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EXECUTIVE SUMMARY

STRENGTH ASSESSMENT OF OLDER
CONTINUOUS SLAB AND T-BEAM
REINFORCED CONCRETE BRIDGES

Introduction

This report investigates a new methodology for the load rating
of older reinforced concrete flat-slab and T-beam bridges in
Indiana, using the tools of 3D finite element analysis. The
conventional load rating (CLR) method currently in use by
INDOT relies on a simplified 2D analysis based on beam theory
that may underestimate bridge capacity. Since the actual behavior
of a bridge structure is 3D in nature, a 3D computational model is
better suited to estimate bridge carrying capacity for load rating.
3D finite elements models are capable of reflecting actual bridge
dimensions, cross sections, and connection configurations. More
importantly, with three-dimensional models, the load distribution
in the transverse direction of the deck can be explicitly repre-
sented, and therefore optimized for maximum impact on load
rating. It is also possible to account for support continuity,
variable cross sections, skew factor, edge railings, and other
factors that impact bridge behavior using 3D models. Therefore, it
is expected that load rating using 3D analysis can result in a more
accurate assessment of bridge load carrying capacity compared to
CLR by improving demand estimates.

A sample of ten representative bridges (five of each type) was
selected for this study. The representative bridges were identified
based on the statistical distribution of older flat slab and T-beam
RC bridges in Indiana. Load rating analysis results for the sample
bridges using 3D analysis were compared to ratings obtained
using CLR to identify factors contributing to bridge capacity that
are not accurately represented with current rating standards.
A sensitivity study was conducted on select parameters to assess
their impact on load rating results and identify potential impro-
vements to current load rating procedures using CLR.

Findings

Task 1. Selection of representative bridges

Five representative bridges for each bridge type were selected
from the NBI database for Indiana. Among many structural/
nonstructural features, the following were considered to identify
the bridge samples: year built, span length, number of spans,
number of lanes, curb-to-curb roadway width, skew angle, and
depth of decks (or beams/girders).

Task 2. Bridge strength assessment using conventional
rating method

The selected bridges were assessed using the 2D-based CLR
methodology currently in practice in Indiana to establish the basis
for comparison with the refined 3D FEA results. The rating
factors calculated for the sample bridges indicate that some
bridges (Sample #2 and Sample #5) exhibit moment deficiency,
which makes them candidates for possible retrofitting actions,
posting, or replacement, depending on their current traffic count.
It is also observed that moment is the controlling effect as a result
of locations lacking sufficient steel reinforcement or where
reinforcement is only partially developed. In most T-beam
bridges, smaller rating factors were obtained for interior girders

compared to exterior ones, mainly due to the larger live load
distribution factors (LLDFSs) of interior girders.

Task 3. Bridge strength assessment using 3D finite
element analysis

For a more detailed assessment of the selected bridges, 3D FEA
was conducted with a detailed model of the bridge superstructure
geometry (railings, skew angle, slab thickness, girder spacing, etc.).
The observed sensitivity of load positioning in lateral direction to
evaluate LLDFs indicates that considering one single distribution
factor for an entire superstructure and all loading scenarios may
not be effective to reflect actual lateral distribution of live loads.

Concrete railings, when properly anchored for monolithic
action, play a significant role in allocating a large portion of the
response (both moment and shear) to exterior strips/girders, and
subsequently decrease the share of interior ones. Therefore, the
LLDFs calculated for interior strips/girders are smaller compared
to those obtained by the formulation in AASHTO specifications,
while distribution factors of exterior strips/girders are larger. It is
found that larger LLDF values for exterior strips/girders did not
lead to critical rating factors since capacity was also improved due
to increased stiffness. In summary, rating factors obtained from
3D FEA are greater than those obtained using the 2D approach
for both LFD and LRFD approaches. Greater share of demand
absorbed by the edges indicates the importance of considering
railings in LLDF evaluation.

Task 4. Sensitivity analysis of geometrical parameters

Bridge geometrical characteristics such as railings, skew angle,
slab thickness, supports area, and spacing between the girders
were considered as potential factors having an impact on LLDF.
Railing height was confirmed as a parameter that produced the
most drastic change in moment and shear demands of bridges.
Particularly, changes in moment and shear demands for exterior
strips were more prominent than those of interior strips. An increase
in skew angle was found to cause a reduction in moment and
increase in shear for both 1-span and 3-span bridges. The effect of
slab thickness of slab bridges was relatively small and slab thickness
variation along the bridge length resulted in a slight reduction in
moment. Models with area support showed a decrease in both
moment and shear when compared to the models with line supports,
indicating the importance of area support modeling in 3D FEA.
For T-beam bridges, the effect of diaphragm thickness was observed
to be negligible. Lastly, T-beam bridges with uneven girder spacing
affected moment and shear demand in comparison with those with
even girder spacing, and the effect was dependent on the girder
spacing scheme, which stresses the importance of the considera-
tion of actual girder spacing in LLDF calculation.

Task 5. Discussion of research findings and proposed
implementation

The comparison of rating factors obtained from CLR and 3D
FEA indicate that CLR according to AASHTO specifications
results in lower estimates of load rating factor in RC slab and
T-beam bridges. LLDF is the main parameter affecting the results.
Furthermore, a parametric study associated with demand estima-
tion showed a substantial influence of geometric parameters on
LLDF. Railing, deck skewness, and support area had substantial
beneficial impact on demand response. It follows that neglecting
these parameters in LLDF formulation could lead to overesti-
mation of load shares assigned to strips/girders.



Implementation

Based on the study results and conclusions, the following recom-

mendations are presented for consideration and possible imple-
mentation.

1.

The comparison of rating factors obtained from CLR and
3D FEA indicated that the CLR methodology provided in
AASHTO specifications results in lower load rating factor in
RC slab and T-beam bridges, and the LLDF was shown to
be the main parameter affecting the results. All sample
bridges showed an increase in rating factors when evaluated
using the 3D FEA-based load rating method compared to
CLR values. Notably, three out of four bridges that rated
unfavorably, with load rating results below 1 using CLR,
showed ratings above 1 with the 3D FEA approach
(compare the results of Task 2 and Task 3). The remaining
bridge with the rating factor less than “1” (Sample #2) was
further improved with the consideration of support area in
3D FE modeling, as shown in Task 4.

Given the improved load rating estimates, it is recommended
that bridges that exhibit border-line load rating results be
analyzed using the 3D FEA-based procedure, while the
standard rating methods (CLR) may continue to be used for
a conservative estimate of bridge rating.

Further improvements can be made to CLR to incorporate
3D effects while maintaining the simplicity of load rat-
ing procedures. The presence of railing has a substantial
influence on stress distribution in the bridge super-structure,

causing higher stress concentrations in exterior strips and
reduces stresses in interior ones. It is therefore recommended
that, in dead-load demand estimations using CLR, railing
weight be allocated entirely to the exterior strips, instead of
distributing it evenly across the bridge, as is done current
practice using BRR.

The study also showed that on the capacity side, an
important consideration is the inclusion of the reinforced
concrete railing in the estimation of capacity for flexure
and shear in RC slab bridges and for flexure in T-beam
bridges. Therefore, it is recommended to include rein-
forced concrete railings properly anchored into the bridge
superstructure when determining the capacity of exterior
strips and girders.

A parametric study associated with demand estimation
showed substantial effects of geometric features on LLDF.
The study showed that railing height, deck skew, and
support area had substantial impacted obtained values of
moment and shear. It was also concluded that neglecting
these parameters in LLDF formulation could lead to
overestimation of load assigned to strips/girders. To simplify
the incorporation of these geometric features in load rating
calculations by INDOT or structural engineers using current
2D rating methods, a modified LLDF formula, where the
effect of these parameters could be taken into account would
improve rating estimates. A more extensive parametric study
in support of the development of a modified live load rating
factor is recommended.
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1. INTRODUCTION

Bridge construction in the 1950s and 1960s favored
a continuous reinforced concrete design for two-lane
overpasses or bridges across small water streams and
roads, using either a flat slab or a variable-depth ribbed
(T-beams) system, as shown in Figure 1.1. In Indiana,
these bridges represent an important component of
the existing network inventory with 2,834 slab bridges
and 766 T-beam bridges and are therefore required to
satisfy existing specifications when checked for load
carrying capacity. Nationally, as more than 30% of
existing bridges in the US have exceeded their 50-year
design life (American Society of Civil Engineers, 2013),
the accurate and reliable evaluation of bridge live load-
carrying capacity is of critical importance to state and
local government agencies.

The Manual for Bridge Evaluation provides a
simplified analysis methodology for load rating of
bridges (AASHTO, 2011). This methodology, referred
to as conventional load rating (CLR), employs a two-
dimensional (2D) girder-by-girder analysis, where each
individual longitudinal span between two adjacent sup-
ports (such as columns) of a bridge is approximated
as a simply-supported beam for analysis. CLR is the
basis for the bridge analysis program used by Indiana
Department of Transportation (INDOT) for load
rating of bridges, AASHTOWare Bridge Rating
(BrR). It has been reported, however, that the CLR
could lead to a costly underestimation of bridge capa-
city (Cai & Shahawy, 2003; Catbas, Ciloglu, Hasangebi,
Popovics, & Aktan, 2003; Sanayei, Reiff, Brenner, &
Imbaro, 2016). It is suspected that such conservative

Figure 1.1 Examples of older reinforced concrete bridges in
Indiana: (a) flat slab (b) T-beam.

evaluation arises from the rating method’s simplified
representation of members, supports, and connections.
Additionally, nonstructural members such as parapets,
railings, sidewalks, etc., are not considered in the eval-
uation. Due to the large number of flat-slab and T-
beam bridges in Indiana, an accurate estimation of load
carrying capacity could potentially relieve a large
financial burden on the state and further extend bridge
life cycles, especially since existing bridges show no
signs of structural deficiency and, with proper main-
tenance, could be expected to serve well in the future.

The CLR is based on the analysis of bridge girders in
two dimensions using beam theory. Beam theory is used
to model long slender elements that can be represented
by their centerline dimensions and loading can be
assumed to remain symmetric with respect to the beam
centerline. This 2D formulation focuses on bending
behavior within the plane where loads are applied. The
three-dimensional (3D) effects of load distribution across
the bridge width, therefore, cannot be explicitly modeled,
and are accounted for using distribution factors. Struc-
tural analysis using 2D beam theory has been common
practice due to its simplicity and conservative estimates
of beam load capacity and was the basis behind a
number of structural analysis software, including BrR.

With the increased availability of high-end computa-
tional resources, 3D analysis of full-scale structures
such as bridges has become increasingly feasible and the
tools of 3D computational modeling have been used to
great success in the modeling of civil engineering struc-
tures under a wide range of loading systems. It has
become possible, therefore, to revisit the assumptions of
2D beam theory to investigate the effect of lateral load
distribution and bridge components on the load rating
of bridges.

1.1 Problem Statement

The standard rating method currently in use by
INDOT (i.e., CLR) relies on a simplified 2D analysis
based on beam theory may underestimate the capacity
of flat slab and T-beam RC bridges. It is important,
therefore, to revisit the assumptions and principles of
the CLR method to identify potential areas of impro-
vement for more accurate assessment estimate of bridge
strength and load distribution.

Since the actual behavior of a bridge structure is 3D
in nature, 3D computational model is better suited to
estimate bridge carrying capacity for load rating. 3D
finite elements models are capable of reflecting actual
bridge dimensions, cross sections and connection con-
figurations. More importantly, transverse load distri-
bution is typically accounted for using load distribution
factors in two-dimensional bridge analysis for load
rating using CLR. With three-dimensional models, the
load distribution in the transverse direction of the deck
can be explicitly represented, and therefore optimi-
zed for maximum impact on load rating. It is also
possible to account for support continuity, variable
cross sections, edge railings, and other factors that

Joint Transportation Research Program Technical Report FHWA/IN/JTRP-2019/13 1



impact bridge using 3D models. It is therefore expected
that, by improving demand estimates, load rating using
3D analysis can result in a more accurate assessment of
bridge load carrying capacity compared to CLR.

