 1.92 1.88 1.40 | 17.40 | 0.24 1.81 -3.67
4L-100-3b | 4 | Full Load 4 0.7 3 567 1.0 1.32 1.56 140 | 1740 | 0.24 1.49 -4.56
A4L-100-4b | 4 | Full Load 4 0.7 4 4.25 1.0 1.52 1.51 140 | 17.40 | 0.24 1.67 10.18
4L-100-5b | 4 | Full Load 4 0.7 5 3.40 1.0 1.72 1.91 1.40 | 17.40 | 0.24 1.82 -4.97
4 Lanes B) of Fm-
4L-20-3b | 4 | Full Load 4 0.7 3 5.67 1.0 6.24 1.33 | 140 | 1850 | 0.24 1.32 -0.48
41L-20-4b | 4 | Full Load 4 0.7 4 4.25 1.0 6.63 1.37 | 140 [ 18.50 | 0.24 147 7.87
4L-20-5b | 4 | Full Load 4 0.7 5 3.40 1.0 7.00 1.65 | 140 | 1850 | 0.24 1.60 -2.59
41-40-3b | 4 | Full Load 4 07 3 5.67 1.0 3.84 1.38 [ 140 [ 18.50 | 0.24 1.36 -1.36
4L-40-4b | 4 | Full Load 4 0.7 4 4.25 1.0 422 1.36 | 140 [ 1850 | 0.24 1.52 11.93
4L-40-5b | 4 | Full Load 4 0.7 5 3.40 1.0 4.29 1.62 | 140 [ 18.50 | 0.24 1.65 2.13
4L-60-3b | 4 | Full Load 4 0.7 3 5.67 1.0 2.88 142 | 140 | 1850 | 0.24 1.37 -3.36
4L-60-4b | 4 | Full Load 4 0.7 4 4.25 1.0 3.23 1.37 | 140 | 1850 | 0.24 1.54 12.34
4L-60-5b | 4 | Full Load 4 0.7 5 3.40 1.0 3.58 1.66 [ 140 [ 18.50 | 0.24 1.67 0.83
4L-80-3b | 4 | Full Load 4 0.7 3 5.67 1.0 2.40 145 | 140 | 1850 | 0.24 1.38 -4.70
A4L-80-4b | 4 | Full Load 4 0.7 4 4.25 1.0 274 1.39 | 140 [ 1850 | 0.24 1.55 11.15
4L-80-5b | 4 | Full Load 4 0.7 5 3.40 1.0 3.06 1.70 | 140 | 1850 | 0.24 1.68 -0.93
4L-100-3b | 4 | Full Load 4 0.7 3 5.67 1.0 2.1 146 | 140 [ 1850 | 0.24 1.39 -4.94
AL-100-4b | 4 | Full Load 4 0.7 4 4.25 1.0 2.44 1.41 1.40 | 18.50 | 0.24 1.55 10.25
4L-100-5b | 4 | Full Load 4 0.7 5 3.40 1.0 2.75 1.73 | 140 [ 18.50 | 0.24 1.69 -2.63
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#of Number | Center to .
Bridge type|  #of Trucks lanes | Ry | ofBox |centergirder| u Result from FEA | Parameters of Empirical equation i:g;:_;;l Variance
(m) ) | spacing (3) (B)of Fnt | Fvinmer | Fr omter e | a | b
5 Lanes (B) of Fm+
5L-20-3b | 5 | Full Load 5 0.6 3 6.83 1.0 4.58 1.61 1.12 | 13.00 | 0.14 1.71 6.44
5L-20-4b | 5 | Full Load 5 0.6 4 4.88 1.0 499 1.73 1.12 | 13.00 | 0.14 1.68 -2.86
5L-20-5b | 5 | Full Load 5 0.6 5 4.10 1.0 5.08 1.67 1.12 | 13.00 | 0.14 1.81 8.29
5L-40-3b | 5 | Full Load 5 08 3 6.83 1.0 274 1.61 1.12 | 13.00 | 0.14 1.75 B.54
SL-40-4b | 5 | Full Load 5 0.6 4 4.88 1.0 298 1.77 1.12 | 13.00 | 0.14 1.72 -3.21
5L-40-5b | 5 | Full Load 5 0.6 5 4.10 1.0 3.22 1.71 1.12 | 13.00 | 0.14 1.85 B.03
5L-60-3b | 5 | Full Load 5 0.6 3 6.83 1.0 203 1.61 1.12 | 13.00 | 0.14 1.76 9.62
SL-60-4b | 5 | Full Load 5 0.6 4 4.88 1.0 226 1.79 1.12 | 13.00 | 0.14 1.73 -3.64
5L-60-5b | 5 | Full Load 5 06 5 4.10 1.0 248 1.70 1.12 | 13.00 | 0.14 1.86 9.31
5L-80-3b | 5 | Full Load 5 0.6 3 6.83 1.0 1.68 1.64 1.12 | 13.00 | 0.14 1.97 7.67
5L-80-4b | 5 | Full Load 5 0.6 4 4.88 1.0 1.89 1.82 1.12 | 13.00 | 0.14 1.74 -4.81
5L-80-5b | 5 | Full Load 5 0.6 5 4.10 1.0 2.10 1.72 1.12 | 13.00 | 0.14 1.87 B.55
5L-100-3b | 5 | Full Load 5 0.6 3 6.83 1.0 1.46 1.67 1.12 | 13.00 | 0.14 1.97 5.90
5L-100-4b | 5 | Full Load 5 06 4 4.88 1.0 1.67 1.83 1.12 | 13.00 | 0.14 1.74 -4.91
5L-100-5b | 5 | Full Load 5 0.6 5 4.10 1.0 1.87 1.74 1.12 | 13.00 | 0.14 1.88 7.87
5 Lanes g) of Fm-
5L-20-3b | 5 | Full Load 5 0.6 3 6.83 1.0 7.32 146 | 112 | 14.00 | 0.14 1.96 6.72
5L-20-4b | 5 | Full Load 5 06 4 4.88 1.0 7.98 1.56 | 1.12 | 14.00 | 0.14 1.52 -2.55
5L-20-5b | 5 | Full Load 5 0.6 5 4.10 1.0 8.12 1.54 | 112 | 14.00 | 0.14 1.64 6.38
5L-40-3b | 5 | Full Load 5 0.6 3 6.83 1.0 4.39 148 | 112 | 14.00 | 0.14 1.60 7.78
5L-40-4b | 5 | Full Load 5 0.6 4 4.88 1.0 477 1.61 1.12 | 14.00 | 0.14 1.57 -2.29
5L-40-5b | 5 | Full Load 5 0.6 5 4.10 1.0 5.15 1.54 | 112 | 14.00 | 0.14 1.69 9.71
5L-60-3b | 5 | Full Load 5 06 3 6.83 1.0 3.25 1.51 1.12 | 14.00 | 0.14 1.62 7.42
5L-60-4b | 5 | Full Load 5 0.6 4 4.88 1.0 3.61 164 | 112 | 14.00 | 0.14 1.59 -3.42
5L-60-5b | 5 | Full Load 5 0.6 5 4.10 1.0 3.96 1.55 | 112 | 14.00 | 0.14 1.71 10.14
5L-80-3b | 5 | Full Load 9 0.6 3 6.83 1.0 268 1.51 1.12 | 1400 | 0.14 1.63 7.48
5L-80-4b | 5 | Full Load 5 0.6 4 4.88 1.0 3.03 1.67 | 112 | 14.00 | 0.14 1.60 -4.30
5L-80-5b | 5 | Full Load 5 06 5 4.10 1.0 3.36 1.58 | 112 | 14.00 | 0.14 1.72 9.07
5L-100-3b | 5 | Full Load 5 0.6 3 6.83 1.0 234 1.53 | 112 | 14.00 | 0.14 1.63 7.01
5L-100-4b | 5 | Full Load 5 0.6 4 4.88 1.0 267 168 | 112 | 14.00 | 0.14 1.60 -4.63
5L-100-5b | 5 | Full Load 5 0.6 5 4.10 1.0 299 1.60 | 112 | 14.00 | 0.14 1.72 7.72
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Appendix A.6: Parameters of empirical equation of shear distribution factors as function of