1.2 Research Objective, Scope, and Plan

The goal of this project is to examine the limits and
potential improvements of the 2D-based CLR metho-
dology for flat slab and T-beam RC bridges in Indiana.
A refined load rating methodology, based on 3D finite
element analysis (FEA), has been employed to realis-
tically account for factors such as lateral load dis-
tribution, cross-sections, number of spans, spacing,
three-dimensional supports such as diaphragm, sup-
port continuity, and edge (railings) effects. These
factors are not well considered in CLR and are expec-
ted to have a substantial impact on bridge capacity.
A sample of ten representative bridges (five of each type)
is selected for this study, based on the statistical distri-
bution of older flat slab and T-beam RC bridges in
Indiana. Material aspects, including damage and plasti-
city, are not considered in this report for better com-
parison CLR, which employs linear elastic analysis. The
research tasks conducted for this project are presented
in Figure 1.2.

1.3 Report Organization

This report is presented in five chapters. Chapter 1
outlines research background and problem statements
followed by research objective, scope, and plan.
Chapter 2 discusses the selection of the sample of ten
representative bridges, based on the statistical distribu-
tion of older flat slab and T-beam RC bridges in
Indiana. Chapter 3 explains the framework for the
strength assessment of bridges based on CLR pro-
cedure and the resulting load rating results for the
selected sample bridges. 3D finite element models,
loading application, refined load rating procedure,
and the relevant load rating results are presented in
Chapter 4. Chapter 5 conducts a sensitivity analysis
of bridge geometrical parameters, and their effect on
demand estimation. Chapter 6 compares the load
rating results obtained from conventional load rating
and 3D finite element analysis. Potential improvement

| Task 1. Sample bridges selection ‘
]

I Task 2. Load rating of the selected bridges using CLR ‘
]

| Task 3. Load rating of the selected bridges using 3D FEA ‘
]

| Task 4. Sensitivity analysis of geometrical parameters ‘

[}

| Task 5. Load rating comparison and discussion ‘

Figure 1.2 Research tasks of this project.

of load distribution factor is discussed in this chapter.
Lastly, Chapter 7 summarizes the key results of this
project and provides recommendations for future
research.

2. SELECTION OF REPRESENTATIVE BRIDGES

2.1 Statistical Distribution of the NBI Database for
Bridges in Indiana

A total 2,944 flat slab and 769 T-beam reinforced
concrete bridges provided in the National Bridge
Inventory (NBI) database for the state of Indiana were
surveyed to establish the typical bridge configurations to
be considered in the project. Among many structural/
nonstructural features, the following were selected to be
included to identify the bridge samples (Figure 2.1): year
built, span length, number of spans, number of lanes,
curb-to-curb roadway width, skew angle, and depth of
decks (or beams/girders). These parameters are deemed
to have significant impact on the structural behavior.
A summary of the study of the database revealed the
following:

® Age of bridges: About 50% of the reinforced concrete
bridges in service in Indiana were constructed before
1970, implying they have exceeded their 50-year design
life. Additionally, flat slab bridges have been favored
over the recent decades.

® Maximum span length: Maximum span lengths for most
bridges of the type considered in this study in the NBI
fall within the range between 20 and 50 ft. The average
maximum span lengths are 31.7 ft. for flab slab bridges,
and 45.2 ft. for T-beam bridges.

® Number of spans: Among the bridges considered, 3-span
bridges predominate, accounting for 66% of the total
sample. Single-span bridges are the second largest
population, with 23.7% of the total, and 10.3% of the
bridges have two or more than four spans. When
classified by bridge type, 75.7% of flat slab bridges have
three spans, whereas 45.6% of T-beam bridges have one
span.

® Number of lanes: For both bridge types, two-lane bridges
are predominant, accounting for 88.9% of the total.
Bridges with other number of lanes occupy only 11.1% of
the sample.

® Curb-to-curb roadway width: Roadway width of nearly
half of the bridges in the database lies within the range
from 20 to 30 ft. The second-largest population falls in
the 30- to 40-ft. range, with fewer bridges in the 40- to 50-
ft. range. This trend is consistent in flat slab and T-beam
bridges. The average roadway widths are 33.1 ft. for flab
slab bridges, and 30.1 ft. for T-beam bridges.

® Skew angle: Half of the bridges have skew angle less than
15 degrees. The second largest skew angle range is
between 15 and 30 degrees, accounting for 15.7% of the
total. The average skew angles for flat slab and T-beam
bridges are 15.7 degrees and 13.3 degrees respectively.

2.2 Representative Bridges

Considering the distribution of parameters shown
in Figure 2.1, the representative samples for each type
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Figure 2.1 Statistical distribution of the structural/nonstructural parameters of flat slab and T-beam bridges provided in the NBI

database.
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TABLE 2.1
Representative Sample Bridges

Year Traffic Volume No. of Span Width, Curb- Slab/Girder Skew Angle
Sample No. Bridge ID Bridge Type Built (AADT) Spans  Length (ft.) to-Curb (ft.) Thickness (in.) (degree)
1 165-198-05476 BSBL  Flat Slab 1968 14,828 3 18-25-18 39.8 14.0 35
2 240-67-06389 A Flat Slab 1964 2,749 1 48.9 394 28.0 20
3 165-103-05564 DRA Flat Slab 1970 7,586 3 30-42-30 36.5 22.5% 7
4 057-14-04926 A Flat Slab 1962 5,919 3 21-28-21 44 14.0 45
5 49-64-6682 Flat Slab 1982 3,730 3 32-42.5-32 46.5 21.0 20
6 031-80-03570 JASB T-Beam 1951 1,947 1 36 41 7.5/33.2 30
7 150-51-03834 A T-Beam 1924 1,071 1 38 41 7.2/31.7 30
8 236-61-04121 A T-Beam 1957 600 3 40 28 6.0/24.0 0
9 165-124-04285 RLC T-Beam 1960 1,121 1 28 40 6.5/27.0 15
10 (158)58-47-03027 T-Beam 1938 669 1 28 28 7.7120.7 30

*Average value of the variable thicknesses along the bridge length (15 in. to 30 in.).

of bridge were determined, such that the selected
parameters’ values are relatively evenly distributed.
Bridges information is summarized in Table 2.1. Figure
2.1 shows the distribution of the selected bridge samples
within each category (e.g., S1 represents the Sample 1).

3. BRIDGE STRENGTH ASSESSMENT USING
CONVENTIONAL LOAD RATING METHOD

3.1 Introduction

The bridges selected for the representative samples
were evaluated using conventional load rating (CLR)
methodology as per the AASHTO LRFD and LFD
specifications. The CLR methodology employs a 2D
girder-by-girder analysis, where each individual long-
itudinal span between two adjacent supports (such
as columns) of a bridge is approximated as a simple
supported beam for analysis. Centerline dimensions are
used, and the effect of transverse load distribution is
incorporated using a distribution factor.

In this study, SAP-2000 was initially used for struc-
tural modeling and analysis and then a MATLAB code
was developed to provide section-by-section load rating
results. Each bridge was modeled estimating span
lengths from center-of-support-to-center-of-support to
be structurally analyzed under applied loads. Mor-
eover, the superstructure components of the sample
bridges were analyzed according to CLR for both
moment and shear effects. One sample of each bridge
group was analyzed using BrR software and its outputs
were compared with results obtained from analysis
using SAP-2000 and MATLAB to ensure the validity of
the load rating procedure. Assumptions and procedures
used in the bridge load rating analyses are given in the
subsequent section.

3.2 Evaluation References

Each bridge was analyzed based on the 7th edition
of AASHTO LRFD Bridge Design Specifications
(for LRFR evaluation) (AASHTO, 2014) and 17th
edition of Standard Specifications for Highway Bridges

(for LFR evaluation) (AASHTO, 2002). In addition,
the 2nd edition of the Manual for Bridge Evaluation
(MBE) (AASHTO, 2011) was followed. The load
rating was performed with design rating level from
LRFR and inventory and operating rating levels from
LFR specifications. The main requirements and
assumptions of each approach are described in the
following subsections.

3.3 Loads for Evaluation

Based on the MBE (AASHTO, 2011), only perma-
nent loads and vehicular loads are considered to be
of importance in load rating process and environ-
mental loads such as wind, ice, temperature, stream
flow, and earthquake are usually not considered in
rating procedures.

3.3.1 Dead Loads: DC and DW

The dead loads were computed based on dimensions
obtained from the bridge plans. Unit weights of
materials were selected in accordance with LRFR
Table 3.5.1-1 and LFR Article 3.3.6. For slab bridges,
the weight of a 1-ft. width strip was considered as
structural dead load (DC), while for T-beam bridges,
the tributary width of the slab and girder were
considered as structural dead load. In addition to the
1-ft. strip weight for slab structures, the weights of
sidewalk and railing were distributed uniformly over
the out-to-out width of the slab bridges, while for
T-beam bridges these weights were allocated to exterior
girders only. In bridges with variable slab thickness, the
average thickness was considered for dead load calcu-
lations. For surface-wearing load (DW), the weight of
asphalt or plain concrete overlay was computed based
on wearing thickness reported in the bridge plans.
Figure 3.1 and Figure 3.2 illustrate dead load con-
siderations for flat slab and T-beam bridges, respec-
tively. The values of DC and DW for each bridge group
are summarized in Table 3.1 and Table 3.2. Dead loads,
DC and DW, were applied as uniform distributed load
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TABLE 3.1
Dead Loads mon 1-ft. Slab Strip of Flat-Slab Bridges

Sample No. DC (k/ft.)/1 ft. DW (k/ft.)/1 ft.
1 0.208 0.012
2 0.390 0.119
3 0.311 0.012
4 0.225 0.030
5 0.288 0.018
TABLE 3.2

Dead Loads on Interior and Exterior Girders of T-Beam Bridges

DC (k/ft.) DW (k/ft.)
Interior Exterior Interior Exterior
Sample No. Girder Girder Girder Girder
6 1.388 1.558 0.024 0.015
7 1.510 1.750 0.024 0.015
8 1.110 1.450 0.210 0.140
9 1.090 1.490 0.023 0.018
10 1.080 1.640 0.043 0.038

on 1-ft. strip flat slab bridges and on individual interior
or exterior girder in T-beam bridges. The resultant
moment and shear responses were obtained for one of
the selected bridges, Sample 1, using both SAP-2000
software and developed MATLAB code. Figure 3.3
shows the consistency of the results. Furthermore, in
Figure 3.4, moment and shear responses according to
dead load application obtained by MATLAB code are
compared to the ones by BrR software for another

sample bridge, Sample 5. These comparisons validate
the developed MATLAB code.

3.3.2 Live Loads

Vehicular live loads were selected based on design
load and standard load configurations as described
in LRFR and LFR, respectively. Figure 3.5 shows
the truck load and corresponding lane load for the
HS20 truck used in the LFR approach and in Figure
3.6, truck HL-93 and lane load of 0.64 (k/ft.) of the
LRFR approach is illustrated. For both approaches,
vehicular loadings have been applied in the longitudinal
direction transversely occupying a width of 10 (ft.) as
specified in both specifications.

3.3.2.1 Live Load Modeling. To obtain moment and
shear envelopes produced by live loads defined in 3.3.2,
vehicles were modeled as moving loads using MATLAB
code. Afterwards, the results obtained from the code
were verified using vehicular modeling in SAP2000
(Figure 3.7). To get the maximum effect for lane loading
(LFR), different load combinations were applied to
the bridge. Figure 3.8 shows the consistency of results
obtained from SAP and BrR for different load patterns
for a 3-span slab bridge with a total span of 61 ft.
(this slab bridge was used for preliminary study and
verification with BrR, and is not among the bridge
samples considered in this study). Moreover, Figure 3.9
shows that the analysis results from MATLAB code and
BrR under truck loading (LRFR) and lane loading
(LFR) for a slab bridge (Sample #5) are in good
agreement.
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Figure 3.5 HS20 truck and lane loading (LFR).