(B) at FLS

3 . ‘ #of Number Cenfel" .tn ‘ (B of ] . Pal.l'ameter's o? Empirical | ..
Bridge type # of Trucks lanes R; | of Box centenl gir d.m n Fmt Result from FEA empirical equation Equation Variance
@ ™) | spacing () Fyimer | Frowa | € | a | b
2 Lanes
2L-20-2b | 1 | Fatigue _1 2 0.9 2 5.00 1 2.35 1.80 166 9 0 1.76 -2.49
2L-20-3b | 1| Fatigue 1 2 09 3 333 1 2.59 2.37 166 | 9 0 2.29 -3.01
2L-40-2b | 1 | Fatigue 1 2 09 2 5.00 1 1.52 1.76 166 9 0 1.76 -0.46
2L-40-3b | 1 | Fatigue 1 2 09 3 333 1 177 2.28 166 9 0 229 0.57
2L-60-2b | 1 | Fatigue 1 2 0.9 2 5.00 1 1.1 1.73 186 | 9 0 1.76 1.60
21L-60-3b | 1 | Fatigue 1 2 0.9 3 3.33 1 1.33 2.29 186 9 0 2.29 0.16
21-80-2b | 1 | Fatigue _1 2 0.9 2 5.00 1 0.93 1.77 166 | 9 0 1.76 -0.73
2L-80-3b | 1| Fatigue 1 2 09 3 3.33 1 1.14 231 166 | 9 0 229 -0.59
2L-100-2b | 1 | Fatigue _1 2 0.9 2 5.00 1 0.82 1.79 166 | 9 0 176 -1.82
21L-100-3b | 1 | Fatigue 1 2 0.9 3 3.33 1 1.02 236 166 | 9 0 2.29 2.92
2 Lanes {B) of Fm-
2L-20-2b | 1 | Fatigue 1 2 09 2 5.00 1 377 1.66 1.8 9 0 1.68 1.34
2L-20-3b | 1| Fatigue 1 2 0.9 3 3.33 1 4.15 215 1.6 9 0 215 0.06
21L-40-2b | 1 | Fatigue 1 2 0.9 2 5.00 1 244 1.63 1.6 9 0 1.68 3.22
2L-40-3b | 1 | Fatigue _1 2 0.9 3 3.33 1 2.82 2.05 1.8 9 0 2.15 5.00
2L-60-2b | 1| Fatigue 1 2 09 2 5.00 1 178 1.64 1.6 9 0 1.68 282
21-60-3b | 1 | Fatigue _1 2 0.9 3 3.33 1 212 210 1.6 9 0 215 215
21-80-2b | 1 | Fatigue _1 2 0.9 2 5.00 1 1.49 1.65 1.8 9 0 1.68 221
2L-80-3b | 1 | Fatigue 1 2 0.9 3 3.33 1 1.82 2.12 1.6 9 0 2.15 1.31
2L-1002b | 1 | Fatigue 1 2 09 2 5.00 1 1.32 1.66 1.6 9 0 1.68 1.72
2L-100-3b | 1 | Fatigue 1 2 0.9 3 3.33 1 1.63 2.15 1.6 9 0 2.15 -0.27
3 Lanes B) of Fm+
3L-202b | 1| Fatigue 1 3 0.8 2 6.75 1 3.01 1.88 1.78 112.80] -0.27 1.93 2.83
3L20-3b | 1 | Fatigue 1 3 08 3 4.50 1 3.25 2.68 178 | 128 | 027 267 -0.31
3L-20-4b | 1 | Fatigue 1 3 0.8 4 3.38 1 3.85 341 178 | 128 | -0.27 3.38 -0.69
3L-40-2b | 1 | Fatigue 1 3 0.8 2 6.75 1 1.81 1.84 178 | 128 | -0.27 1.88 215
3L-40-3b | 1 | Fatigue 1 3 0.8 3 4.50 1 1.82 2.50 178 | 128 | 0.27 2.58 -0.13
3L-40-4b | 1 | Fatigue 1 3 0.8 4 3.38 1 2.28 3.18 1.78 | 128 | 0.27 3.27 2.58
3L-60-2b | 1| Fatigue 1 3 08 2 6.75 1 1.30 1.83 178 {128 | 027 1.86 1.84
3L-60-3b | 1 | Fatigue 1 3 08 3 4.50 1 1.57 2.55 178 | 128 | 027 257 0.59
3L-60-4b | 1| Fatigue 1 3 0.8 4 3.38 1 1.78 3.16 178 1128 | 027 3.23 2.34
3L-80-2b | 1| Fatigue 1 3 0.8 2 6.75 1 1.11 1.84 178 | 128 | -0.27 1.85 0.63
3L-80-3b | 1 | Fatigue 1 3 08 3 4.50 1 1.32 2.57 178 | 128 | 027 2.56 -0.53
3L-80-4b | 1 | Fatigue 1 3 08 4 3.38 1 1.53 317 178|128 | 027 3.21 1.35
3L-100-2b | 1 | Fatigue 1 3 0.8 2 6.75 1 0.97 1.88 178 | 128 | -0.27 1.85 -1.52
3L-100-3b | 1 | Fatigue 1 3 0.8 3 4.50 1 1.17 2.61 178 | 128 | -0.27 255 -2.48
3L-100-4b | 1 | Fatigue 1 3 0.8 4 3.38 1 1.37 3.22 1.78 | 128 | 027 320 -0.66
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; ) ‘ #of Number Cenfel" .tn ‘ (B of ‘ Pa.r'a.lmeters o? Empirical | .
Bridge type # of Trucks lanes Ry | of Box centen. gir d‘er n Fm+ Result from FEA empirical equation Equation Variance
m ™) | spacing () Fyimer | Frowe | € | 2 | D
3 Lanes {B) of Fm-
3L-202b | 1 | Fatigue 1 3 08 2 6.75 1 4.81 174 | 17311325 0714 1.78 2.33
31-20-3b | 1| Fatigue 1 3 0.8 3 450 1 520 243 | 1.73 11325 0.14 2.40 -0.94
3L-20-4b | 1 | Fatigue 1 3 0.8 4 3.38 1 6.16 3.05 | 1.73 1325 0.14 3.00 -1.63
3L-40-2b | 1| Fatigue 1 3 08 2 6.75 1 2.90 173 | 1731325 014 1.74 1.06
3L-40-3b | 1 | Fatigue 1 3 0.8 3 4.50 1 291 234 | 17311325 0.14 2.34 0.35
3L-404b | 1 | Fatigue 1 3 08 4 3.38 1 3.65 282 | 1731325 014 292 3.46
3L-60-2b | 1 | Fatigue 1 3 0.8 2 6.75 1 2.08 173 | 1.73 | 13.25| -0.14 1.73 015
3L-60-3b | 1 | Fatigue 1 3 08 3 450 1 251 234 | 1.73 1325 0.14 233 -0.12
3L-60-4b | 1 | Fatigue _1 3 0.8 4 3.38 1 2.85 284 | 1731325 -0.14 2.89 1.88
3L-802b | 1| Fatigue 1 3 08 2 6.75 1 177 171 | 17311325 014 1.72 0.43
3L-80-3b | 1 | Fatigue 1 3 0.8 3 4.50 1 212 235 | 1.73113.25] -0.14 232 117
3L-804b | 1| Faligue 1 3 08 4 3.38 1 2.44 287 | 1731325 014 2.88 0.32
3L-100-2b | 1 | Fatigue 1 3 0.8 2 675 1 1.55 173 | 173 113.25) -0.14 172 -0.70
3L-100-3b | 1 | Fatigue _1 3 0.8 3 4.50 1 1.88 238 | 1731325 -0.14 232 272
3L-100-4b | 1 | Fatigue 1 3 0.8 4 3.38 1 2.19 293 | 1731325 -0.14 2.87 2.15
4 Lanes B) of Fm+
4L-20-3b | 1 | Fatigue 1 4 0.7 3 5.67 1 3.90 2.77 177 ] 149 | -0.15 277 027
41-20-4b | 1 | Fatigue 1 4 0.7 4 4.25 1 4.14 3.54 177 ] 149 | 015 346 213
4L-20-5b | 1 | Fatigue _1 4 07 5 3.40 1 4.38 4.13 177 | 149 | 015 4.12 0.19
41-40-3b | 1 | Fatigue 1 4 0.7 3 567 1 240 2.69 177 | 14.9 | -0.15 272 1.09
4L-40-4b | 1 | Fatigue 1 4 0.7 4 4.25 1 2.64 3.44 177 ] 149 | 015 3.41 -0.80
4L-40-5b | 1 | Fatigue 1 4 07 5 3.40 1 287 4.02 177 | 149 | -0.15 4.06 0.99
41-60-3b | 1 | Fatigue _1 4 0.7 3 567 1 1.80 2.65 177 ] 149 | 015 271 2.10
4L-60-4b | 1 | Fatigue 1 4 07 4 4.25 1 2.02 3.37 177 | 149 | 015 3.39 0.39
4L-60-5b | 1 | Fatigue 1 4 0.7 5 3.40 1 224 3.98 177 ] 14.9 | 015 4.03 1.21
41-80-3b | 1| Fatigue _1 4 0.7 3 567 1 1.50 2.69 177 | 14.9 | -0.15 2.70 0.16
4L-80-4b | 1 | Fatigue 1 4 0.7 4 4.25 1 1.71 3.39 177 ] 149 | 015 3.38 -0.56
41-80-5b | 1 | Fatigue 1 4 07 5 3.40 1 1.92 4.02 177 | 149 | 015 4.02 0.12
41-100-3b | 1 | Fatigue 1 4 0.7 3 567 1 1.32 2.74 177 1 149 | -0.15 269 -1.51
4L-1004b | 1 | Fatigue 1 4 o7 4 4.25 1 1.52 347 1771149 | 015 3.37 2.81
4L-100-5b | 1 | Fatigue 1 4 0.7 5 3.40 1 1.72 4.08 1.77 ] 14.9 | 015 4.01 -1.83
4 Lanes 1 (@) of Fm-
41-20-3b | 1 | Fatigue 1 4 0.7 3 567 1 6.24 253 | 1.73 1560 -0.08 2 51 -0.60
41-20-4b | 1 | Fatigue _1 4 0.7 4 4.25 1 6.63 319 | 1.73 ] 156 | 0.08 3.10 2.66
4L-20-5b | 1| Fatigue 1 4 07 5 3.40 1 7.00 370 | 173|156 | 008 3.66 -0.97
4L-40-3b | 1| Fatigue 1 4 0.7 3 5.67 1 3.84 245 | 1.73 ] 156 | 0.08 248 1.04
41-40-4b | 1 | Fatigue 1 4 0.7 4 4.25 1 422 305 | 1.73 ] 156 | -0.08 3.06 0.31
41L-40-5b | 1 | Faligue 1 4 07 5 3.40 1 459 352 | 173|156 | 008 3.61 258
41-60-3b | 1 | Fatigue 1 4 0.7 3 567 1 2.88 245 | 1.73 ] 156 | -0.08 247 0.70
4L-60-4b | 1 | Fatigue 1 4 0.7 4 4.25 1 3.23 3.04 | 173 ] 156 | -0.08 3.05 0.14
41-60-5b | 1 | Fatigue 1 4 07 5 3.40 1 3.58 355 | 173|156 | 008 3.59 1.37
41-80-3b | 1 | Fatigue _1 4 0.7 3 567 1 2.40 245 | 1.73 ] 156 | -0.08 246 0.38
41L-80-4b | 1 | Fatigue 1 4 07 4 4.25 1 274 306 | 173|156 | 008 3.04 0.78
4L-80-5b | 1 | Fatigue 1 4 0.7 5 3.40 1 3.06 3.61 1.73 ] 15.6 | -0.08 3.58 0.58
41-100-3b | 1 | Fatigue 1 4 0.7 3 567 1 211 247 | 1.73 | 156 | -0.08 246 -0.61
41-100-4b | 1 | Fatigue 1 4 0.7 4 4.25 1 2.44 3.2 | 173 ] 156 | -0.08 3.04 272
4L-100-5b | 1 | Fatigue 1 4 0.7 5 3.40 1 275 368 | 173156 | -0.08 3.58 2.82
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Cont.