3.3.2.2 Live Load Distribution Factor (LLDF). For
2D analysis, the live load distribution factor (LLDF)
determines the portion of the live load assigned to
a 1-ft. strip beam in slab type bridges and to interior
or exterior girder in T-beam type bridges. LLDF is

calculated based on specifications provided in Articles
4.6.2.2 and 4.6.2.3 from LRFR and Article 3.23 of LFR
specifications. For slab bridges, both LRFR and LFR
approaches consider longitudinal strips with an equi-
valent strip width per lane, E, for both shear and
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Figure 3.8 BrR and SAP results comparison for moment
envelope under HS20 load.

moment. The equivalent strip width was determined by
Equation 4.6.2.3-1 (LRFR) and Article 3.24.3.2 (LFR).
In order to compute the LLDF for interior and exterior
girders in T-beam bridges, equations provided in Tables
4.6.2.2.2b-1, 4.6.2.2.2d-1, 4.6.2.2.3a-1, 4.6.2.2.3b-1 of
LRFR and Table 3.23.1 of LFR specifications were
used. All T-beam bridges met the requirements to use
approximate formulations of LLDF provided in the
LRFR Specification. For reference, LFR specifications
specify the formula for LLDF based on the span length.
However, when the span length is greater than the
specified criterion, the lever rule method needs to be

interior and exterior girders, location of the trucks was
selected to produce the maximum effect. LLDF could
be also obtained by applying equilibrium of moment
about assumed hinge points (interior girder positions).
LLDFs for single-lane and multiple-lane loading were
compared to identify critical LLDF values for 2D anal-
ysis. Finally, all LLDFs are summarized in Table 3.3
and Table 3.4 for slab and T-beam bridges, respectively.
It should be noted that multiple presence factors from
Table 3.6.1.1.2-1 of LRFR and reduction factor from
Article 3.12.1 of LFR were applied to consider the
effect of number of loaded lanes. The LLDFs for bridge
Sample #5 and Sample #8 have shown a good match
with the ones reported by BrR software, which is not
included in this report.

For skewed bridges, skew factor was applied to
LLDF calculation in accordance to Tables 4.6.2.2.2¢-1
and 4.6.2.2.3c-1 of LRFR for moment and shear,
respectively. It must be noted that the skew factor was
not considered for slab bridges as well as T-beam
bridges following LFR specification. Skew factors for
the selected T-beam bridges are reported in Table 3.5.

3.4 Nominal Capacity

Nominal flexure and shear capacity of bridge super-
structures were calculated in accordance with specifica-
tions of both LRFR and LFR approaches. For slab
bridges, the capacity of a 1-ft. width beam strip was

Joint Transportation Research Program Technical Report FHWA/IN/JTRP-2019/13 7
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< i — ] i ———}lid Hi————IH
I,
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f P P P P, P P, 8 0.693  0.557 0.729  0.485 0.673 0.454
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Figure 3.10 Free body diagram of lever rule method (Barker

& Puckett, 2013).

TABLE 3.3
LLDFs for Flat Slab Bridges
Sample No. LRFR (12/E") LFR (1/2E)

1 0.097 0.098
2 0.080 0.072
3 0.084 0.086
4 0.090 0.095
5 0.086 0.084

'E is equivalent strip width per lane.

Skew Factor

Skew Factor

Sample No. Skew (degree) (Moment) (Shear)
6 30 0.944 1.103
7 30 0.942 1.094
8 0 1.000 1.000
9 15 1.000 1.059
10 30 0.951 1.124

calculated. For T-beam bridges, the capacity of each
interior and exterior girder was computed based on
flexure and shear reinforcement reported in the asso-
ciated bridge plans. Figure 3.11 and Figure 3.12 show
the beam sections considered for capacity calculations
for slab type and T-beam type bridges, respectively.
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3.4.1 Nominal Flexural Resistance

Specifications of Articles 5.7 (LRFR) and 8.16 (LFR)
were followed in order to evaluate the flexural capacity
of rectangular and T-section beams. Concrete compres-
sive strength and steel reinforcement yield strength were
obtained from information provided in bridge drawings.
When no information about concrete and reinforcing
steel was available, the values provided in Tables 6A.
5.2.1-1 and 6A.5.2.2-1 of MBE (AASHTO, 2011) were
used for compressive and yield strength, respectively,
based on year of bridge construction. For both LRFR
and LFR approaches, rectangular stress block was
assumed for compressive stress distribution. For all
T-beam bridges, since the compression flange thickness
was equal to or greater than the depth of the equivalent
rectangular stress block, the section has been considered
as a rectangular cross-section. For T-section beams,
the effective flange width was computed in accordance
with specifications of Article 4.6.2.6 and Article 8.10 of
LRFR and LFR, respectively.

Figure 3.13 demonstrates the rectangular section
assumed for T-section beams. In moment capacity equa-
tions, b, and by, were used as section width for positive
and negative flexure capacities. Figure 3.14 shows
section-by-section positive and negative moment capa-
cities of a slab bridge, Sample #3, as an example of

tslab
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vie e e @
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b = 1(ft)

Figure 3.11 Typical beam section of a slab bridge.

[ o o o
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Figure 3.13 Assumed rectangular section for interior girders
of T-beam bridges.
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Figure 3.14 Positive and negative moment capacity: (a) beam
strip of Sample #3 (slab bridge) (b) interior girder of Sample
#7 (T-beam bridge).

itslab

(b)

Figure 3.12 Typical beam section of a T-beam bridge: (a) exterior girder (b) interior girder.
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Figure 3.16 Bottom and top reinforcement arrangement over three spans of Sample #3.

results obtained by MATLAB code along the 1-ft. width
beam length. Vertical dashed lines indicate middle sup-
port positions. Figure 3.15 illustrates comparison
between results obtained by MATLAB and BrR
software for a flat slab (Sample #5) and a T-beam
bridge (Sample #8). As shown in the graphs, there is
a good agreement between the results.

3.4.2 Development Length Consideration

To perform a sectional load rating analysis, sectional
capacity was computed for rectangular beam of slab
bridges and interior/exterior girder of T-beam bridges.
Based on information provided in bridge plans about
reinforcement configurations, the capacity of each sec-
tion was calculated considering developed length of
reinforcing bar on each side of the considered section.
Articles 5.11.2 (LRFR) and 8.25 through 8.29 (LFR)
were followed to compute development lengths for
tension and hooked reinforcements. Figure 3.16 shows

top and bottom reinforcement arrangements on one
3-span bridge (Sample #1), where dashed lines repre-
sent support locations. In the graphs, the portions
marked in red show actual lengths of reinforcing bars
that are not fully developed and consequently con-
sidered to contribute only partially in flexure capacity
calculations. For all sample bridges, flexural capacity
improvement was observed when the reinforcement
is considered as being partially developed beyond the
development length instead of being neglected. Figure
3.17 illustrates the improvement in active rebar area for
both top and bottom reinforcements when partial
development length has been considered for moment
capacity calculations for one slab bridge, Sample #1
(green arrows illustrate the rebar area improvement
at one specific section). It is noted that development
length calculations were based on LRFR 2015 and 2016
interims, which aligns with the approach in BrR soft-
ware. In all selected T-beam bridges, cranked longi-
tudinal reinforcements were provided in the girders and
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Figure 3.18 Cranked longitudinal reinforcements of Sample #9: (a) arrangement at section view (b) reinforcement configuration.

it is assumed that only straight parts of the rebars
were fully developed. This portion is shown with a
dashed green line in Figure 3.18. According to the
results of a BrR analysis report, it was observed that the
same approach is used in the software for longitudinal
cranked reinforcements in the development length
calculations.

3.4.3 Nominal Shear Resistance

Sectional shear capacity was calculated according
to procedures in Article 5.8.3.3 of LRFR and Article
8.16.6 of LFR specifications. Shear capacity was deter-
mined by (1) the simplified approach and (2) detailed
approach in both LRFR and LFR Specifications.
Comparison of the results from two approaches indi-
cated that detailed approach is aligned with BrR
software. For slab bridges, only the contribution of
concrete was considered in establishing shear capacity
since no transverse reinforcement was provided. Trans-
verse bent bars were not considered to act as shear
reinforcement according to Articles 5.8.2.6 (LRFR)
and 8.19.3 (LFR). However, in the BrR analysis report
for a slab bridge Sample #05, it was deemed that the
vertical parts of transverse bent bars are assumed to

contribute to shear capacity. For sake of comparison,
this approach was followed in the analysis of the same
bridge using the MATLAB code (Figure 3.19a) while
for others, only concrete is considered to contribute
to shear capacity. For your reference, it was confir-
med that BrR does not consider these bars as bent
longitudinal reinforcement and includes them in shear
capacity calculations.

In T-beam bridges, the shear contribution of the
inclined portions of longitudinal reinforcements (red
dashed lines in Figure 3.18) was added to that provided
by stirrups. In the BrR report, this contribution was
considered by changing the total number of stirrups
and using equivalent spacing in that portion of the
girder length. As shown in Figure 3.19b, the results
from MATLAB and BrR are in good agreement. For
concrete shear capacity, impact of different aggregate
sizes was investigated, as there was no information
on concrete mix in any bridge plans (Figure 3.20a). The
results obtained using MATLAB are in good agreement
with those from BrR when using ag = 7/8 in. except
for some small differences at both ends. This could be
attributed to the trial and error procedure in the
shear capacity calculations (Appendix 5B of LRFR
(AASHTO, 2014)).
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Figure 3.20 Shear capacity comparison between MATLAB and

Sample #8 (LRFR approach, axle load).

3.5 Load Rating Procedure

The superstructure of each bridge was load rated
using methodologies consistent with LRFR and LFR
approaches. Demand and capacity calculations were
explained in previous sections, and in the following
sections, the remaining parameters in load rating equa-
tions will be discussed.

3.5.1 Load Rating Equations

Rating factor (RF) is a measure of bridge structural
condition. Depending on the rating level and rating
method, different truck/lane loadings are applied to
bridge structure to obtain structural demand. Bridge
capacity is evaluated under current structural condition
of the bridge. Herein, RF results for LRFR and LFR
approaches will be presented for the sample bridges.

LRFR Approach (MBE 6A.4.2.1-1):

RE— O.0.9* R, —ypc * DC—ypw * DW T yp x P
yrL * L(1 +1M)

(Eq.3.1)

where RF is the rating factor, R, is member resistance
and DC, DW, P, and L are dead load effect of
structural and nonstructural components, dead load

BrR for (a) concrete and (b) steel reinforcement for bridge

effect of wearing surfaces and utilities, permanent loads
effect, and live load effect, respectively.

In Eq. (3.1), system factor ¢, and condition factor ¢,
were selected for both slab and T-beam type bridges
according to Tables 6A.4.2.4-1 and 6A.4.2.3-1 of MBE.
The bridge condition was assumed to be “good” for all
bridges. The resistance factor, @, was chosen for both
moment and shear effects in accordance with Article
5.5.4.2 of LRFR specifications. From MBE, values
provided in Table 6A.4.2.2-1 were selected for dead
load factors, ypc and ypw, and the live load factor,
vLL. Dynamic load allowance factor, IM, was selected
from Table 3.6.2.1-1. All assumed values for the factors
are reported in Table 3.6.

LFR Approach (MBE 6B.4.1-1):

C—A1 * D

RF=— 1"~
A>+L(1+1)

(Eq.3.2)

Where RF is rating factor, C is the capacity and D
and L are dead and live load effects, respectively.

In Eq. (3.2), dead load factor, A;, and live load
factor, A,, were selected in accordance with the MBE
Article 6B.4.3 for both Inventory and Operating load
rating levels. Values considered for A; and A, are
provided in Table 3.7.
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The impact factor formula from Article 3.8.2 is
expressed as

50

3.5.2 Load Rating Results

The load rating procedures previously described were
applied to all ten bridges. The minimum load rating
factor for each sample and its corresponding con-
trolling action (moment or shear) are summarized in

TABLE 3.6
Values Considered for Different Factors
Oy @ @ YpC Ypw YLL IM
1 1 0.9 1.25 1.5 1.35 1.75 33%
TABLE 3.7

Values Considered for Dead Load (A;) and Live Load (A;)
Factors

Table 3.8 and Table 3.10. It should be noted that for
one bridge, different load rating factors according to
different scenarios were calculated, including truck/
lane loading, moment/shear effects, single/multiple-lane
loading, and interior/exterior girders. Detailed results
for moment and shear in each bridge are provided in
Table 3.8 and Table 3.10. These values serve as the
basis for the selection of the rating factors in Table 3.9
and Table 3.11. It should be mentioned that rating
factors were evaluated at a distance “d” from the face
of the support for shear, and at the support face for
negative moment. Moreover, total number of twenty
sections were selected to evaluate rating factors along
the bridge length for each sample. In the tables, the
values reported for locations are measured from the left
side of each bridge total length.