# of Number| Center to Parameters of .
Bridge type # of Trucks lanes Ry of Box |center girder | p (lfl)nllf Result from FEA empirical equation ];::mf;:;::l Variance
(n) ™ | spacing ) Frume | Frowe | ¢ | a | b |
5 Lanes B) of Fm+
5L-20-3b | 1 | Fatigue 1 5 086 3 6.83 1 4.58 2.84 180 |17.45| -0.06 2.88 1.33
5L-20-4b | 1 | Fatique 1 5 0.6 4 4.88 1 4.99 3.57 1.8 |17.45| -0.06 345 -3.41
5L-20-5b | 1 | Fatigue 1 5 0.6 5 4.10 1 508 4.34 1.8 | 17.45| -0.06 4.34 0.12
5L-40-3b | 1 | Fatigue 1 5 0.6 3 5.83 1 2.74 2.78 1.8 |17.45| -0.06 2.86 2.81
5L-40-4b | 1 | Fatigue 1 5 06 4 4.88 1 2.98 3.55 1.8 |17.45| -0.06 3.42 -3.63
5L-40-5b | 1 | Fatigue 1 5 0.6 5 410 1 3.22 4.20 18 |1745| -0.06 431 244
5L-60-3b | 1| Fatigue 1 5 0.6 3 6.83 1 2.03 2.76 1.8 | 17.45| -0.06 2.85 3.36
5L-60-4b | 1 | Fatigue 1 5 06 4 4.88 1 226 3.50 18 |1745| -0.06 341 240
5L-60-5b | 1 | Fatigue _1 5 0.6 5 410 1 248 420 1.8 |17.45| -0.06 429 226
5L-80-3b | 1 | Fatigue 1 5 0.6 3 5.83 1 1.68 2.79 1.8 11745 -0.06 2.85 1.89
5L-80-4b | 1 | Fatigue 1 5 06 4 488 1 1.89 3.55 18 11745 -0.06 3.41 -3.93
5L-80-5b | 1 | Fatigue 1 5 086 5 410 1 2.10 424 1.8 117.45| -0.06 429 1.08
5L-100-3b | 1 | Fatigue 1 5 0.6 3 6.83 1 1.46 2.83 1.8 | 17.45| -0.06 2.84 0.52
5L-100-4b | 1 | Fatigue _1 5 0.6 4 4.88 1 1.67 3.57 1.8 |17.45| -0.06 341 -4.55
5L-100-5b | 1 | Fatigue 1 5 0.6 5 410 1 1.87 433 18 |1745) -006 429 0.94
_ 5lanes (B) of Fm-
5L-20-3b | 1 | Fatigue 1 5 086 3 6.83 1 7.32 259 | 176 |1820) -0.07 267 295
5L-20-4b | 1 | Fatigue 1 5 0.6 4 4.88 1 7.98 330 | 1.76 | 18.2 | -0.07 3.17 -3.94
5L-20-5b | 1 | Fatigue 1 5 0.6 5 4.10 1 8.12 3.00 | 1.76 | 18.2| 007 3.95 1.34
5L-40-3b | 1 | Fatigue 1 5 0.6 3 6.83 1 4.39 255 | 176 | 182 | 007 2.64 3.38
5L-40-4b | 1 | Fatigue 1 5 086 4 488 1 477 319 | 176|182 -007 3.13 -1.88
5L-40-5b | 1 | Fatigue 1 5 0.6 5 410 1 515 376 | 1.76 | 18.2 | -0.07 3.90 3.91
5L-60-3b | 1 | Fatigue 1 5 0.6 3 6.83 1 3.25 255 | 176 | 182 | -0.07 263 2.93
5L-60-4b | 1 | Fatigue 1 5 0.6 4 4.88 1 361 319 | 1.76 | 18.2 | -0.07 312 240
5L-60-5b | 1 | Fatigue 1 5 0.6 5 4.10 1 3.06 376 | 1.76 | 182 | 007 3.89 3.32
5L-80-3b | 1 | Fatigue 1 5 0.6 3 5.83 1 2.68 255 | 176 182 | 007 2.62 2.76
5L-80-4b | 1 | Fatigue 1 5 086 4 4.88 1 3.03 321 | 176|182 -007 3.11 -3.00
5L-80-5b | 1 | Fatigue 1 5 0.6 5 410 1 3.36 381 | 1.76 | 18.2 | -0.07 3.88 1.67
5L-100-3b | 1 | Fatigue 1 5 0.6 3 6.83 1 2.34 256 | 1.76 | 182 | 007 262 218
5L-100-4b | 1 | Fatigue 1 5 0.6 4 4.88 1 2.67 3.24 | 176 | 182 | 007 3.10 4.16
5L-100-5b | 1 | Fatigue 1 5 06 5 4.10 1 2.09 388 | 176|182 | -007 3.87 013
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Appendix A.7: Parameters of empirical equation of shear distribution factors as function

of (B%) at ULS

Bridge # of Number Center to Result from FEA Pm'am*‘:”:::o:mp“'l"a] Empirical
type # of Trucks lanes | Rp of Box cemel: gird.er = qua Equation Variance
() ™) spacing (3) | (g)of Fm+ | Fyinner |Fv outer a ‘ b ‘ C ‘ 3

2 Lanes
20-20-2b | 2 | Fullload | 2 | 039 2 5.00 2.35 1.21 126 2 046 [ 18] 1.18 -2.89
20-20-3b| 2 | Fullload | 2 | 09 3 3.33 2.59 1.68 126 | 2 | 046 18| 164 -2.38
21-40-2b | 2 | Fullload | 2 | 09 2 5.00 1.52 1.22 126 2 046 [ 18] 1.19 -223
21-40-3b| 2 | Fullload | 2 | 09 3 3.33 1.77 1.68 126 | 2 | 046 18| 164 -2.28
2L60-2b| 2 | Fullload | 2 | 09 2 5.00 1.11 1.23 126 | 2 | 046 (18] 1.22 -0.67
2L-60-3b| 2 | Fullload | 2 | 09 3 3.33 1.33 1.71 126 | 2 | 046 | 18| 167 -2.32
21-80-2b | 2 | Fullload | 2 | 09 2 5.00 0.93 1.26 126 | 2 046 | 18] 124 -1.38
20-80-3b | 2 | Fullload | 2 | 09 3 3.33 1.14 1.74 126 | 2 046 | 18| 169 -2.96
21-100-2b| 2 | Fullload | 2 | 09 2 5.00 0.82 1.27 126 | 2 | 046 18| 125 -1.79
21-100-3b| 2 | Fullload | 2 | 09 3 3.33 1.02 1.75 126 | 2 | -046 18| 170 -2.89
2 Lanes (B)of Fm-
20-20-2b| 2 | Fullload | 2 | 039 2 5.00 377 1.15 12 | 086 | -0.01 |1.75] 111 -3.56
2-203b| 2 | Fullload | 2 | 09 3 333 4.15 1.55 12 | 0.86 | 0.01 |[1.75) 148 -4.26
2L-40-2b | 2 | Fullload | 2 | 09 2 5.00 244 1.17 12 | 0.86 | -0.01 [1.75] 1.20 2.09
20-40-3b| 2 | Fullload | 2 | 09 3 3.33 2382 1.57 12 | 0.86 | 0.01 |[1.75] 1.59 147
21-602b| 2 | Fullload | 2 | 09 2 5.00 1.78 1.20 12 | 086 | -0.01 [1.75] 125 405
2L-60-3b| 2 | Fullload | 2 | 09 3 3.33 212 1.60 12 | 0.86 | 0.01 |[1.75] 165 3.35
21-802b| 2 | Fullload | 2 | 09 2 5.00 1.49 1.20 12 | 0.86 | -0.01 |1.75] 127 5.8
2L-80-3b| 2 | Fullload | 2 | 09 3 3.33 1.82 1.62 12 | 0.86 | 0.01 |1.75] 168 4.00
21-100-2b| 2 | Fullload | 2 | 09 2 5.00 1.32 1.21 12 | 086 | 0.01 |[1.75] 128 591
21-100-3b| 2 | Fullload | 2 | 09 3 3.33 1.63 1.64 12 | 086 | 0.01 |1.75] 170 3.80
3 Lanes (B)of Fm+
3L-20-2b | 3 | Fullload | 3 | 08 2 6.75 3.01 1.23 134 | 19 | 036 [146] 1.17 -4.70
3L-203b| 3 | Fullload | 3 | 08 3 4.50 325 1.32 134 | 19 | 036 |146] 142 7.56
3L-204b| 3 | Fullload | 3 | 08 4 3.38 3.85 167 134 | 19 | -0.36 |1.46| 166 -0.68
3L-40-2b| 3 | Fullload | 2 | 08 2 6.75 1.81 1.22 13.4 | 19 | 036 [146] 1.19 -263
3L-403b| 3 | Fullload | 3 | 08 3 4.50 182 1.35 134 | 19 | -036 [146] 143 561
3L-40-4b| 3 | FullLoad | 3 | 08 4 3.38 228 1.65 13.4 | 19 | 036 |146] 161 -2.28
3L-60-2b| 3 | Fullload | 3 | 08 2 5.75 1.30 1.23 134 | 19 | 036 |146] 1.22 -1.42
3L-60-3b| 3 | Fullload | 2 | 08 3 4.50 157 1.35 134 | 19 | -0.36 |146] 144 6.69
3L-604b| 3 | Fullload | 3 | 08 4 3.38 1.78 1.66 134 | 19 | 036 |146] 163 -1.91
3L-802b| 3 | Fullload | 2 | 08 2 6.75 1.1 1.27 134 | 19 | -0.36 |146] 1.23 -275
3L-80-3b| 3 | Fullload | 3 | 08 3 4.50 1.32 1.36 134 | 19 | 036 |146] 146 7.45
3L-804b| 3 | Fullload | 3 | 08 4 3.38 1.53 1.69 124 | 19 | -0.36 |146] 165 -2.38
3L-100-2b| 3 | Fullload | 3 | 08 2 5.75 0.97 1.30 134 | 19 | 036 |146] 1.25 -4.11
3L-100-3b| 3 | Fullload | 3 | 08 3 4.50 1.17 1.37 124 | 19 | -0.36 |146] 148 761
3L-100-4b| 3 | Fullload | 3 | 08 4 3.38 1.37 1.73 134 | 19 | 036 [146] 167 -3.45
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Cont.

#of

Number

Center to

Parameters of empirical

B::_‘;fe # of Trucks lanes | Ry of Box 1'911191.' girder Result from FEA equation E?f:;zzl Variance
() ™) spacing (3) (B)of Fm+ | Fvinner |Fv outer a ‘ b ‘ c ‘ [

3 Lanes (B)of Fm-

3L-20-2b | 3 | Full Load 3 0.8 2 6.75 4.81 1.14 134 ] 118 [ 013 | 1.4 1.11 -2.76
3L-20-3b | 3 | Full Load 3 0.8 3 450 5.20 1.25 134 ] 118 [ 013 | 1.4 1.31 4.65
3L-20-4b | 3 [ Full Load 3 0.8 4 3.38 6.16 1.52 134 ] 118 [ 013 | 1.4 1.49 -1.91
3L-40-2b | 3 | Full Load 3 0.8 2 6.75 290 1.18 134 ] 118 [ 013 | 1.4 1.13 -3.71
3L-40-3b | 3 | Full Load 3 0.8 3 450 291 1.26 134 118 [ 013 | 14 1.33 534
3L-40-4b | 3 | Full Load 3 0.8 4 3.38 3.65 1.53 134 ] 118 [ 013 | 1.4 1.47 -4.13
3L-60-2b | 3 | Full Load 3 08 2 6.75 208 1.21 134 ] 118 [ 013 | 14 1.17 -3.69
3L-60-3b | 3 [ Full Load 3 08 3 4.50 2.51 1.29 134 ] 118 [ 013 | 1.4 1.35 4.57
3L-60-4b | 3 | Full Load 3 08 4 3.38 285 1.57 134 ] 118 [ 013 | 14 1.50 -4.49
3L-80-2b | 3 | Full Load 3 0.8 2 6.75 1.77 1.22 134 | 118 [ 013 | 1.4 1.18 -3.11
3L-80-3b | 3 | Full Load 3 08 3 4.50 212 1.30 134 ] 118 [ 013 | 14 1.37 5.27
3L-80-4b | 3 | Full Load 3 0.8 4 3.38 244 1.59 134 ] 118 [ 013 | 1.4 1.52 -4.51
3L-100-2b| 3 | Full Load 3 08 2 6.75 1.55 1.24 134 ] 118 [ 013 | 1.4 1.19 -3.40
3L-100-3b| 3 | Full Load 3 0.8 3 450 1.88 1.31 134 ] 118 [ 013 | 1.4 1.38 5.19
3L-100-4b| 3 | Full Load 3 0.8 4 3.38 2.19 1.61 1341 118 [ 013 | 14 1.53 -4.97
4 Lanes (BJof Fm+

4L-20-3b | 4 [ Full Load 4 07 3 5.67 3.90 1.48 15 233 | 036 [ 14 1.42 -4 46
4L-20-4b | 4 | Full Load 4 0.7 4 425 4.14 147 15 233 | 036 [ 14 1.60 8.75
4L-20-5b | 4 | Full Load 4 0.7 5 3.40 4.38 1.84 15 233 | D36 |14 1.77 -4.06
41L-40-3b | 4 | Full Load 4 0.7 3 5.67 240 1.49 15 233 | 036 [ 14 1.42 -4.57
4L-40-4b | 4 | Full Load 4 0.7 4 425 264 1.48 15 233 | D36 [ 14 1.59 7.00
4L-40-5b | 4 | Full Load 4 07 5 3.40 2.87 1.81 15 233 | -036 [ 14 1.73 -4.65
4L-60-3b | 4 | Full Load 4 0.7 3 567 1.80 152 15 233 | D36 [ 14 1.46 -3.81
4L-60-4b | 4 | Full Load 4 0.7 4 425 2.02 1.48 15 233 | -036 |14 1.62 9.57
4L-60-5b | 4 | Full Load 4 0.7 5 340 224 1.83 15 233 | D36 [ 14 1.76 -4.07
4L-80-3b | 4 | Full Load 4 0.7 3 5.67 1.50 1.56 15 233 | -036 [ 14 1.49 -4.21
4L-80-4b | 4 | Full Load 4 07 4 425 1.71 1.50 15 233 | 036 [ 14 1.65 10.03
4L-80-5b | 4 | Full Load 4 0.7 5 340 1.92 1.88 15 233 | -036 [ 14 1.78 -5.16
4L-100-3b| 4 | Full Load 4 a7 3 5.67 1.32 1.60 15 233 | -036 [ 14 1.51 -5.36
4L-1004b| 4 | Full Load 4 0.7 4 425 1.52 1.51 15 233 | -036 [ 14 1.67 10.51
4L-100-5b| 4 | Full Load 4 0.7 5 340 1.72 1.91 15 233 | 036 |14 1.80 -5.65
4 Lanes (B)of Fm-

4L-20-3b | 4 | Full Load 4 07 3 5.67 6.24 1.33 15 185 | 017 |14 1.32 -0.11
4L-20-4b | 4 | Full Load 4 0.7 4 425 6.63 1.37 15 1.85 | 017 | 14 1.50 9.18
4L-20-5b | 4 | Full Load 4 o7 5 340 7.00 1.65 15 185 | 017 | 14 1.65 0.20
4L-40-3b | 4 | Full Load 4 07 3 5.67 3.84 1.38 15 1.85 | 017 | 1.4 1.35 -2.24
4L-40-4b | 4 | Full Load 4 0.7 4 425 4.22 1.36 15 1.85 | 017 | 14 1.50 10.43
4L-40-5b | 4 | Full Load 4 0.7 5 3.40 4.59 1.62 15 1.85 | 0.17 | 14 1.63 0.55
4L-60-3b | 4 | Full Load 4 0.7 3 567 288 1.42 15 1.85 | 017 | 14 1.39 -1.97
4L-60-4b | 4 | Full Load 4 0.7 4 425 323 1.37 15 1.85 | 017 | 14 1.54 12.76
4L-60-5b | 4 [ Full Load 4 07 5 3.40 3.58 1.66 15 1.85 | 0.17 | 1.4 1.66 0.39
4L-80-3b | 4 | Full Load 4 0.7 3 5.67 240 1.45 15 1.85 | 017 | 14 1.43 -1.53
4L-80-4b | 4 | Full Load 4 a7 4 425 274 1.39 15 1.85 | 017 | 14 1.58 13.32
4L-80-5b | 4 | Full Load 4 0.7 5 340 3.06 1.70 15 1.85 | 017 | 14 1.70 -0.08
4L-100-3b| 4 | Full Load 4 a7 3 5.67 21 147 15 1.85 | 017 | 14 1.45 -1.37
4L-100-4b| 4 | Full Load 4 07 4 425 244 1.41 15 1.85 | 017 | 1.4 1.60 13.75
4L-100-5b| 4 | Full Load 4 0.7 5 3.40 275 1.73 15 1.85 | 017 |14 1.72 -0.77
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Cont.

Bridge # of Number Center to Result from FEA P”ame:‘“:::o;mpu‘lml Empirical
type # of Trucks lanes | Ry of Box cenm.' gird.er - qu Equation Variance
(m) ™) spacing (S) (B)of Fm+ | Fvinner |Fv outer a b C ‘ e
5 Lanes (B)of Fm+
SL-20-3b | 5 Full Load 5 0.6 3 6.83 4.58 1.61 123 | 07 -0.1 [1.12 1.74 §.28
5L-20-4b | 5 | Full Load 5 0.6 4 4.88 499 1.73 123 07 0.1 |1.12) 173 0.02
SL-20-5b [ 5 Full Load 5 0.6 5 4.10 5.08 1.67 123 | 07 -0.1 [1.12 1.87 11.84
5L-40-3b | 5 | Full Load 5 0.6 3 6.83 274 1.61 123 07 0.1 |1.12)  1.74 7.87
SL-404b | 5 Full Load 5 0.6 4 4.88 298 1.77 123 | 07 -0.1 [1.12 1.71 -3.79
5L40-5b | 5 | Fullload | 5 | 086 5 4.10 3.22 1.71 123 | 07 | 01 [1.12] 1.84 7.50
5L-60-3b | 5 Full Load 5 0.6 3 6.83 203 1.61 123 | 07 -0.1 [1.12 1.76 942
5L-60-4b | 5 | FullLoad 5 06 4 4.88 2.26 1.79 123 | 07 0.1 |1.12)  1.72 -4.03
5L-60-5b | 5 Full Load 5 0.6 5 4.10 248 1.70 123 | 07 -0.1 [1.12 1.85 8.71
5L-80-3b | 5 | FullLoad 5 0.6 3 6.83 1.68 1.64 123 | 07 0.1 |1.12)  1.797 8.02
S5L-804b | 5 Full Load 5 06 4 4.88 1.89 1.82 123 | 07 -0.1 [1.12 1.74 -4.82
5L-80-5b | 5 | Full Load 5 0.6 5 4.10 210 172 123 07 0.1 |1.12)  1.87 8.26
5L-100-3b| 5 Full Load 5 0.6 3 6.83 1.46 1.67 123 | 07 -0.1 [1.12 1.78 6.66
5L-100-4b| 5 | Full Load 5 0.6 4 4.88 1.67 1.83 123 07 0.1 |1.12) 175 -4.59
5L-100-5b| 5 Full Load 3 0.6 5 4.10 1.87 1.74 123 | 07 -0.1 1.12 1.88 7.89
M (B)of Fm-
SL-20-3b [ 5 Full Load 5 06 3 6.83 7.32 1.46 128 | 0.7 -0.05 |1.12 1.53 5.19
5L-204b | 5 Full Load 5 0.6 4 4.88 798 156 128 | 07 -0.05 |[1.12 151 -3.09
SL-20-5b | 5 Full Load 5 0.6 5 4.10 8§12 1.54 128 | 07 -0.05 |1.12 1.64 6.04
5L-40-3b | 5 | Full Load 5 0.6 3 6.83 4.39 1.48 128 | 07 | -0.05 |1.12] 157 5.65
SL-404b | 5 Full Load 5 0.6 4 4.88 477 1.61 128 | 07 -0.05 |1.12 1.54 -4.46
5L-40-5b | 5 | Full Load 5 0.6 5 4.10 5.15 1.54 128 | 07 | -0.05 |1.12] 1865 7.10
SL-60-3b | 5 Full Load 5 0.6 3 6.83 3.25 1.51 128 | 07 -0.05 |1.12 1.61 6.74
5L-60-4b | 5 | Full Load 5 0.6 4 4.88 3.61 1.64 128 | 07 | -0.05 |1.12] 157 -4.54
5L-60-5b | 5 Full Load 5 0.6 5 4.10 3.96 1.55 128 | 07 -0.05 |1.12 1.68 8.40
5L-80-3b | 5 | FullLoad 5 0.6 3 6.83 2.68 1.51 128 | 07 | -0.05 |[1.12] 1863 7.91
5L-804b | 5 Full Load 5 0.6 4 4.88 3.03 1.67 128 | 07 -0.05 |1.12 1.59 -4.54
5L-80-5b | 5 | Full Load 5 0.6 5 4.10 3.36 1.58 128 | 07 | -0.05 |[1.12] 1.70 8.19
5L-100-3b| 5 Full Load 5 0.6 3 6.83 234 1.53 128 | 07 -0.05 |1.12 1.65 8.25
5L-100-4b| 5 | Full Load 5 0.6 4 4.88 267 1.70 128 | 07 | -005 [1.12] 181 -5.09
5L-100-5b| 5 Full Load 2 0.6 5 4.10 299 1.60 128 | 07 -0.05 |1.12 1.72 7.51
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Appendix A.8: Parameters of empirical equation of shear distribution factors as function of