TABLE 3.9
Final Rating Factor Results: Slab Bridges

Sample No. LFR (Inventory) LRFR (Inventory) Controlling Effect

1 1.51 1.55 Moment
Load Rating Level Ay Ay 2 0.89 0.73 Moment
3 1.20 1.20 Moment
Inventory 1.3 2.17 4 0.99 0.96 Moment
Operating 1.3 1.3 5 0.46 0.47 Moment
TABLE 3.8
Detailed Rating Factor Results: Slab Bridges
Sample No. (Spans, ft.) Approach Level M Loc. (ft.) \% Loc. (ft.)
1 (18-25-18) LFR Inventory 1.51 50.8 2.1 13.6
Operating 2.52 3.5
LRFR Inventory 1.55 50.8 2.59 23.7
Operating 2.01 3.36
2 (48.9) LFR Inventory 0.89 24.4 3.1 5.4
Operating 1.48 5.18
LRFR Inventory 0.73 19 2.62 5.4
Operating 0.95 3.4
3! (30-42-30) LFR Inventory 1.2 79.3 2.59 68
Operating 4.32
LRFR Inventory 1.2 39.7 1.56 34
Operating 1.55 2.03
4 (21-28-21) LFR Inventory 0.99 35 1.95 42.8
Operating 1.65 3.26
LRFR Inventory 0.96 35 2.18 54.4
Operating 1.25 2.83
5 (32-42.5-32) LFR Inventory 0.46 23.7 2.46 35.5
Operating 0.76 4.11
LRFR Inventory 0.47 23.7 1.68 35.5
Operating 0.61 2.18

"It should be mentioned that for bridge Sample #3, a rating factor with zero value was observed, at one section for negative moment, and not
reported in Table 3.9. This occurred at the section lacking top steel reinforcement based on the bridge drawing detailing information (see Figure
3.14a). In this case, the next minimum value is reported as rating factor value.
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TABLE 3.10
Detailed Rating Factor Results: T-Beam Bridges

Moment Shear
Sample No. (ft.) Approach Level Int. Ext. Loc. (ft.) Int. Ext. Loc. (ft.)
6 (36) LFD Inventory 1.06 1.25 16.6 1.04 1.26 4.1
Operating 1.77 2.08 1.74 2.10
LRFD Inventory 1.13 1.19 16.6 1.60 1.90 12.4
Operating 1.47 1.54 2.07 2.46
7 (38) LFD Inventory 1.26 1.49 17.6 1.26 1.53 35.1
Operating 2.11 2.49 2.10 2.55
LRFD Inventory 1.32 1.42 17.6 1.35 1.61 15.4
Operating 1.70 1.84 1.75 2.09
8 (40) LFD Inventory 1.19 1.60 15.4 1.23 1.76 30.9
Operating 1.98 2.67 2.05 2.94
LRFD Inventory 1.15 1.31 15.4 0.97 1.31 23.2
Operating 1.50 1.69 1.26 1.70
9 (28) LFD Inventory 1.63 1.74 11.4 0.94 1.00 26
Operating 2.72 2.90 1.58 1.67
LRFD Inventory 1.58 1.75 11.4 1.80 2.27 27.6
Operating 2.05 2.26 2.33 2.94
10 (26) LFD Inventory 1.63 1.73 11.4 1.14 1.45 26
Operating 2.72 2.89 1.91 243
LRFD Inventory 1.82 1.58 11.4 1.72 1.67 27.6
Operating 2.36 2.05 2.22 2.16
TABLE 3.11
Final Rating Factor Results: T-Beam Bridges
Sample No. Approach (Inventory) Int. Girder Ext. Girder Controlling Effect
6 LFD 1.04 1.26 Shear
LRFD 1.13 1.19 Moment
7 LFD 1.26 1.49 Moment
LRFD 1.32 1.42 Moment
8 LFD 1.19 1.60 Moment
LRFD 0.97 1.31 Shear
9 LFD 0.94 1.00 Shear
LRFD 1.58 1.75 Moment
10 LFD 1.14 1.45 Shear
LRFD 1.72 1.58 Shear/Moment

As an example of each type bridge, load rating
factors for LRFR (inventory), evaluated at every selec-
ted section along the bridge length, are presented in
Figure 3.21 for Sample #5 (slab bridge) and Figure
3.22 for Sample #8 (T-beam), compared with results
from BrR. As it is observed from the graphs, the results
are in good agreement for T-beam bridge and shear
rating factors of flat slab while some mismatch exist
for flexure rating factors at some locations. Since the
capacity and the demand were matched for this case,
a possible reason for this inconsistency might be
attributed to the fact that results provided from BrR
are not necessarily the critical ones and they depend on
how user has defined the evaluation sectional points.

14

3.6 Summary of Findings

The obtained results from 2D study indicate that
further actions may be required for those bridges where
the associated rating factor is less than one (Samples
#3, #4, #5, #8, and #9). Sectional rating factor
analysis identifies vulnerable locations and correspond-
ing controlling effect and simplifies possible future
strengthening actions. Rating factors obtained from
Sample #2 and Sample #5 show significant moment
deficiency, which makes them be considered as can-
didates for possible retrofitting actions, posting, or
replacement depending on their current traffic count.
These bridges will be examined more closely through
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finite element analysis, where any potential improve-
ment could be obtained by considering 3D geometries.
Based on the results provided in Table 3.8 to Table
3.11, it can be observed that moment is the controlling
effect for most of the cases mostly happening in
locations where there is lack of reinforcement or where
reinforcement is not fully developed. Moreover, smaller
rating factors were obtained for interior girders in
most of the cases compared to exterior ones in T-beam
bridges. This observation could be attributed to larger
LLDF of interior girders according to values, as
presented in Table 3.4. The findings of this chapter
further reveal that some of the approximations in the
procedure can play a significant role in the 3D model-
ing task. First, refined analysis is expected to obtain
more realistic responses when analyzing the superstruc-
ture as a 3D structure instead of a 2D model. Second,
more realistic live load configurations need to be
applied to the whole superstructure instead of using
“averaged” live load distribution factor, which was
observed to significantly affect the load allocation to
beam strip in slab bridges and to interior/exterior gir-
der in T-beam ones. Third, as suggested by current
specifications, there are parts of the superstructure such
as railings and sidewalks that have been neglected to
contribute in shear and flexure capacity. The con-
tribution of these components will be considered in
3D modeling, possibly resulting in an increase in the

capacity and consequently improvements in the final
rating factors.

4. BRIDGE STRENGTH ASSESSMENT USING 3D
FINITE ELEMENT ANALYSIS

4.1 Introduction

As mentioned earlier, the aim of this project is to
explore the differences between 2D and 3D analysis in
bridge evaluations. In the previous work, each bridge
superstructure was analyzed for load rating using CLR,
which employs 2D beam analysis. In this chapter, 3D
Finite Element models for bridge superstructures were
analyzed using ABAQUS. Superstructure features along
with actual loading configurations were explicitly repre-
sented in the models. Potential modeling factors that
may affect FEA results were studied based on AASHTO
suggestions and recommendations from available litera-
ture, including element type, mesh size, support modeling,
and moving load application. A summary of assumptions
and verification studies for 3D analysis are presented in
the subsequent sections.

4.2 Modeling Assumptions

To set up the 3D modeling methodology using
ABAQUS, we start with the analysis of simply
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supported beams with rectangular and T-beam cross-
sections subjected to uniformly distributed dead load
and single moving load (Figure 4.1). The beam with
rectangular cross-section has the properties of an
existing single-span slab bridge (Sample #2) with a
strip width of 1 ft. and depth equal to slab thickness.
In the case of the T-section beam, the geometrical
properties of one interior girder in a T-beam bridge
(Sample #8) were used in the model. These simple
beams were studied as verification models to inves-
tigate the effect of element type, mesh size, support
positions, moving load application, and reinforce-
ment modeling on analysis results when compared to
corresponding 2D results. A PYTHON code was devel-
oped to calculate moment and shear responses from
ABAQUS stress outputs and obtain section-by-section
results comparable with the ones obtained from the 2D
procedure. After verification of beam models, the same
finite element parameters will be applied to the whole
superstructure models of the bridges.

4.2.1 Element Type and Mesh Refinement

The effect of different element types and different
mesh sizes were investigated for the finite element
study. To explore the element type effect, solid and

beam elements were used in the rectangular beam
model, while for the T-section beam, solid, shell, and
beam elements were considered for deck and girder
parts of the section. Figure 4.2 illustrates moment
responses for beams subjected to dead load when
different element types were used, compared to a
reference response obtained with 2D analysis. As it
can be seen in Figure 4.2a, when solid elements are used
for a rectangular beam, better results were obtained
near the support locations. It should be noted that for a
T-section beam (Figure 4.2b), due to the geometry
effect, the response obtained with solid elements differs
significantly from the 2D result. This difference may
be attributable to cross-section deformability, an effect
not accounted for in 2D beam analysis. To test this
hypothesis, the beam length was increased to decrease
the sectional geometry effect. Figure 4.3 shows that
results converged to the 2D response when larger span
length was used compared to the short one. Based on
these results, the solid element (C3D8R) was selected
for both slab and T-beam superstructure models, as this
element type is able to reflect the 3D behavior, with
results consistent with 2D analysis when appropriate.
Moreover, solid element allows full compatibility
between deck and edge components, such as railings
with an integral action between them, since the railings

beffecli\'e
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Figure 4.1 Simply supported beams: (a) rectangular (b) T-section.
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Figure 4.2 Moment response with different element types: (a) rectangular (b) T-section.
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could be modeled continuously with slab part to insure
the edge participation in longitudinal stiffening. Parti-
cularly for T-beam bridge model with solid elements,
full composite action could be imposed between slab
and girders to prevent any slip and displacement
between them.

A convergence study was carried out with variable
mesh sizes to find an appropriate element size that
achieves a good balance between accuracy and compu-
tational time. The convergence study was performed on
both a single-beam and full bridge models, compar-
ing the maximum moment values for each refinement
level. Figure 4.4 illustrates the moment responses for

rectangular and T-section beams subjected to a 1-kip
concentrated load moving over the beam span using
2-in., 3-in., 6-in., and 10-in. mesh sizes. It is shown that
the results did not change significantly beyond the 3-in.
mesh, suggesting that this element size is suitable for
the purpose of this study. Figure 4.5 shows maximum
moment values obtained at different locations along the
width of a slab bridge (Sample #2) and interior/exterior
girders of a T-beam bridge (Sample #8), when sub-
jected to single truck moving close to the left curb for diff-
erent mesh refinement levels. The bridge model (Figure
4.5), shows an average error value of about 6% between
mesh sizes 6 in. and 3 in. for the slab bridge model, and
3 in. and 2 in. for the T-beam model. Taking computa-

120 tional cost/time (illustrated on Figure 4.5 for slab type
o bridge) into consideration, element sizes of 6 in. and
100 ”,;”' \::\“ 3 in. were selected for the FE discretization of slab and
) Y \ T-beam bridges, respectively. Since the element height is
g 7 ‘\‘ I critical for the calculation of moment and shear responses
Y \ » solfag . ﬂ; and element dimension in longitudinal direction does not
P— 011 = . . . .
g / \ affect the results significantly, element longitudinal length
s Wro \ |----2D Ref. L84 ft) . g Y, © 18 g
. \ |— 2 Ret ¢4 was set at 10 in. for computational efficiency.
‘\
0 . 4.2.2 Model Partitioning
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Figure 4.4 Convergence study at beam scale: (a) rectangular beam (b) T-section beam.
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Figure 4.5 Convergence study at bridge scale: (a) slab bridge (b) T-beam bridge.
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similar procedure, the superstructure was partitioned
with 1-ft. strips in the 3D model such that the moment
and shear responses would be comparable with results
obtained from 2D analysis. The 1-ft. interior strips
comprise sections of the bridge slab, while railing and
sidewalk components are included in exterior strips as
illustrated in Figure 4.6a. Figure 4.6b shows the interior
and exterior girders partitioning approach for T-beam
bridges. Like the slab case, an exterior girder in the
T-beam model includes the sidewalk and railing.

4.2.3 Modeling Reinforcement

Longitudinal and transverse steel reinforcement was
modeled using 3D truss elements with 6 degrees of

exterior strip (E)

1(ft)

exterior girder (E)

|

(@)

freedom at each node to account for the effect of
reinforcements on the 3D distribution of stress in the
cross-section. The truss elements were fully embedded in
concrete elements to reflect a perfect bond between steel
and concrete (Figure 4.7). Figure 4.8 shows the influence
of including the (transverse or longitudinal) reinforce-
ment on calculated response for a flat slab bridge
(Sample #2) subjected to single truck loading. The
moment response decreased when including the long-
itudinal reinforcements in the model (Figure 4.8a), while
no significant effect was observed with transverse rein-
forcement as illustrated in Figure 4.8b. Therefore, for
the following bridge models, only longitudinal reinforce-
ments were considered in 3D FE modeling. It should be
noted that the graphs represent moment responses for

interior strips (I)

interior girders (I)

(b)

Figure 4.6 Bridge sections showing partitioning approach (a) slab bridge (b) T-beam bridge.

‘] K 1

section A-A

Figure 4.7 Reinforcement modeling (Sample #2).
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Figure 4.8 Reinforcement effect: (a) longitudinal rebars (b) transverse rebars.

two interior strips located under the truck axles (I-1
and I-10). Moreover, no significant difference was
observed in shear envelopes by including/excluding
reinforcement.

4.2.4 Modeling Supports

Recent finite element studies conducted on bridges
have observed that detailed modeling of supports using
rotational or linear springs does not have a significant
impact on FE results (Hasangebi & Dumlupinar, 2013;
Shahrooz et al., 1994). Therefore, supports were mode-
led using simple pins at one end and rollers at the other
end of the bridge span. In single-beam models, the
supports were positioned at the bottom of the cross-
section for rectangular beams. For T-beams, the effect
of different support locations was investigated by
applying the supports once on the slab level and the
other time on the centroidal axis of T-beam section.
Figure 4.9 illustrates results obtained with these two
different support positions in T-beam models discre-
tized with three different element types (i.e., solid-solid,
shell-shell, and shell-beam), respectively. The corre-
sponding moment envelopes under uniform dead load
are shown in the same figure. As it can be observed
from the graphs, changing support locations affects the
results significantly for solid element models (Figure
4.9a), while for the others, the differences are small
enough to be negligible (particularly for the shell-beam
models shown in Figure 4.9¢). The model with supports
positioned at the centroidal axis generates results closer
to the 2D reference. Since beam and shell models
assume rigid cross-sections centerline dimensions, with
lines and, correspondingly, supports, located at the
cross-sectional centroid, it is expected that the results of
2D beam and 3D shell models would produce results
consistent with 3D solid models with supports located
at the centroid. When the supports are placed at the
slab level, the moment reference, and therefore value,
is affected. However, for full bridge models, the sup-
ports were positioned at the bottom of the girders to be
consistent with bridge plans showing beams sitting on
the columns/abutments. Moreover, since no signifi-
cant effect was reported for soil and pier modeling in
literature, they were not considered in 3D analysis
(Ding, Hao, Xia, & Deeks, 2012; Shahrooz et al., 1994).

4.2.5 Modeling Moving Loads

To apply a moving load in the FEA model, a
cylinder-shaped rigid body representing the vehicular
load was applied to beam model and moved forward
step-by-step (Figure 4.10). A PYTHON code was devel-
oped to obtain the final moment and shear envelopes at
each section. Figure 4.11a demonstrates the moment
response obtained for each loading step, and the final
moment envelope obtained using PYTHON code is
shown in Figure 4.11b. To validate the moving load
modeling approach, the shear and reaction forces
obtained for each loading step were compared to
corresponding values from 2D analysis. Figure 4.12a
indicates a good agreement between the 2D and 3D
results for one loading step of three moving 1-kip
concentrated loads on a beam with rectangular
section. The resultant shear envelope for this case
also matched well with 2D results (Figure 4.12b).
Figure 4.13 compares the results obtained when the
moving load was applied in dynamic and static
manners. The difference between the two solution
schemes (dynamic and static) is due to the considera-
tion of bridge mass and corresponding inertia forces.
The results suggest a clear influence of dynamic
loads, with the maximum amplification of 50% at
the peak. It is important to point out that both 3D
analyses, like the 2D results, do not account for
dynamic impact caused by the vertical movements in
vehicles, due to the irregularities in roadway surface.
This effect was included using the impact factor (IM)
of 1.3 per AASHTO specifications.

After verifying the modelling approach for a sin-
gle moving load, a similar methodology was applied
to model the moving trucks. For truck modeling,
based on AASHTO recommendations, the wheel
loads were applied using a patch measured in 20-in.
length and 10-in. width with equivalent pressure uni-
formly distributed over the contact surface instead
of point loads to avoid stress concentration and con-
vergence problems, as reported in the literature (Shahrooz
et al., 1994).

The HL-93 and HS-20 truck configurations were
used for axle and lane loading in the 3D finite element
study. Single and multiple trucks were moved in the
longitudinal direction to obtain maximum results and
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Figure 4.10 Moving load model.

positioned transversely in different locations across the
bridge width to investigate the effect of lateral load
distribution (see Figure 4.14). Moreover, the trucks were
moved beyond the bridge deck to explore effect of partial
loading on moment and shear responses. The case of
two trucks moving opposite to each other were also
considered. The loading was applied considering a 2-ft.
distance between the first axle and the sidewalk curb, and
a minimum 4-ft. distance between trucks for multiple
truck loading cases. Figure 4.14 illustrates a case of
multiple-lane loading with trucks positioned 2-ft. from
the sidewalk curb and moving in opposite direction on a
single-span slab bridge with two traffic lanes.
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4.2.6 Material Properties 0.020
Material properties such as concrete compressive
strength (f.'), steel yield stress (f,), and corresponding 0.015
young modulus (£, E;) were extracted from design data g
if available, otherwise values suggested by the MBE ff P SN s
(AASHTO, 2011) were selected based on year of con- g el | Y N\ D‘::mi
struction. It was assumed that both materials are in 3 / \ —===2D Ref.
elastic range in FE analysis. > 0.005 |
4.3 Distribution Factor
0.000 - - : :
. 0 10 20 30 40 50
For each strlp/glrder,. moment an.d shear enyelopes Location (ft)
were obtained under different loading scenarios and

the maximum effect was used to calculate the “3D”
distribution factor. As expressed in Eq. (4.1), 3D live
load distribution factor (3D LLDF) was defined as
the ratio of maximum moment/shear effect obtained
from FEA to those from 2D analysis based on a simply
supported beam.

maximum moment /shear effect from finite element analysis (3D)

Figure 4.13 Dynamic vs. static loading.

This factor was calculated for interior/exterior strips
and girders of each bridge sample, subjected to single/
multiple loading lanes or truck/lane loading.

3D LLDF =

maximum response of a simply supported beam (2D)

(Eq.4.1)
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TABLE 4.1
3D LLDFs for Different Loading Configurations, Slab Bridges
3D LLDF
Int. Strip Ext. Strip Int. Strip Ext. Strip Int. Strip Ext. Strip
Loading By LRFR By LFR
Sample No.  Configuration Shear Positive Moment Negative Moment (2D) (2Db)
1 HS-20 (Truck) 0.070 0.241 0.056 0.666 0.021 0.393 0.097 0.098
HS-20 (Lane) 0.092 0.333 0.042 0.495 0.030 0.655
HL-93 0.070 0.259 0.059 0.807 0.023 0.514
2 HS-20 (Truck) 0.067 0.352 0.037 0.238 - - 0.080 0.072
HS-20 (Lane) 0.161 0.431 0.043 0.269 - -
HL-93 0.068 0.362 0.036 0.241 - -
3 HS-20 (Truck) 0.075 0.173 0.064 0.249 0.053 0.210 0.084 0.086
HS-20 (Lane) 0.090 0.180 0.054 0.189 0.046 0.218
HL-93 0.074 0.185 0.081 0.312 0.057 0.273
4 HS-20 (Truck) 0.072 0.307 0.062 1.261 0.020 0.624 0.090 0.095
HS-20 (Lane) 0.103 0.361 0.050 0.812 0.016 0.616
HL-93 0.074 0.382 0.065 1.667 0.022 0.813
5 HS-20 (Truck) 0.070 0.314 0.033 0.374 0.029 0.471 0.086 0.084
HS-20 (Lane) 0.086 0.360 0.044 0.328 0.025 0.492
HL-93 0.072 0.317 0.036 0.452 0.033 0.628

The final critical 3D LLDF (per lane) values are
reported in Table 4.1 and Table 4.2 for slab and T-beam
bridges, respectively. The results reported in Table 4.1
show that 3D LLDFs for exterior strips are significantly
larger than those calculated in interior ones. This is due
to the increased stiffness of exterior strips, caused by the
presence of the railings, when compared to interior ones.
A similar pattern can be observed for T-beam bridge
distribution factors for moments, while 3D LLDFs for
shear are larger in interior strips compared to exterior
ones. This can be attributed to the loading configura-
tions, where truck loading is applied on one of the

interior girders, producing large shear response in the
corresponding girder (loading was not applied exactly
over exterior girders due to 2-ft. distance between axles
and curb specified in the code).

4.4 Capacity Calculation

Moment and shear capacities were calculated sepa-
rately for interior and exterior strips/girders. Figure
4.15a and Figure 4.15b illustrate sections considered for
capacity calculation in the 3D approach for exterior
strips and girders, respectively, and include any present
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TABLE 4.2
3D LLDFs for Different Loading Configurations, T-Beam Bridges

3D LLDF By LRFR (2D) By LFR (2D)
Sample Loading Int. Ext. Int. Ext. Int. Ext. Int. Ext.
No. Configuration Moment Shear Moment Shear Moment Shear Moment Shear Moment and Shear

6 HS-20 (Truck) 0.415 0.497 0.517 0.470 0.720 0.899 0.634 0.662 0.750 0.600
HS-20 (Lane) 0.440 0.588 0.619 0.410
HL-93 0.409 0.526 0.527 0.456

7 HS-20 (Truck) 0.374 0.491 0.522 0.477 0.723 0.882 0.636 0.649 0.743 0.590
HS-20 (Lane) 0.353 0.441 0.640 0.539
HL-93 0.375 0.513 0.535 0.459

8 HS-20 (Truck) 0.482 0.513 0.499 0.471 0.693 0.729 0.557 0.485 0.673 0.454
HS-20 (Lane) 0.429 0.450 0.464 0.559
HL-93 0.504 0.516 0.483 0.475

9 HS-20 (Truck) 0.344 0.453 0.524 0.455 0.731 0.847 0.619 0.568 0.730 0.510
HS-20 (Lane) 0.490 0.561 0.895 0.803
HL-93 0.342 0.472 0.540 0.452

10 HS-20 (Truck) 0.386 0.514 0.553 0.439 0.646 0.836 0.498 0.501 0.689 0.430
HS-20 (Lane) 0.447 0.802 0.862 0.708
HL-93 0.374 0.561 0.555 0.442

()

Figure 4.15 Sections considered for capacity calculation for exterior (a) strip (b) girder.

(a)

Figure 4.16 Strain distribution: (a) normal (b) shear.

railings or sidewalks. For interior ones, sections used in
capacity calculations for the 3D approach are the
similar to the ones used in 2D rating. For slab bridges,
the railing section was considered to be contributing in

(®)

moment and shear capacity for exterior strips, while for
T-beam bridges, observed normal and shear strains
patterns suggest that railings mainly add to moment
capacity. Figure 4.16 displays the strain distribution in
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Figure 4.17 Moment capacity calculation procedure for exterior strips/girders.

one exterior girder section, and shows normal strain
developed on railing and girder parts while shear strain
is mainly developed in the girder web (no contribution
from railing in shear). For both types of bridges,
moment capacity was improved due to an increase in
moment arm length.

Since several layers of reinforcement were provided
in the railing sections, the location of the neutral axis
was calculated via a trial and error procedure using a
flowchart shown in Figure 4.17. After determining the
neutral axis location, rebars above and below the axis
were considered active in compression and tension,
respectively.