(B*) at FLS
i ) #of Number c::]eil‘;:o Parameters of empirical Emplrical | ..
Bridge type # of Trucks lanes (n) R. of Box girder Result from FEA equarion Equation Variance
™) ; < Fy .
spacing (S) | W |(B)of Fm+| Fvinuer ‘ Fyonter | 2 ‘ b c | e
2 Lanes
2L-20-2b | 1| Fatigue 1 2 0.9 2 5.00 1 2.35 1.80 800 | 118 | -0.36 | 1.65 1.79 076
2L-20-3b | 1| Fatigue 1 2 0.9 3 3.33 1 2.59 237 8.00 | 1.18 | -0.36 | 165 2.36 -0.06
21-40-2b | 1| Fatigue 1 2 09 2 5.00 1 152 176 8.00 | 1.18 | -0.36 | 165 175 073
2L-403b | 1| Fatigue 1 2 09 3 333 1 1.77 2.28 800 ) 1.18 | -0.36 | 165 2.28 -0.10
2L-60-2b | 1| Fatigue 1 2 09 2 5.00 1 111 173 8.00 | 1.18 | -0.36 | 165 177 241
2L-60-3b | 1 | Fatigue 1 2 0.9 3 3.33 1 1.33 2.29 8.00 | 1.18 | -0.36 | 1.6 2.29 017
2L-80-2b | 1| Fatigue 1 2 09 2 5.00 1 0.93 1.77 800 | 1.18 | -0.36 | 165 1.79 0.97
2L-80-3b | 1| Fatigue 1 2 09 3 333 1 1.14 2.31 800 | 1.18 | -0.36 | 165 2.30 -0.30
2L-100-2b | 1| Fatigue 1 2 0.9 2 5.00 1 0.82 1.79 8.00 | 1.18 | -0.36 | 165 1.80 0.54
21-100-3b | 1 | Fatigue 1 2 09 3 333 1 1.02 2.35 800 | 118 | -036| 165 2.31 -2.13
2 Lanes (B)of Fin-
2L-202b | 1| Fatigue 1 2 0.9 2 5.00 1 377 166 | 830 | 0.90 | -0.17 | 163 1.67 0.37
21-20-3b | 1| Fatigue 1 2 0.9 3 3.33 1 4.15 215 | 830|050 |-017) 163 2.19 2.18
2L-402b | 1| Fatigue 1 2 0.9 2 5.00 1 244 163 | B30 | 0.90 | -017 | 1863 1.63 0.01
2L-40-3b | 1| Fatigue 1 2 0.9 3 3.33 1 2.82 2.05 | 830 | 090 | -017 | 163 2.1 297
2L-60-2b | 1| Fatigue 1 2 0.9 2 5.00 1 1.78 1.64 | B30 | 0.90 | -0.17 | 163 1.65 0.91
2L-60-3b | 1| Fatigue 1 2 0.9 3 333 1 212 210 | 830 | 090 | 017 | 163 212 0.60
2L-80-2b | 1 | Fatigue 1 2 0.9 2 5.00 1 1.49 1.65 | 830 | 090 | -0.17 | 163 1.67 1.38
2L-80-3b | 1| Fatigue 1 2 0.9 3 333 1 1.82 212 | 830 | 090|017 | 163 2.13 0.52
2L-100-2b | 1 | Fatigue _1 2 0.9 2 5.00 1 1.32 166 | 830 | 0.90 | -0.17 | 163 1.68 1.69
2L-100-3b | 1 | Fatigue _1 2 09 3 3.33 1 1.63 215 | 830 | 090 | 017 | 163 2.14 043
2 Lanes (p)of Fm+
3L-20-2b | 1| Fatigue 1 3 08 2 675 1 301 188 1177|084 | 022 | 179 1.89 0.70
3L-20-3b | 1 | Fatigue 1 3 0.8 3 450 1 3.25 268 11.77| 0.84 | -0.22 | 179 263 -164
3L-20-4b | 1| Fatigue 1 3 08 4 338 1 385 341 11.77| 084 | 022 | 179 342 0.45
3L-40-2b | 1| Fatigue 1 3 08 2 675 1 1.81 1.84 11.77| 084 | 022 | 179 1.85 0.46
3L-403b | 1| Fatigue 1 3 08 3 4.50 1 1.82 2.59 177|084 |-022] 179 2.55 -1.59
3L-40-4b | 1| Fatigue 1 3 08 4 3.38 1 228 3.18 11.77| 084 | 022 | 179 3.20 0.46
3L-60-2b | 1 | Fatigue 1 3 0.8 2 6.75 1 1.30 1.83 11.77| 0.84 | -022 | 179 1.86 1.91
3L-60-3b | 1| Fatigue 1 3 08 3 4.50 1 1.57 255 1177 | 084 | 022|179 255 -0.16
3L-60-4b | 1| Fatigue 1 3 08 4 3.38 1 1.78 3.16 1177|084 | 022|179 3.19 1.08
3L-802b | 1| Fatigue 1 3 08 2 6.75 1 1.11 1.84 1177084 |-022] 179 1.87 1.58
3L-803b | 1| Fatigue 1 3 0.8 3 450 1 1.32 257 11.77| 084 | 022 | 179 256 036
3L-804b | 1| Fatigue 1 3 08 4 3.38 1 1.53 317 1177|084 |-022 | 179 3.20 0.87
3L-100-2b | 1 | Fatigue 1 3 0.8 2 875 1 0.97 1.88 11.77| 084 | 022 179 1.88 0.13
3L-100-3b | 1 | Fatigue 1 3 0.8 3 4.50 1 117 261 11.77| 084 | 022 | 179 257 -1.67
3L-100-4b | 1| Fatigue 1 3 0.8 4 3.38 1 1.37 3.22 11.77] 084 | 022 179 3.21 -0.54
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Cont.

) ) dof Number c::;];:o Parameters Df empirical Empirical | .. .
Bridge rype # of Trucks Janes (n) Ry of Box girder Result from FEA equation Equation Variance
™) . | Fo, Far
spacing (S) | M |(R)of Fm- Vinger | TV outer a | b | [ | e

3 Lanes (f)of Fm-

3L-202b | 1| Fatigue 1 3 0.8 2 B.75 1 4.81 174 [11.90| 0.74 [-0.11 | 1.74 1.75 0.31
3L-20-3b | 1| Fatigue 1 3 08 3 450 1 520 243 |11.90| 0.74 | -0.11| 1.74 238 -189
3L-20-4b | 1| Fatigue 1 3 0.8 4 3.38 1 6.16 305 |11.90| 074 | -011] 1.74 3.06 0.48
3L-40-2b | 1| Fatigue 1 3 08 2 575 1 290 173 [11.90| 0.74 [ 011 | 1.74 172 -0.43
3L-40-3b | 1| Fatigue 1 3 08 3 4.50 1 291 234 |11.90| 0.74 | -0.11| 1.74 232 -0.77
3L-40-4b | 1| Fatigue 1 3 08 4 3.38 1 3.65 282 |11.90] 074 |-0.11]| 1.74 2.86 1.64
3L-602b | 1| Fatigue 1 3 08 2 675 1 208 173 [11.90| 0.74 [ 011 | 1.74 1.74 0.47
3L-60-3b | 1| Fatigue 1 3 0.8 3 450 1 251 234 | 1190|074 | -011] 1.74 233 -0.36
3L-60-4b | 1| Fatigue 1 3 08 4 3.38 1 285 284 |1190| 074 | -011| 1.74 287 1.12
3L-802b | 1| Fatigue 1 3 08 2 575 1 1.77 171 (1190|074 [ -011| 174 1.75 2.14
3L80-3b | 1| Fatigue 1 3 038 3 4.50 1 2.12 235 (1190|074 |-011) 174 234 -0.31
3L-804b | 1| Fatigue 1 3 08 4 3.38 1 244 287 |11.90| 0.74 | 0.11 | 1.74 288 0.51
3L-100-2b | 1| Fatigue 1 3 08 2 6.75 1 1.55 173 | 1190|074 | -011 | 1.74 1.76 1.90
3L-100-3b | 1 | Fatigue 1 3 0.8 3 450 1 1.88 238 |[11.90| 0.74 | 0.11 | 1.74 236 -1.07
3L-1004b | 1| Fatigue 1 3 0.8 4 3.38 1 2.19 293 [11.90] 074 | 011 | 1.74 2.90 -1.27
4 Lanes (p)of Fm+

41L-20-3b | 1| Fatigue 1 4 0.7 3 5.67 1 3.90 277 1394 0.70 | 015 | 1.78 278 0.32
4L-20-4b | 1| Fatigue 1 4 07 4 425 1 4.14 3.54 13.94| 070 | 0.15| 1.78 3.51 -0.67
4L-20-5b | 1| Fatigue _1 4 07 5 3.40 1 438 413 13.94| 070 | 0.15| 1.78 422 2.24
4-40-3b | 1| Fatigue 1 4 07 3 5.67 1 240 269 13.941 070 | 015 1.78 271 0.71
4L-40-4b | 1| Fatigue _1 4 07 4 425 1 264 3.44 13.94| 070 | -0.15| 1.78 3.40 -1.04
4L-40-50 | 1| Fatigue 1 4 07 5 3.40 1 2.87 4.02 13.94)| 0.70 | 015 | 1.78 405 0.92
4L-60-3b | 1| Fatigue _1 4 07 3 5.67 1 1.80 265 13.94| 070 | -0.15| 1.78 272 2.64
41-60-4b | 1 | Fatigue 1 4 07 4 425 1 202 337 13.94| 070 | -0.15 | 1.78 340 079
41-60-5b | 1| Fatigue 1 4 07 5 3.40 1 224 3.98 13.941 070 | -0.15 | 1.78 404 1.52
41-80-3b | 1| Fatigue _1 4 07 3 567 1 1.50 269 13.94| 070 | -0.15 | 1.78 273 142
41-80-4b | 1| Fatigue 1 4 07 4 4.25 1 1.71 3.39 13.94| 0.70 | -0.15 | 1.78 3.41 0.45
41-80-5b | 1 | Fatigue _1 4 07 5 340 1 192 402 13.94| 070 | -0.15| 1.78 405 069
4L-100-3b | 1 | Fatigue 1 4 07 3 567 1 1.32 274 13.94| 070 | -0.15| 1.78 274 0.26
4L-100-4b | 1| Fatigue 1 4 0.7 4 4.25 1 1.52 3.47 13.94| 0.70 | -0.15 | 1.78 3.42 -1.36
41-100-5b | 1 | Fatigue 1 4 0.7 5 3.40 1 172 408 13.94| 070 | -0.15| 1.78 406 -0.63
4 Lanes ()of Fn-

4L-203b | 1| Fatigue 1 4 07 3 5.67 1 6.24 253 |14.00| 0.80 | 0.09 | 1.74 247 -2.01
4L.204b | 1| Fatigue 1 4 07 4 4.5 1 6.63 319 [1400| D80 | 009 174 3.09 -3.09
4L205b | 1| Fatigue 1 4 07 5 3.40 1 7.00 370 |14.00| 0.80 | 0.09 | 1.74 368 -0.35
41L-40-3b | 1| Fatigue 1 4 07 3 567 1 3.84 245 |14.00)| 080 | -009 | 1.74 243 077
4L-404b | 1| Fatigue 1 4 07 4 425 1 422 3.05 |14.00| 0.80 | 0.09 | 1.74 3.01 -1.58
4L-40-5b | 1| Fatigue 1 4 07 5 3.40 1 459 352 |14.00| 0.80 | 0.09 | 1.74 3.55 0.56
4L-60-3b | 1| Fatigue 1 4 0.7 3 5.67 1 2.88 245 [1400]| 080 | -0.09) 1.74 246 0.59
4L-60-4b | 1| Fatigue 1 4 07 4 425 1 3.23 3.04 |14.00| 0.80 | 0.09 | 1.74 3.03 -0.44
4L-60-5b | 1| Fatigue 1 4 0.7 5 3.40 1 3.58 3.55 |14.00| 0.80 | -0.08 | 1.74 3.56 0.42
4L-80-3b | 1| Fatigue _1 4 07 3 5.67 1 240 245 |14.00| 0.80 | 0.09 | 1.74 249 1.53
4L-804b | 1| Fatigue 1 4 07 4 425 1 274 3.06 |14.00| 0.80 | -0.09 | 1.74 3.06 -0.27
4L-80-5b | 1| Fatigue 1 4 07 5 3.40 1 3.06 3.61 | 1400 080 | -0.09]| 1.74 3.58 -0.59
4L-100-3b | 1 | Fatigue _1 4 07 3 5.67 1 2.11 247 |14.00| 0.80 | -0.09 | 1.74 251 1.43
4L-100-4b | 1| Fatigue 1 4 07 4 425 1 244 3.12 |14.00| 0.80 | -0.09 | 1.74 3.08 -142
4L-100-5b | 1| Fatigue _1 4 07 5 3.40 1 275 3.68 |14.00] 0.80 | -0.09 | 1.74 3.60 -2.13
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Cont.

i ) & of Number “::]::?‘;:D Parameters D? empirical Empirical | ..
Bridge type # of Trucks Tanes (n) Ry of Box girder Result from FEA equation Equation Variance
™ : | e | By a [ w ] ]
spacing (5) | W |(B)of Fm Vinzer | £V outer

5 Lanes (p)of Fm+

5L-20-3b | 1| Fatigue 1 5 0.6 3 6.83 1 4.58 2.84 16.00 | 0.94 | -0.15| 1.80 2.88 1.37
5L-20-4b | 1| Fatigue 1 5 06 4 488 1 499 3.57 16.00 | 0.94 | -0.15| 1.80 3.49 -2.35
5L-20-5b | 1| Fatigue 1 3 06 5 4.10 1 5.08 434 16.00| 0.94 | -0.15| 1.80 4.39 1.25
5L-40-30 | 1| Fatigue 1 5 0.6 3 6.83 1 274 278 16.00 | 0.94 | -0.15| 1.80 2.83 1.82
5L-40-4b | 1| Fatigue 1 5 06 4 4.88 1 298 3.55 16.00 | 094 | -0.15| 1.80 3.38 -4.76
5L405b | 1| Fatigue 1 5 06 5 4.10 1 3.22 4.20 1600 | 094 | -0.15| 180 4.25 1.14
5L60-3b | 1| Fatigue 1 5 06 3 6.83 1 203 276 16.00 | 0.94 | -0.15| 1.80 2.86 3.56
5L-604b | 1| Fatigue 1 5 06 4 488 1 226 3.50 16.00| 094 | -0.15 | 1.80 341 266
5L60-5b | 1| Fatigue 1 5 0.6 5 4.10 1 248 4.20 16.00 | 0.94 | -0.15| 1.80 4.27 1.61
5L-80-3b | 1| Fatigue 1 5 06 3 6.83 1 1.68 279 16.00 | 0.94 | -0.15| 1.80 2.88 3.03
5L-80-4b | 1| Fatigue 1 S 06 4 4.88 1 1.89 3.55 16.00| 094 | -0.15] 1.80 3.43 -3.42
5L-80-5b | 1| Fatigue 1 5 06 5 4.10 1 2.10 424 16.00 | 0.94 | -0.15| 1.80 4.29 1.13
5L-100-3b | 1| Fatigue 1 5 06 3 6.83 1 1.46 2.83 16.00| 0.94 | -0.15| 1.80 2.89 2.32
5L-100-4b | 1| Fatigue _1 5 0.6 4 4.88 1 1.67 3.57 16.00 | 0.94 | -0.15| 1.80 3.45 -3.46
5L-100-5b | 1 | Fatigue 1 5 0.6 5 4.10 1 1.87 4.33 16.00 | 0.94 | -0.15] 1.80 4.31 -0.36
5 Lanes (p)of Fm-

5L-20-3b | 1| Fatigue 1 5 06 3 6.83 1 7.32 259 |16.80| 066 | -0.07 | 1.77 264 1.70
5L-20-4b | 1| Fatigue 1 5 0.6 4 4.88 1 7.98 3.30 [16.80| 066 | -0.07 | 1.77 317 -3.88
51-20-50 | 1| Fatigue 1 5 06 5 410 1 812 390 [16.80| 066 | -0.07 | 1.77 397 185
5L-40-3b | 1| Fatigue 1 S 06 3 6.83 1 439 255 |16.80| 066 | -0.07 | 1.77 2.59 1.28
5l-40-4b | 1| Fatigue 1 5 06 4 488 1 477 319 [16.80| 066 | -0.07 | 1.77 307 -3.91
5L-40-5b | 1 | Fatigue 1 5 06 5 4.10 1 515 376 |16.80| 066 | -0.07 | 1.77 3.82 1.78
5L-60-30 | 1| Fatigue 1 5 0.6 3 6.83 1 3.25 255 |16.80| 066 | -0.07 | 1.77 261 224
5L-60-4b | 1| Fatigue 1 5 06 4 4.88 1 3.61 3.19 |16.80| 066 | -0.07 | 1.77 3.08 -3.38
5L60-5b | 1| Fatigue 1 5 06 5 4.10 1 3.96 376 |16.80| 066 | -0.07 | 1.77 3.84 2.00
5L-80-30 | 1| Fatigue 1 5 06 3 6.83 1 268 255 |16.80| 066 | -0.07 | 1.77 2.63 3.14
5L-804b | 1| Fatigue 1 5 06 4 488 1 3.03 321 |1680| 066 | -007 | 1.77 311 -3.09
5L-80-5b | 1| Fatigue 1 5 0.6 5 4.10 1 3.36 3.81 [16.80| 066 | -0.07 | 1.77 3.86 1.18
5L-100-3b | 1| Fatigue _1 5 06 3 6.83 1 234 256 |16.80| 066 | -0.07 | 1.77 2.65 3.33
5L-100-4b | 1| Fatigue 1 S 06 4 4.88 1 267 324 [1680| 066 | 007 1.77 312 -3.58
5L-100-5b | 1| Fatigue 1 5 06 5 4.10 1 299 388 |16.80| 066 | 0.07 | 1.77 3.88 0.00
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APPENDIX A.9 Comparison between the load distribution factor from the FEA and

CHBDC equation in ULS

Bridge | #efTrus | 2001 o |"ofBan RESULT (FEA CHBDC CODE

type (n) (N) Fu. Fu. Fonne | Frome | Fue | Fr | Fosmar | Fyoume
2203 Futleas | > | ™| % 477 | 314 | 121 | 115 [MRQMEOMEOLE
2203 Futteas | > | ™| % | 175 | 282 | 1s8 | 188 |[MY|ME ME 1
naom | 2| Fotess | || 2 | 1o7 | 238 | 122 | qqp [VTO] TR )91
s | 2| ross | 2 1% | s | im | art | o1es | qs |192] 118 [ 139 | 139
L6020 Futoas | - | "0 2 | 4as | 226 | 123 | qgp [MOE| T2 1391 138
20.60-3h Futtess | -~ | 0| 3 | 119 241 | a1 | qen |99 MM 1)1
26020 Futtoss | - | 0| 2 |48 | 200 | 128 | qgo [MOT| MO39 139
nsosb|o| Puteas | 2 | % | 3 |46 | 215 | 174 | 18 ['08) T2} 1) 139
ooom| 2| Futess | 0 | %f | o a2 | qms | 127 | qpq [MP°) TR T A
ooom| 2| Futess | 0 | %% 2 |41 | 251 | a7s | qse [P TP T
oo |3 | russe | 2 | % | 2 |iso | aze | azs | rse |12 140 141 t4s
3.20.3 Futtoas | - | 0| a3 | 4s3 | 287 | 432 | 105 [195) T4 14T A4
21.204h Futtoas | > | " | 4 | 173 | 336 | 167 | 150 [0 195 14T 14
3402 Futtoas | > | “® | 2 | 31| 285 | 120 | 14 |13 122|141 ] A4
3403 Furteas | - | ™| 2 | 130 | 2854 | 935 | q28 |13 22| 14T A4
waoe |3 | Futeas | || 4 | 130 | 286 | 1ss | g3 [1T7) 128 ) 14T A4
3L60-2 Furloas | © | ™| 2 | 114 | 212 | 123 | 21 |M10] 105 ] 14T ] 14
3L60-3b Futleas | - | ™| 2 | 116 | 219 | 135 | 129 [1M2] V191411 141
31604 Futteas | | ™ | 4 | 147 | 208 | 1es | 157 |13 121|141 141
31502 Futleas |~ | ™| 2 | 114 | 2145 | 127 | 2o [1PE] V31411 141
wsosh |3 | Fusteas | ° || 2 |42 | 200 | 138 | 130 [MO] 118 [ 4T 14
wsos | 3| Futeas | ° || 4 | 116 | 241 | 16s | q5g [V TR P AT 14
sozn|3 | Futeas | ° | %% | 2 |42 218 | 130 | 124 |07 VT AT 1A
sl s | rorses | 2 122 | s | ar | ama | oqar | oqag |108) 114|141 | 141
stodn| 3| Futeas | 0 | %® | 4 | 143 245 | 173 | aen | V1P VOB 14T 14T
sooan | o | s | 4 1971 5 | ies | ams | qes | 1aa |133) 182|152 152
4L204b Futoss |+ | % | 4 | ies | so0 | 147 | qa7 |195] TE8 152 182
sonsh|¢| Fuleas | * | ™| 5 | et | 272 | 18 | 1gs [T T4 T2 192
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Cont.