4.5 Rating Factor

For each bridge sample, the critical loading scenario
and its corresponding controlling effect (moment/shear)
was determined based on results obtained from 3D
analysis. The load rating factor was calculated follow-
ing the same equation provided in the 2D approach
(Eq. 3.1 and Eq. 3.2) but without LLDF applied to
live load responses. For exterior strips/girders, the rail-
ing contribution was also included in capacity calcula-
tions. Final rating factors are reported in Table 4.3 and
Table 4.4 for slab and T-beam bridges, respectively.
Comparing rating factor values obtained from 2D and
3D analyses, a noticeable improvement can be observed
for both slab and T-beam bridges, with all bridges
except one (Sample #2) showing rating factors above
one. This bridge (Sample #2) will be further examined
in the following sensitivity analysis section to gain
further insight on possible improvement in load carry-
ing capacity. With the exception of Sample #2, all
bridge samples that had exhibited rating factors below
one in 2D analysis, have satisfactory load results when
analyzed in 3D. In slab bridges, average rating factors
obtained from 3D analysis for moment are 3.7 and 2.7
times larger than the corresponding 2D values for
interior and exterior strips, respectively. These ratios
are 1.2 and 6.2 for shear. Similarly, in T-beam bridge
samples, the ratio between 3D and 2D moment rating

factors are 2.2 and 3.5 for interior and exterior girders,
respectively. The corresponding value for shear is 1.5
for both girder types. Moreover, by comparing the
values provided in Table 3.8 and Table 3.10 (2D) with
Table 4.3 and Table 4.4 (3D), it can be observed that
for interior strips of slab bridges and interior/exterior
girders of T-beam ones, moment ratings show higher
improvements than shear ratings. For interior strips of
slab bridge samples, the shear rating factor increased
significantly due to contribution of shear reinforcement
provided in the railings (see Figure 4.15a).

4.6 Summary of Findings

The results of 3D analysis demonstrate that para-
meters such as type and size of the element, type of the
loading, and load positioning, have a clear impact on
FEA results. Based on observed sensitivity of load
positioning in lateral direction to live load distribution
factor, it seems that considering one single distribution
factor for the whole superstructure and all loading
scenarios may not be effective to reflect actual lateral
distribution of live loads. Based on FE results, the edge
stiffening attributed to railings allocates a large por-
tion of the response (both moment and shear) to
exterior strips/girders and decreases the share of interior
ones significantly. Therefore, the LLDF calculated for
interior strips/girders are smaller compared to those
obtained from formulation suggested by AASHTO
specifications. On the other hand, distribution factors
of exterior strips/girders are larger than those obtained
from 2D analysis. It should be noted that larger LLDF
values for theses exterior strips/girders did not lead to
critical rating factors since capacity was also improved
due to the structural contribution of the reinforced
concrete railing. In total, rating factors obtained
from 3D analysis are greater than those obtained using
the 2D approach for both LFD and LRFD methods.
Greater share of demand absorbed by the edges
indicates the importance of geometrical feature with
large stiffness such as railings in demand distribution.
Other bridge geometrical characteristics such as skew
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TABLE 4.3

3D Results, Rating Factors of Slab Bridges

Int. Strip Ext. Strip
Sample No. (Span, ft.) Approach Level M Loc. (ft.) \% Loc. (ft.) M Loc. (ft.) \%4 Loc. (ft.)
1 (18-25-18) LFD Inventory 4.44 57.6 2.89 23.7 4.30 47.4 14.0 23.7
Operative 7.41 4.82 7.18 235
LRFD Inventory 5.99 27.1 3.13 23.7 3.91 47.4 14.0 37.3
Operative 7.77 3.81 5.06 18.1
2 (48.9) LFD Inventory 5.05 32.6 3.02 13.6 1.14 29.9 7.93 5.4
Operative 8.43 5.04 1.91 13.2
LRFD Inventory 4.43 32.6 3.33 8.1 0.87 29.9 6.89 54
Operative 5.74 4.31 1.12 8.94
3 (30-42-30) LFD Inventory 2.37 79.3 1.45 34.0 1.86 11.3 12.7 62.3
Operative 3.96 2.41 3.10 21.2
LRFD Inventory 2.16 79.3 1.50 34.0 1.64 11.3 11.8 62.3
Operative 2.80 1.68 2.13 15.3
4 (21-28-21) LFD Inventory 3.86 31.1 1.91 38.9 5.96 31.1 22.8 42.8
Operative 6.44 3.19 9.95 38.0
LRFD Inventory 3.86 31.1 2.92 38.9 5.52 31.1 23.1 38.9
Operative 5.00 3.65 7.16 30.0
5 (32-42.5-32) LFD Inventory 1.38 82.8 1.74 71.0 1.64 35.5 8.52 71.0
Operative 2.30 2.90 2.74 14.2
LRFD Inventory 1.19 82.8 1.82 71.0 1.25 71.0 7.86 71.0
Operative 1.54 2.04 1.62 10.2
TABLE 4.4
3D Results, Rating Factors of T-Beam Bridges
Int. Girder Ext. Girder
Sample No. (Span, ft.)  Approach Level M Loc. (ft.) v Loc. (ft.) M Loc. (ft.) \% Loc. (ft.)
6 (36) LFD Inventory 2.45 14.5 2.22 24.8 4.18 20.7 3.00 24.8
Operative 4.09 3.71 6.98 5.00
LRFD Inventory 2.50 16.6 2.57 24.8 4.34 20.7 3.62 24.8
Operative 3.24 3.33 5.63 4.70
7 (38) LFD Inventory 3.11 19.8 1.83 24.1 4.49 21.9 2.13 4.4
Operative 5.19 3.06 7.49 3.55
LRFD Inventory 3.10 19.8 2.16 24.1 4.67 21.9 2.49 4.4
Operative 4.02 2.80 6.06 3.23
8 (40) LFD Inventory 2.50 13.5 1.24 23.2 3.80 19.3 1.54 11.6
Operative 4.17 2.07 6.34 2.57
LRFD Inventory 2.58 15.4 1.49 23.2 3.98 19.3 1.84 11.6
Operative 3.35 1.93 5.16 2.38
9 (28) LFD Inventory 3.28 11.4 2.05 27.6 6.36 17.9 2.43 1.6
Operative 5.48 3.42 10.6 4.05
LRFD Inventory 3.40 11.4 2.32 27.6 6.73 17.9 3.01 1.6
Operative 4.41 3.01 8.73 391
10 (26) LFD Inventory 3.77 14.6 2.12 27.6 5.38 16.3 1.53 24.4
Operative 6.29 3.54 8.98 2.56
LRFD Inventory 3.93 14.6 2.39 27.6 5.65 16.3 2.02 4.9
Operative 5.10 3.10 7.33 2.62
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angle, slab thickness, support area, and spacing
between the girders are also considered as potential
factors influencing the LLDF. These observations serve
as the basis for sensitivity analysis performed in the
following chapter.

5. SENSITIVITY ANALYSIS OF GEOMETRICAL
PARAMETERS

5.1 Introduction

The tools of 3D computational modeling allow an
accurate representation of the effect of bridge geometry
on structural response. This chapter aims at investi-
gating the sensitivity of bridge response to several
geometric parameters. Based on the observations made
in Chapter 3 and Chapter 4, these study parameters
were identified as slab thickness, support area geome-
try, girder spacing, diaphragm thickness, railing height,
and skew angle. Some variables were studied only in
slab bridges, such as slab thickness and support area,
while others such as girder spacing and diaphragm
thickness, were investigated in T-beam bridges. Railing
height and skew angle were studied in both. Table 5.1
summarizes the parameters and their corresponding

TABLE 5.1
Study Parameters and Ranges

range of variation, which were determined from the
corresponding values in the sample bridges. A sensitiv-
ity analysis was conducted on each parameter to
observe the impact of changes in parameter value on
analysis response.

5.2 Reference Models

The bridge models created in Chapter 4 differ from
each other in more than one of the above-identified
parameters. Therefore, in order to isolate the effect of
each individual parameter in the sensitivity study,
reference models were created for each bridge type
such that each bridge model created in this study would
involve a variation on a single parameter. Two different
reference models were created using solid elements
(C3D8R) for each bridge type, shown in Figure 5.1.
The slab bridge reference model consists of 45 interior
1-ft. strips and two exterior strips, while the T-beam
bridge model has four interior girders and two exterior
girders. Both reference models are single-span, unless
otherwise specified, and their geometrical properties
were determined based on average values of the bridge
samples studied in Chapter 4. The sensitivity study is

Parameter Values (or Range)

Slab Bridges T-Beam Bridges Unit
Railing Height (h,) 0, 10, 20, 40 0, 10, 20, 40 inch
Skew Angle (/) 0, 10, 20, 40, 60 0, 10, 20, 40, 60 degree (°)
Slab Thickness (t;) 15, 20, 30, 2040 n/a inch
Support Modeling area, line n/a -
Diaphragm Thickness (tg)* n/a 0, 5, 10, 20 inch
Girder Spacing n/a even, uneven (#1 and #2) -

204: Various thickness along the bridge length, while the average thickness keeps 20.

n/a: Not applicable.
*Thickness = diaphragm area/bridge width.

45 interior 1-ft strips

exterior strip
4

span length: 50 (ft)

20 in. 20 in.

i 1

580 in.
(@)

exterior girder

4 interior girders

span length: 35 ft

480 m.
|7m.
] W7o W
— b
68 . 20 m.
(b)

Figure 5.1 Reference models for sensitivity analysis: (a) slab bridge (b) T-beam bridge.
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focused exclusively on assessing demand, and therefore
capacity calculations, including appropriate reinforce-
ment, are not taken into account. It is useful to keep in
mind however, that placement of longitudinal reinfor-
cement may lead to a reduction in moment demand
by about 10% to 20%, as observed in Figure 4.8.
This is due to the change in stress distribution over the
cross-section, with the concentration of tensile stresses
in the longitudinal reinforcement and a reduction of
maximum tensile and compressive stresses in other
parts of the area, which leads to a reduction in moment
demand.

For the slab bridge model, supports were positioned
at each bottom edge with the lines of pin at one side and
roller at the other side, whereas for T-beam model,
the same supports were applied on the bottom edges of
the girders.

5.3 Railing Effect

To evaluate the effect of railings on bridge demand,
railings on each side were added to the reference model.

12'37 3” 59-:

For reasons discussed in Chapter 4.2.1, solid elements
(C3D8R) were used for modeling the railings, allowing
for the full compatibility between deck and railing.
Railing geometries were determined from average
values reported in the sample studied in Chapter 4,
based on bridge structural drawings (Figure 5.2). Four
different railing heights, specified in Table 5.1, were
considered to examine the trend with respect to height.

Figure 5.3 compares moment and shear demands
for the reference slab bridges with and without railing
of 40 in. The bridges are loaded with a single moving
HL-93 truck, and moment and shear demands were
obtained for individual strips. In the figures, the
moment or shear value reported for a given strip num-
ber is the maximum of value along the bridge length on
that strip. The two peak moment/shear values observed
at two interior strips correspond to the locations of the
two truck axles. For moment response, the presence of
railings leads to a significant decrease for interior strips
and increase for exterior strips, by at most 15.1 kip-ft.
(0.3 times reduction) and 112.9 kip (4.3 times increase),
respectively. For shear, only exterior strips show an

(b)

30

<« e re >
A
h,
v
A |
t |
|
o I
|
v 1
(@)
Figure 5.2 Railing geometries at section of (a) slab bridge (b) T-beam bridge.
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Figure 5.3 Comparison of demand between with and without railings of 40 in. for slab bridge reference model (a) shear

(b) moment.
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Figure 5.4 Moment and shear change w.r.t railing height (a) slab bridge (b) T-beam bridge.

obvious increase by 8.8 kip (1.9 times increase). This
comes from the fact that presence of railings leads to
the stiffness increase of exterior strips, and consequent
relative decrease of interior ones.

Changes in moment and shear demands for different
railing heights are shown in Figure 5.4, where the
demand ratio represents a normalized demand value
calculated by dividing demand with different railing
heights by that in the identical bridge without railings.
By such definition, demand ratio without railings (i.e.,
hr = 0) is always “17”, and thus the trend with increasing
railing height can be easily read. In all the following
figures, results are expressed in the form of ratios with
respect to the reference model to better illustrate the
effect of each individual parameter. As observed from
the previous example, it is now more obvious that
higher railing height results in a bigger increase in
moment demand for exterior strips as well as a more
obvious decrease in moment of interior strips. Change
in shear demand with respect to railing height was
shown to be relatively less compared to moment.

In addition, a 3-span slab bridge reference model was
examined to study the effect of railing on demand in
multiple-span bridges. Figure 5.5 depicts the effect of
span numbers on demand in slab bridge with railings,
where 1-span and 3-span bridge models with 40-in
railings were compared. Unlike the 1-span bridge, posi-
tive and negative moments are now separately con-
sidered. The comparisons show that all demands (shear,
positive and negative moments) were reduced in the
3-span bridge compared to the 1-span case. It should be
mentioned that 3-span T-beam bridges were not stu-
died, as all such bridges considered in this study have
simply supported condition.

5.4 Skew Effect

Six discrete skew angles ranging from 0 to 60 degrees
were considered to assess sensitivity with respect to
skew angle. Results shown in Figure 5.6 suggest that
bridges with higher skew angles showed degreased

(b)
2 o
Ref:1span | [T Ratio = 1
o —&—|Int.
§ 1 = —¥%—Ext.
5 N
0 .
1 3
span number
2 .
o Ref.: 1-span e Ratio = 1
% —&—Int.
=1 ——Ext.
x \
=
0 i
1 3
span number
2 .
Ref:1-span |7 Ratio = 1
g —8—Int.
£ 1 E\E‘ —>—Ext.
s
0 "
1 3

span number

Figure 5.5 Effect of span numbers on demand of slab bridges
with railing height of 40 in.

moments in interior and exterior strips for slab and T-
beam bridges. The trend for shear demand is not
obvious except for the observation that shear for T-
beam bridges was less affected by variations in skew
angle. For slab bridges with a skew angle of 40 degrees,
the effect of span numbers is shown in Figure 5.7,
where all demands decreased in bridges with 3 spans
compared to 1-span bridges.

5.5 Slab Thickness Effect

For slab bridges, deck thickness could be a critical
factor that affects structural demand. Three different
deck thickness values of 15 in., 20 in., and 30 in. were
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Figure 5.6 Moment and shear change w.r.t skew angle (a) slab bridge (b) T-beam bridge.
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Figure 5.7 Effect of span numbers on demand of slab bridges
with skew angle of 40 degrees.

investigated, and the results are given in Figure 5.8. The
analyses focused on the effect of increased stiffness
without taking into account variations in dead load.
It was shown that with increased thickness from 15 in.
to 30 in., shear demand decreased to 0.88 (interior)
and 0.88 (exterior), while moments increased to 1.11
(interior) and 1.15 (exterior) in the ratio term.
Moment and shear trends with respect to slab
thickness can be attributed to the fact that an increase
of deck thickness leads an increase of the shear depth
resulting in shear demand reduction, but also to an
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Figure 5.8 Moment and shear change w.r.t slab thickness
(slab bridges).

increase of the moment arm (length) causing a rise in
moment demand.

Since the bridge samples studied in Chapter 4
included a bridge with variable thickness along the
bridge length (Sample 3), we investigate the difference
in demand estimates between bridges with constant and
variable thicknesses. Figure 5.9 shows the longitudinal
sections of 3-span bridge models with either constant or
variable thickness. The model with variable thickness
was assumed to have the average thickness of 20 in.,
which corresponds to the constant thickness in the
companion model, and both models include railings
with height of 40 in. The comparison of the two
models indicates that in overall, demand can differ,
although their thickness is the same in average
(Figure 5.10). For shear, variable thickness resulted
in the increase for interior strips and decrease for
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average support length of 24 in. for 1-span, and 30 in.
for 3-span bridges. For reference, in the case of line
supports, the support area, and therefore equivalent
length, becomes zero. The analysis results from line and
area supports illustrates that for both 1-span and
3-span bridges, area supports brought about the reduc-
tion in both moment and shear in comparison with line
supports (Figure 5.12). For instance, shear of 3-span
model with area supports reduced to 0.57 and 0.76
(interior and exterior), while positive moment reduced
to 0.70 and 0.48 (interior and exterior). In sum, the
effect of area support modeling appears to be more
prominent in 3-span bridges than in I-span bridges.
The demand reduction effect is caused by the stress
distribution over the area.

5.7 Diaphragm Effect

It is usual that T-beam bridges include diaphragm
on support position. Figure 5.13 depicts the demand
change with respect to four distinct values of dia-
phragm thickness, where the thickness of zero repre-
sents no diaphragm. The results indicate that the

Figure 5.9 Slab thickness type (slab bridge): (a) constant thickness (b) variable thickness.
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Figure 5.10 Moment and shear change according to slab
thickness type (slab bridge with railing height of 40 in.).

exterior strips, 1.05 and 0.78, respectively, in the ratio
term. This arises from the shear depth increase in
interior strips, leading to the relative stiffness gain of
interior strips and lose of exterior strips. The positive
moment of both interior and exterior strips decreased
to 0.80 and 0.90, respectively, due to the variable
thickness effect, while the negative moment increased
to 1.54 and 1.16.

5.6 Support Area Effect

As stated earlier, in the slab bridge reference model,
supports were modeled with pin and roller lines, which
may not be a good representation of real bridge support
conditions. A more realistic modeling approach con-
siders a finite contact area between the bridge super-
structure and its supports, as described in Figure 5.11.
The figure shows the longitudinal section views of
the l-span and 3-span bridge models, indicating the
support length (support area divided by bridge width)
of each model. According to the drawings of the sample
bridges, bridges sit on piers/columns (supports), with
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diaphragm effect is negligible.

5.8 Girder Spacing Effect

The effect of girder spacing variations was studied
using three different cases described in Figure 5.14.
In the first case, the girders are evenly spaced, while
uneven girder spacing is assumed in the latter two cases.
All the three have the same average spacing of 68 in.
It is shown from Figure 5.15 that different girder
spacing schemes change the shear demand in the order
of 0.97 and 1.14 (interior and exterior) for uneven case
#1, moment in the order of 0.96 and 1.13 (interior and
exterior) for uneven case #2. It is deemed that larger
spacing between interior girders makes those girders
take more stress, consequently lessening stress in the
exterior girders. Furthermore, it indicates that aver-
aging the girder spacing cannot reflect actual load
distribution on girders.

5.9 Summary of Findings

In this chapter, a sensitivity study was conducted
to assess the impact geometrical parameters, includ-
ing railing height, skew angle, slab thickness, support
area, diaphragm thickness, and girder spacing, on
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Figure 5.13 Moment and shear change w.r.t diaphragm
thickness (T-beam bridge).

demand in flat-slab and T-beam bridges. The fol-
lowing observations were made on the effect of these
parameters:

Railing height was confirmed as a parameter that
produced the most drastic change in moment and shear
demands of bridges. Particularly, changes in moment and
shear demands for exterior strips were more prominent
than those of interior strips. This is due to the increased
stiffness, caused by the presence of railings, of exterior
strips. It follows increasing demand at those locations,
and consequently decreasing the relative stiffness and
associated demand for interior ones. This increase in
demand for exterior strips is counteracted with an
increased capacity at these locations.

An increase in skew angle was found to cause a reduction
in moment and increase in shear for both 1-span and
3-span bridges, which is consistent with AASHTO recom-
mendations for skew factor.

For slab bridges, the effect of slab thickness was
relatively small and slab thickness variation along the
bridge length showed a slight reduction in moment.
The importance of modeling the support area was found
by comparing the results obtained assuming line supports
and models incorporating area support. Models with
area support showed a decrease in both moment and
shear when compared to the models with line supports.
For T-beam bridges, the effect of diaphragm thickness
was observed to be negligible.

Models with uneven girder spacing produced diffe-
rent moment and shear demands depending on the
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even

girder locations in comparison with those where
girders were spaced evenly at intervals. An uneven
girder spacing scheme with larger spacing between
interior girders led to higher stresses in those girders,
causing higher moment and shear demand. It follows
that exterior girders took the relatively lower moment
and shear.

In sum, the geometrical characteristics studied above
were shown to have a significant impact on structural
demand in bridges, with the exception of diaphragm
thickness (negligible effect) and the slab thickness
(minor effect). Some of these factors are not reflected
in the methodology outlined in AASHTO specifications
and may potentially be a source of overestimation or
underestimation of demands on bridges by current
specifications. Above all, effect of railings needs to
be properly considered when the deck and railings
are properly anchored by reinforcement. A potential
improvement of current procedures may be in the form
of a modified lateral load distribution factor that
reflects the effect of geometric parameters for easy use
by structural engineers. These observations form the
basis for the discussion and proposed implementation
presented in Chapter 6.
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6. DISCUSSION OF RESEARCH FINDINGS
6.1 Introduction

In this study, ten RC bridges were evaluated using
two different procedures. In the first approach, the
bridges were rated using the CLR approach, which
relied on 2D beam analysis to estimate demands. The
results of CLR were then compared with demand and
capacity estimates obtained using 3D finite element
analysis of bridge super-structure models. The evalua-
tion of rating factors focused on differences between the
two approaches regarding the distribution of live and
dead loads as well as capacity calculations, since these
are crucial parts of the RF equation. It was observed
that modeling the bridge superstructure in 3D with all
geometrical features included could affect the distribu-
tion of loads and consequently final values of RF. In
the following sections, the main differences observed
between the two approaches are discussed.

6.2 Demand Estimation

Demand evaluation is one of the key components of
load rating procedures. The findings of this study
indicate that moment and shear responses estimated in
2D and 3D approaches differ for both dead load and
live load applications. In the 2D approach, the dead
load was calculated according to geometrical dimen-
sions of the superstructure and evenly distributed over
beam-strips (slab bridges) and girders (T-beam), while
in 3D, the superstructure weight was considered by
the gravity application to the superstructure model.
Figure 6.1 illustrates the difference between moment
responses obtained from the two approaches for two
bridge samples, and results indicate that dead load
(DC) response might be overestimated in 2D analysis
for interior strips/girders. This finding suggests that
distributing the weight of all structural and nonstruc-
tural components evenly over the bridge deck could
exaggerate the share of interior deck portions, resulting
in higher values for DC. In Figure 6.1, the colored
graphs indicate interior strip/girder moment envelopes
from 3D analysis, and they are compared to the 2D
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Figure 6.1 Moment response comparison for interior strips/girders: (a) Sample #1 (b) Sample #7.

envelope shown with black dashed-line. Only moment
envelopes are illustrated in the graphs since such diffe-
rence was more prominent in moment responses rather
than shear.

To investigate differences between live load applica-
tions in the two methods, distribution factors calculated
based on formulations suggested by AASHTO specifi-
cations were compared to those obtained from finite
element analysis as explained in Chapter 4.3. Figure 6.2
demonstrates the difference between LLDFs of interior
strips/girders obtained from 2D and 3D methods for
different load configurations used for the evaluation.
The results showed that in most of the cases, the
distribution factor obtained from approximate formu-
las in AASHTO (shown as the horizontal lines in the
parts of Figure 6.2) are larger than those from 3D
analysis. The one exception is that under lane-load
application specified by LFD, the shear distribution
factors obtained from 3D analysis are larger compared
to 2D ones. This could be attributed to the effect of a
large value of point load (26 kips) application over
the traffic lane, resulting large shear stresses. More-
over, it is observed that distribution factors for
moment were affected more than those for shear
when using 3D FEA, resulting in smaller distribution
factors for moment compared to those for shear. This
result suggests that LLDF's should be given separately
for estimation of moment and shear demand. This is
an approach presently not recommended for flat-slab
bridges in the specifications (AASHTO, 2002, 2014).
In flat slab bridges, LLDFs for interior strips decrea-
sed by average of about 18, 37, and 62% for shear,
positive moment, and negative moments, respectively.
In total, the impact of 3D analysis on distribution
factors is more significant for negative moment than
positive moment, which could be attributed to the
effect of continuity of spans in the model. Similarly,
in the case of T-beam bridges, 3D distribution factors
are smaller than 2D values for interior girders with an
average decrease of almost 43% and 37% for moment
and shear effects, respectively. Additionally, unlike
exterior strips in slab bridges, LLDFs of exterior
girders were improved in all cases except for bridge

#10, which has the taller railing among all bridge
samples.