Bridge | FofTruds | ol | |Mhoer RESULT (FEA CHBDC CODE
type (n) (M) Fu Fo Foone | Foome | Fue | Fu | Frome | Fyose
414038 Futteas | 4 | %" | 3 |14 | 325 | 149 | qas [T 12) 182
44048 Futleas | * | %7 | 4 | 144 | 308 | 148 | qas [T AT |12 182
sanon o | rorae | 4 107 | 5 | tas | 2es | qsp | ggp |123] 141|152 | 182
4L-80-3b Furtoss |+ | T | 2 | 127 | 293 | 152 | 140 [T T T2 092
416048 Futeas | 4 | %7 | 4 | 128 | 280 | 148 | qa7 [M18] 127|182 182
416056 Futleas | * [ %7 | 5 | 126 | 291 | 183 | qes |-'B] A0 |12 152
scon o | rore | 4 1071 5 | tae | ams | s | g4s |112] 179 | 152 | 182
4L-50-4b Furtoas | 4 | T | 4 | 147 | 24g | a2 | qms |MT4] TR 1e2
46060 Foteas | 4 | %] s 120 | 274 | 188 | g0 [MR] T [T2) 182
soom| 4| Furteas | || 3 |47 | 269 | 1e0 | 147 |0 VTS 152
sooan| e | Fustoas | * | % | 4 | 145 | 285 | 151 | 149 |12 T 1E2) 182
sioom| s | Futess |t || 5 | 148 | 280 | 1s1 | a7z |[MM]TE P11
51203 Foteas | ° | %% | 2 | 201 | 428 | 181 | 148 |9 20T )T AT
5L-20-4b Futload | © | *® | 4 | o248 | 3es | 173 | 18 |'°F| 204|183 183
51206 Futtoad | ° | " | 5 | 243 | 355 | 167 | 154 |MO2| 218|171 1T
5L40-3b Fuloas | © | P | a2 | 157 | 412 | 1m1 | 14s |8 TSR TTT A
54048 Fotteas | | %% | 4 |iss | ae1 | 177 | g [MHO)TET LT AT
5L40.5b Futleas | ° | %% | 5 |13 | 3o0 | 171 | qse M43 TEE T AT
56036 Futleas | ° | %% | 2 |13s| a7 | 1@ | 1 [T AT
5L60-4b Furteas | | %P | 4 | 138 | 33 | 179 | es | AT [TT AT
5L-60-5b Furteas | - | P | s | 12s | 323 | a0 | ass MBI MAT
5803 Futteas | o | %% 2 | 127 | 3s4 | 1s4 | as |MTT) 1SS NST ST
5L604b Futleas | ° | % | 4 | 124 330 | 182 | qe7 [ AT T OAT
5L80-6b Furteas | - | " | s | 120 | 2e4 | 172 | ass |7 TTAT
sL1003b| 5 | Futteas | | 0| 3 | 122 | a3 | 167 | 183 |20 AT AT
sL1004b| 5 | Fuleas | | 0| 4 | 120 | 313 | 18 | g0 |M27| AT M)A
sLooss|5 | Futeas | ° | | s | 147 | 301 | 174 | qeo [TB] 0TI AT
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APPENDIX A.10 Comparison between the load distribution factor from the FEA and

CHBDC equation in FLS
Bridge |  #of Trucks | ®Of | | Number Result ( FEA ) Result (CHBDC)
type anes L of Box
(Il) {N) FM— FM- F\l' inner F\f outer FM + FM- FV inner F'J’ outer
21-20-2b Fatigue 1 2 0.9 2 297 4 67 1.80 1.66 141 1.80 2.35 2.35
21-20-30 Fatigue 1 2 0.9 3 3.00 4.34 2.37 215 146 | 1.95 2.35 2.35
i 1 5 5
oL-40-2b Fatigue 1 2 0.9 2 1.64 2.92 1.76 1.63 1.24 1.43| 2.35 2.35
i 1 5 5
oL-40-3b Fatigue 1 2 0.9 3 1.79 3.54 2.28 2.05 1.29 1.52| 2.35 2.35
) 2 0.9 1.67 3.32 2.08 1.96 117 1.291 235 2.35
2L-60-2b Fatigue _1 2
4 y ey g g
L-60-3b Fatigue 1 2 0.9 3 1.60 3.30 2.29 210 1.21 1.36| 2.35 2.35
i 5 5
L8025 Fatigue 1 2 0.9 2 1.42 2.46 1.77 1.65 1.14 1.24| 2.35 2.35
15 y
oL-80-3b Fatigue 1 2 0.9 3 1.50 2.92 2.31 212 1.18 1.30| 2.36 2.36
i 1 5 5
210026 Fatigue 1 2 0.9 2 1.33 2.33 1.79 1.66 113 1.21| 2.35 2.35
) 2 0.9 1.41 373 2.36 215 1.16 1.26| 2.36 2.36
2L-100-3b Fatigue _1 3
L2025 Fatigue 1 3 0.8 2 3.46 6.50 1.88 1.74 212 304 3.18 3.18
] l'_I
L2030 Fatigue 1 3 0.8 3 3.50 5.98 2.68 243 221) 335 3.18 3.18
L-20.4b Fatigue 1 3 0.8 4 414 7.60 3.46 3.05 247 440 3.18 3.18
L4025 Fatigue 1 3 0.8 2 2.19 3.96 1.84 1.73 175 2.08 3.18 3.18
) 3 0.8 2.30 4.37 2.59 2.34 175 2.08 3.18 3.18
3L-40-3b Fatigue _1 3
AL-40-4b Fatigue 1 3 0.8 4 2.38 478 3.18 2.82 1.88| 2.38 3.18 3.18
L6025 Fatigue 1 3 0.8 2 1.64 2.84 1.83 1.73 162 1.82 3.18 3.18
L-60-3b Fatigue 1 3 0.8 3 1.79 3.64 2.55 2.34 169 1.95 3.18 3.18
AL-60.4b Fatigue 1 3 0.8 4 1.94 419 3.16 2.84 1.74| 2.06 3.18 3.18
) 3 0.8 1.52 2.92 1.84 1.71 158 1.74 3.18 3.18
3L-80-2b Fatigue _1 2
3L-80-3b Fatigue 1 3 0.8 3 1.66 3.65 2.57 2.35 163 1.83 3.18 3.18
AL-80-4b Fatigue 1 3 0.8 4 1.82 4.31 37 2.87 168 1.93 3.18 3.18
3110026 Fatigue 1 3 0.8 2 145 2.95 1.88 1.73 155 1.68 3.18 3.18
2110030 Fatigue 1 3 0.8 5 1.61 3.83 2.61 2.38 160 1.77 3.18 3.18
) 3 0.8 1.71 4.31 3.22 293 164 1.85 3.18 3.18
3L-100-4b Fatigue _1 4
- 1 5
L2030 Fatigue 1 4 0.7 3 496 5.94 277 2.53 3.15] 570 4.00 4.00
AL20-4b Fatigue 1 4 0.7 4 4.39 7.67 3.54 3.19 3.31) 653 4.00 4.00
412050 Fatigue 1 4 07 5 4.3 7.00 413 370 348 759 4.00 4.00
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Cont.

Bridge |  #ofTrucks | ®of | | Number Result ( FEA) Result (CHBDC)
type anes L of Box
(Il) {N) FM— FM- F\l' inner F\f outer FM + FM- FV inner F'J’ outer
-~ 5 .
AL40.3D Fatigue 1 4 0.7 5 2.96 5.87 2.69 245 1241 3.1 4.00 4.00
L4045 Fatigue 1 4 0.7 4 3.08 6.44 3.44 305 |251) 336 | 400 4.00
AL40.5D Fatigue 1 4 0.7 s 3.16 6.74 4.02 352 |260| 3.64 | 4.00 4.00
5
L6035 Fatigue 1 4 0.7 3 222 517 2.65 245 1220] 261 4.00 4.00
) 4 0.7 2.35 5.68 3.37 304 J227| 278 | 4.00 4.00
4L-50-4b Fatigue 1 4
5
L6055 Fatigue 1 4 0.7 5 252 6.36 3.98 355 235 296 | 4.00 4.00
AL.80.30 Fatigue 1 4 0.7 5 1.97 4.74 2.69 245 1210) 241 4.00 4.00
5 4
L8045 Fatigue 1 4 0.7 4 210 5.13 3.39 306 |217) 255 | 4.00 4.00
5
AL80.5D Fatigue 1 4 0.7 5 225 5.92 4.02 361 |224| 269 | 4.00 4.00
) 4 0.7 1.83 4.69 274 247 205 230 | 4.00 4.00
4L-100-3b Fatigue 1 3
E 5 4 4
AL100-45 Fatigue 1 4 0.7 4 1.95 5.20 3.47 312 |211] 242 | 4.00 4.00
5 4
AL100-5D Fatigue 1 4 0.7 5 2.09 5.94 4.08 368 217 255 | 4.00 4.00
5L.20.30 Fatigue 1 5 0.6 5 5.90 10.75 2.84 259 |4.38|1060 | 482 4.82
52045 Fatigue 1 5 0.6 4 6.01 9.91 3.65 330 |459) 1481 | 459 4.59
) 5 0.6 5.97 9.82 4.34 390 4931730 | 482 4.82
5L-20-5b Fatigue 1 o]
L4035 Fatigue 1 5 0.6 3 3.39 7.55 278 255 |3.07| 420 | 482 4.82
5 4
SL.40.4D Fatigue 1 5 0.6 4 3.58 7.58 3.85 319 |3.20| 458 | 482 4.82
5
54055 Fatigue 1 5 0.6 5 3.37 7.68 4.20 376 |3.20) 502 | 482 4.82
5
5L.60.30 Fatigue 1 5 0.6 5 2.50 5.28 2.76 255 |274| 336 | 482 4.82
) 5 0.6 272 7.05 3.50 319 |284) 359 | 482 4.82
SL-60-4b Fatigue 1 4
5L.60.5D Fatigue 1 5 0.6 5 2.84 7.42 420 376 294 3.84 | 482 4.82
58035 Fatigue 1 5 0.6 3 2.21 6.02 279 255 |240) 280 | 444 4.44
oL.80.4b Fatigue 1 5 0.6 4 2.39 6.77 3.95 321 269 3.23 | 482 4.62
5L.80.55 Fatigue 1 5 0.6 5 2.41 6.64 4.24 381 277 343 | 482 4.82
) 5 0.6 2.03 5.66 2.83 256 |252| 288 | 482 4.62
5L-100-3b Fatigue 1 3
5L100-4b Fatigue 1 5 0.6 4 2.18 6.38 3.61 324 |260| 3.04 | 482 4.82
5L100-5b Fatigue 1 5 0.6 5 2.24 5.66 433 3.88 268 3.21 4.82 4.62
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APPENDIX A.11 Comparison between the load distribution factor from the FEA and
AASHTO-LRFD equation in ULS