6.3 Effect of Geometrical Parameters

Based on results obtained from 3D analysis, several
geometrical parameters influencing the 3D FE analysis
results were selected for a more detailed parametric
study performed in Chapter 5. Railing height, skew
angle degree, diaphragm width, slab thickness, and
girder spacing were selected as potential influential
geometrical parameters. The parametric study results
indicated that railing height and skew angle were the
more significant parameters. The increment of both
mentioned parameters had a beneficial effect, espe-
cially on the moment response of the two bridge
types. Figure 6.3 shows maximum moment values
obtained for interior strips/girders for different values
of railing height and skew angle. In the Figure, the
x-axis indicates variable ranges of railing height and
skew angle. The results indicated that by increasing
both variables, moment response decreases. How-
ever, the railing height was the more significant
parameter for the bridge types considered. It can be
also observed that beneficial contributions due to the
presence of the railing decrease beyond a railing
height of 40 in. This observation confirms that railing
height and skew factor have a discernible impact on
demand estimation and, consequently, on load distri-
bution factors. In current distribution factor for-
mulations (AASHTO, 2014, 2002), the presence of
railing is neglected, and its weight is distributed on
the bridge slab, whereas in the 3D analysis, the results
suggested that railings contribute significantly to
both demand and capacity calculations for exterior
strips. Although skew factor is considered for T-beam
bridges, it is ignored for slab type bridges. The find-
ings of the parametric study showed favorable impact
of railing/sidewalk and skew features on demand
evaluation if implemented in LLDF formulation.
Including the RC railing in superstructure model-
ing could decrease the moment response up to 65%
and 27% for slab and T-beam bridges, respectively.
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Figure 6.2 LLDFs comparison for interior strips/girders: (a) slab bridge (b) T-beam bridge.

Additionally, implementing the skew factor in deck
modeling resulted in 58% and 33% reduction in mo-
ment values obtained for slab and T-beam bridges,
respectively.

By comparing the moment responses obtained for
I-span and 3-span slab bridge models (Figure 6.4), it
can be observed that the moment reduction is more
significant for 1-span bridges (larger slope) when
increasing the railing height from 0 to 40 in. It follows

that number of spans could play a role in effectiveness
of geometrical features and consequently the LLDFs.

6.4 Capacity Calculation

In the evaluation of rating factors, moment and
shear capacities were calculated for interior and exterior
strips/girders, separately. With the inclusion of railings,
exterior strips attracted higher stresses, due to an
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increased stiffness, and were therefore allocated a
greater share of loads. Despite the increase in demand,
an increase in capacity led to rating factors above the
critical value of one. Figure 6.5 demonstrates the
moment capacity of exterior strip/girder incorporated
with railing compared to one without. Larger cross-
section of the edge beams and a great amount of
reinforcement provided in them resulted in significant
increases in capacity as shown in the figure. As

(b)

Moment capacity of interior and exterior strips/girders: (a) slab (b) T-beam.

discussed in Chapter 4, the contribution of edge strip/
girder cross-sections in moment and shear capacity was
determined based on observation of normal and shear
strain developments in finite element model. Therefore,
in slab bridges, railing section could be considered
contributing in moment and shear capacity of exterior
strips while for T-beam bridges, the railing part was
considered being active only in moment with negligible
contribution in shear.
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6.5 Improvement in Rating Factors

Final rating factor values estimated following 2D
approach and using 3D finite element analysis were
presented in Chapter 4.5. Figure 6.6 illustrates graphi-
cally the differences between the two methods. In slab
bridges, average rating factors obtained from 3D
analysis for moment are 3.7 and 2.7 times larger than
the corresponding 2D values for interior and exterior
strips, respectively. These ratios are 1.2 and 6.2 for
shear. Similarly, in T-beam bridge samples, the ratio
between 3D and 2D moment rating factors are 2.2
and 3.5 for interior and exterior girders, respectively.
The corresponding value for shear is 1.5 for both
girder types.
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6.6 Summary of Findings

The findings of this study indicated that the simpli-
fied analysis methodology for load rating provided by
AASHTO, called CLR, underestimates the load rating
in RC slab and T-beam bridges. Rating factors obtai-
ned based on 3D FEA increased significantly as a result
of using 3D superstructure models where structural and
nonstructural features are represented explicitly. It was
also shown that the main factor affecting the results
was demand distribution across the bridge (LLDF).
Additionally, a parametric study associated with demand
estimation showed a substantial influence of geometric
features on load distribution, and consequently moment
and shear responses. These features are railing height,
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deck skew angle, and support area. The inclusion of end
diaphragm in T-beam bridges improved the results
slightly. Variable deck cross-section and girder spacing
changed the results significantly. It was concluded that
neglecting these parameters in LLDF formulation could
lead to overestimation of load assigned to strips/girders.

7. SUMMARY AND PROPOSED
IMPLEMENTATION

7.1 Summary of Findings

The goal of this project was to investigate a potential
improved methodology for the load rating evaluation
of flat-slab and T-beam reinforced concrete (RC)
bridges in Indiana using the tools of 3D analysis. To
this end, five tasks were conducted, and the findings of
each task are summarized below.

Task 1. Selection of representative bridges. Five
representative bridges for each bridge type were selec-
ted from the NBI database for Indiana. Among many
structural/nonstructural features, the followings were
considered to identify the bridge samples—year built,
span length, number of spans, number of lanes, curb-
to-curb roadway width, skew angle, and depth of decks
(or beams/girders).

Task 2. Bridge strength assessment using conventional
rating method. The selected bridges were assessed using
the 2D-based CLR methodology currently in practice
in Indiana to establish the basis for comparison with
the refined 3D FEA results. The rating factors cal-
culated for the bridges in the sample indicate that some
bridges (Sample #2 and Sample #5) exhibit moment
deficiency, which makes them candidates for possible
retrofitting actions, posting, or replacement depending
on their current traffic count. It is also observed that
moment is the controlling effect as a result of locations
lacking sufficient steel reinforcement or where reinfor-
cement is only partially developed. In most of T-beam
bridges, smaller rating factors were obtained for
interior girders compared to exterior ones, mainly due
to the larger live load distribution factors (LLDF) of
interior girders.

Task 3. Bridge strength assessment using 3D finite
element analysis. For a more detailed assessment of the
selected bridges, 3D FEA was conducted with a detai-
led model of the bridge superstructure geometry (railings,
skew angle, slab thickness, girder spacing, etc.). The
observed sensitivity of load positioning in lateral
direction to evaluate live load distribution factors
indicates that considering one single distribution factor
for an entire superstructure and all loading scenarios
may not be effective to reflect actual lateral distribution
of live loads.

Concrete railings, when properly anchored for mono-
lithic action, play a significant role in allocating a large
portion of the response (both moment and shear) to

exterior strips/girders. This subsequently decreases the
share of interior ones. Therefore, the LLDFs calculated
for interior strips/girders are smaller compared to those
obtained by the formulation in AASHTO specifications,
while distribution factors of exterior strips/girders are
larger. It is found that larger LLDF values for exterior
strips/girders did not lead to critical rating factors since
capacity was also improved due to increased stiffness.
In summary, rating factors obtained from 3D FEA are
greater than those obtained using the 2D approach for
both LFD and LRFD approaches. Greater share of
demand absorbed by the edges indicates the importance
of considering railings in LLDF evaluation.

Task 4. Sensitivity analysis of geometrical parameters.
Bridge geometrical characteristics such as railings, skew
angle, slab thickness, supports area, and spacing between
the girders were considered as potential factors having an
impact on LLDF. Railing height was confirmed as a
parameter that produced the most drastic change in
moment and shear demands of bridges. Particularly,
changes in moment and shear demands for exterior strips
were more prominent than those of interior strips. An
increase in skew angle was found to cause a reduction in
moment and increase in shear for both 1-span and 3-span
bridges. The effect of slab thickness of slab bridges was
relatively small and slab thickness variation along the
bridge length resulted in a slight reduction in moment.
Models with area support showed a decrease in both
moment and shear when compared to the models with
line supports, indicating the importance of area support
modeling in 3D FEA. For T-beam bridges, the effect
of diaphragm thickness was observed to be negligible.
Lastly, T-beam bridge with uneven girder spacing
affected moment and shear demand in comparison
with even girder spacing, and the effect was depen-
dent on the girder spacing scheme, which stresses the
importance of the consideration of actual girder
spacing in LLDF calculation.

Task 5. Discussion of Research findings and proposed
implementation. The comparison of rating factors
obtained from CLR and 3D FEA indicate that CLR
according to AASHTO specifications results in lower
estimates of load rating factor in RC slab and T-beam
bridges. LLDF is the main parameter affecting the
results. Furthermore, a parametric study associated
with demand estimation showed a substantial influence
of geometric parameters on LLDF. Railing, deck skew-
ness, and support area had substantial beneficial impact
on demand response. It follows that neglecting these
parameters in LLDF formulation could lead to
overestimation of load shares assigned to strips/
girders.

7.2 Proposed Implementation

Based on the study results and conclusions, the
following recommendations are presented for consid-
eration and possible implementation.
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The comparison of rating factors obtained from CLR
and 3D FEA indicated that the CLR methodology
provided in AASHTO specifications results in lower load
rating factor in RC slab and T-beam bridges and the
live load distribution factor (LLDF) was shown to be
the main parameter affecting the results. All sample
bridges showed an increase in rating factors when
evaluated using the 3D FEA-based load rating method
compared to CLR values. Notably, three out of four
bridges that rated unfavorably, with load rating results
below 1 using CLR, showed ratings above 1 with the
3D FEA approach (compare the results of Task 2 and
Task 3). The remaining bridge with the rating factor less
than “1” (Sample #2) was further improved with the
consideration of support area in 3D FE modeling, as
shown in Task 4.

Given the improved load rating estimates, it is recom-
mended that bridges that exhibit border-line load rating
results be analyzed using the 3D FEA-based procedure,
while the standard rating methods (CLR) may continue
to be used for a conservative estimate of bridge rating.
Further improvements can be made to CLR to incor-
porate 3D effects while maintaining the simplicity of load
rating procedures. The presence of railing has a sub-
stantial influence on stress distribution in the bridge
super-structure, causing higher stress concentrations in
exterior strips and reduces stresses in interior ones. It is
therefore recommended that, in dead-load demand esti-
mations using CLR, railing weight be allocated entirely
to the exterior strips, instead of distributing it evenly
across the bridge, as is done current practice using BRR.
The study also showed that on the capacity side, an
important consideration is the inclusion of the reinforced
concrete railing in the estimation of capacity for flexure
and shear in RC slab bridges and for flexure in T-beam
bridges. Therefore, it is recommended to include rein-
forced concrete railings properly anchored into the
bridge superstructure in the determination of capacity
of exterior strips and girders.

A parametric study associated with demand estimation
showed a substantial effect of geometric features on
LLDF. The study showed that railing height, deck skew,
and support area had substantial impacted obtained
values of moment and shear. It was also concluded that
neglecting these parameters in LLDF formulation could
lead to overestimation of load assigned to strips/girders.
To simplify the incorporation of these geometric features
in load rating calculations by INDOT or structural
engineers using current 2D rating methods, a modified
live load distribution factor formula, where the effect of
these parameters could be taken into account would
improve rating estimates. A more extensive parametric

study in support of the development of a modified live
load rating factor is recommended.
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About the Joint Transportation Research Program (JTRP)

On March 11, 1937, the Indiana Legislature passed an act which authorized the Indiana State
Highway Commission to cooperate with and assist Purdue University in developing the best
methods of improving and maintaining the highways of the state and the respective counties
thereof. That collaborative effort was called the Joint Highway Research Project (JHRP). In 1997
the collaborative venture was renamed as the Joint Transportation Research Program (JTRP)

to reflect the state and national efforts to integrate the management and operation of various
transportation modes.

The first studies of JHRP were concerned with Test Road No. 1 —evaluation of the weathering
characteristics of stabilized materials. After World War II, the JHRP program grew substantially
and was regularly producing technical reports. Over 1,600 technical reports are now available,
published as part of the JHRP and subsequently JTRP collaborative venture between Purdue
University and what is now the Indiana Department of Transportation.

Free online access to all reports is provided through a unique collaboration between JTRP and
Purdue Libraries. These are available at https://docs.lib.purdue.edu/jtrp/.

Further information about JTRP and its current research program is available at
https://engineering.purdue.edu/JTRP.

About This Report

An open access version of this publication is available online. See the URL in the citation below.

Seok, S., Ravazdezh, F, Haikal, G., & Ramirez, . A. (2019). Strength assessment of older con-
tinuous slab and T-beam reinforced concrete bridges (Joint Transportation Research Program
Publication No. FHWA/IN/JTRP-2019/13). West Lafayette, IN: Purdue University. https://doi.
org/10.5703/1288284316924
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