. #of Trucks | 2 ¢ Mumber RESULT (FEA AASHTO CODE
Bridge lanes R. of Box
type (n) (N) | Fu Fio | Frmee | Frome | Wi=-1+17(M/Ng)+.85/N,
2-20-2 Full Load 2182 i o314 | 1o 115 223
2-20-3b Full Load 2|05 3 | 49| 2@y | 188 | 155 .68
2L-40-2b Full Load : be 2 127 233 1.22 117 223
2L-40-3b Full Load : be 3 1.28 271 1.68 1.57 1.66
2 0.9
2L-60-2b Full Load 2 1.15 2.26 1.23 1.20 223
2 0.9
Z2L-60-3b Full Load 3 1.189 241 1.71 1.60 1.66
2 0.9
ZL-50-2b Fuﬂ Load 2 1.18 2.00 1.26 1.20 223
2 0.2
Z2L-50-3b Fuﬂ Load ] 1.16 2.15 1.74 1.62 1_6G6
2L-100-28 Fuﬂ Load : o 2 1.12 1.88 1.27 1.21 223
2 0.9
2L-100-2 Fuﬂ Load ] 1.11 251 1.75 1.54 1_6G6
3 0.8
AL-20-2b Full Load 2 1.59 3.29 1.23 1.14 2083
31-20-3b Full Load S 2 153 | 287 | 132 | 125 2.08
3L-204b Full Load e s | 173 | 338 | 187 | 152 1.66
3L-40-2b Full Load 1% 5 g3t | 2685 | 122 | 118 283
3L-40-3b Full Load e 2 | 130 | 254 | 138 | 128 208
2404k Full Load 1% 4 13| 256 | 165 | 153 .68
3L-60-2b Full Load o] e 2 | 11a| 212 | 123 | 12 203
2-50-3b Full Load e 2 | 116 | 219 | 138 | 129 208
3L-604b Full Load 1% 4 | 147 | 226 | 188 | 157 .68
3L-50-2b Full Load e > | 11a | 2145 | 127 | 122 203
3L-50-3b Full Load e 3 | 142 220 | 138 | 130 208
3L-504b Full Load % 4 |16 | 241 | 183 | 158 .68
3L-100-26 Full Load e > | 112 218 | 130 | 124 203
3L-100-3 Full Load e 3 | 111 | 234 | 137 | 13 208
3L-100-45 Full Load % s | i3] 245 | 173 | 1m2 166
41-20-3b Full Load 417 3 | 194 | 364 | 148 | 133 258
4.-20-4b Full Load 417 s | 1es | ao00 | 147 | 137 201
4L-20-5b Full Load LRl s e | 272 | 184 | 185 167
41-40-3b Full Load 417 3 | 144 | 325 | 149 | 138 258
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Cont.

. #of Trucks | 2 of Mumber RESULT {FEA AASHTO CODE
Bridge lanes Ry of Box
type {m) (N} Fus Fu. Fu e Fy st W =1+ 1.7 (N M) +.B57 N,

4 o7

4L-404h | 4 Full Load 4 1.44 3.08 1.48 1.36 2m

4.405b | 4 | Full Load e s | 144 | 204 | 184 162 167
4 0.7

4L-60-3b | 4 Full Load 3 127 293 1.52 142 258

41504k | 4 | Full Load LBy | 48| 280 | 148 | 1a7 201
4 o7

4L-60-6b | 4 Full Load 5 1.26 291 1.83 1.66 1.67

418030 | 4 | Full Load e 2 | 119 | 268 | 156 | 145 258
4 0.7

4L-50<4h | 4 Full Load 4 117 2449 1.42 1.33 2m

41506k | 4 | Ful Load LBl e | qon| 274 | 188 | 170 167

41002 | 4 | Full Load VLBl | 447 | 28 | 180 | 147 2 58
4 0.7

41 -100-4 | 4 Full Load 4 1.15 265 1.51 1.41 2m
4 0.7

41-100-50 | 4 Full Load 5 1.18 2.80 1.91 173 1.67

5203k | 5| Ful Load % s | 221 428 | 181 | 148 310

5204k | 5| Full Load 5 | % 4 | 248 388 | 173 | 158 240
g 0.8

Bl-20-6b | & Full Load 5 213 355 1.67 154 1.87
] 0.8

EL40-3b | &5 Full Load 2 1.57 412 1.61 148 3.10

51404b | 5 | Full Load S % s | qss | 31 | 177 | 18 240

51406k | 5 | Full Load 5 | %8 5 | 443 320 | 171 | 154 107
g 0.8

Bl-60-3b | & Full Load 3 1.35 371 1.61 1.51 310

=504k | 5 | Ful Load 5% 4 | 435 | 338 | 179 | 164 240

5806 | 5 | Full Load ° | %% 1 5 | 43| 323 | 170 | 155 197
7] 0.8

Bl-BD-3b | & Full Load k] 127 354 1.64 1.51 310
7] 0.8

Fl-BD4b | & Full Load 4 1.24 3.30 1.82 1.67 240
5 0.8

EL-B0-5b | 5 Full Load 5 1.20 294 1.72 1.58 1.87
] 0.8

AL-100-20 | 5 Full Load 3 1.22 33 1.67 153 310
7] 0.8

AL-100-45 | & Full Load 4 1.22 313 1.886 1.70 240

510055 | 5 | Full Load 5% s 447 301 | 174 | 160 107
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APPENDIX A.12 Comparison between the load distribution factor from the FEA and
AASHTO-LRFD equation in FLS

Bridge #ofTrucks | of Number Result (FEA) Result (AASHTO )
type fanes ()| % Of(l'?l;x Fues Fu. Fymmer | Fvouer | Wi=.1+1.7(N./Ng)+.85/N,
2L.202b Fatique _1 2 1991 2 | o907 | 467 | 180 | 166 223
2L.203b Fatique _1 2 |99 3 | 300 434 | 237 | 215 1.66
214020 Fatigue _1 2 991 5 |64 | 292 | 176 | 1.63 2.23
21-40-3b Fatigue _1 ? 09 3 1.79 3.54 2.28 2.05 1.66
21-60-2b Fatigue 1 2 09 2 1.67 3.32 2.08 1.96 223
21-60-3b Fatigue _1 2 09 3 1.60 3.30 2.29 2.10 1.66
21-80-2b Fatigue 1 2 0.9 2 1.42 2.46 177 1.65 223
21-80-3b Fatigue 1 2 0.9 3 1.50 2.92 2.31 212 1.66
2L-100-2b Fatigue _1 . 91 5 |13 ] 233 | 179 | 166 2.23
2110030 Fatigue _1 2 991 3 | 141 | 373 | 236 | 215 1.6
3L202b Fatigue _1 § 98 1 5 | 346 | 650 | 1.88 | 1.74 2.03
3L-20-3b Fatigue _1 3 08 3 3.50 5.98 2.68 2.43 2.08
3L-20-4b Fatigue 1 3 08 4 4.14 7.60 3.46 3.05 1.66
3L-40-2b Fatigue _1 3 08 2 2.19 3.96 1.84 1.73 203
31-40-3b Fatigue 1 3 08 3 2.30 4.37 2.59 2.34 2.08
3L.404b Fatigue _1 § 98 1 4 | 238 | 478 | 318 | 282 1.66
3L.60-2b Fatigue _1 ! 98 1 5 | 164 | 284 | 183 | 173 2.93
3L.60.3b Fatigue _1 § 98 1 3 | 179 | 364 | 255 | 234 2.08
3L604b Fatigue _1 § 98 1 4 | 104 | 419 | 316 | 284 1.66
3L-80-2b Fatigue _1 3 08 2 1.62 2.92 1.84 1.71 2.93
3L-80-3b Fatigue 1 3 08 3 1.66 3.65 2.57 2.35 2.08
3L-80-4b Fatigue _1 3 08 4 1.82 4.31 3.17 2.87 1.66
31-100-2b Fatigue 1 3 08 2 1.45 2.95 1.88 1.73 293
3110030 Fatigue _1 § 98 1 3 | 161 | 383 | 261 | 238 2.08
3L-1004b Fatigue 1 ! 8 1 4 |17 | 431 | 3220 | 293 1.6
412030 Fatigue _1 4 971 3 496 | 894 | 277 | 253 2.58
41-20-4b Fatigue _1 4 07 4 4.39 7.67 3.54 3.19 2.01
AL20-5b Fatigue _1 4 71 5 | 431 | 700 | 413 | 370 1.67
41-40-3b Fatigue 1 4 07 3 2.96 5.87 2.69 2.45 258
4L-40-4b Fatigue_1 1% 4 | s0s | 644 | 344 | 305 201
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Cont.

Bridge #ofTrucks | ¢ Number Result (FEA) Result (AASHTO )
R, of Box
type lanes (n) N | Fue Fue | Fymer | Fvouer | Wi=.1+1.7(Ni/Ng)+.85/N,

i 4 07

41-40-5b Fatigue 1 5 3.16 6.74 4.02 3.52 1.67
4 07

4L-60-3b Fatigue _1 3 222 5.17 2.65 2.45 2.58

41-60-4b Fatigue 1 S 4 | 235 | 568 | 337 | 304 201
4 07

4L-60-5b Fatigue _1 5 2.52 6.36 3.98 3.55 1.67

41-80.3b Fatigue 1 LY s 1ot | 474 | 269 | 245 258
4 07

41-80-4b Fatigue 1 4 2.10 5.13 3.39 3.06 2.01
4 07

4L-80-5b Fatigue _1 5 2.25 592 4.02 3.61 1.67

4110035 Fatigue 1 LY s | 183 | 469 | 274 | 247 258
4 07

4L-100-4b Fatigue 1 4 1.95 5.20 3.47 3.12 2.01

AL-100-5 Fatigue 1 1% 5 | 209 | 594 | 408 | 368 167
) 5 0.6

51-20-3b Fatigue 1 3 590 10.75 2.84 2.59 3.10
5 06

51-20-4b Fatigue _1 4 6.01 9.91 3.65 3.30 2.40
i 5 0.6

5L-20-5b Fatigue 1 5 5.97 9.82 4.34 3.90 1.97

51-40-3b Fatigue 1 ° 06 3 3.39 7.55 2.78 2.55 3.10
5 0.6

51-40-4b Fatigue _1 4 3.58 7.58 3.55 3.19 2.40
i 5 0.6

5L-40-5b Fatigue 1 5 3.37 7.68 4.20 3.76 1.97

5L-60-3b Fatigue 1 ° 06 3 2.50 6.28 2.76 2.55 3.10
i 5 0.6

5L-60-4b Fatigue 1 4 2.72 7.05 3.50 3.19 2.40

51-60-5b Fatigue 1 > %% 5 | 284 742 | 420 | 376 197
5 0.6

5L-80-3b Fatigue _1 3 2.21 6.02 2.79 2.55 3.10

5L-80-4b Fatigue 1 2%y 23] 677 | 355 | 321 240
5 0.6

5L-80-5b Fatigue _1 5 2.41 6.64 4.24 3.81 1.97

5L-100.3b Fatigue 1 ° 1% 5 | 203| 566 | 283 | 256 310

5L-100-4b Fatigus 1 > 96 | 4 | 218 | 838 | 361 | 324 240

51-100-5b Fatigue 1 2 06 5 2.24 6.66 4.33 3.88 1.97
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