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EXECUTIVE SUMMARY

Introduction

The aim of this research was to evaluate the participation of
intact, integral, reinforced concrete bridge rails, experimentally and
numerically, in carrying live load. Steel and prestressed concrete
multi-girder bridges are designed conservatively, resulting in
reserve strength. One source of this reserve strength, which is not
permitted to be considered when evaluating strength and extreme
event limit states per current bridge design code, is load shedding
to bridge rails. The specific research objectives of this project were
to investigate this reserve strength through (1) performing non-
destructive field testing, (2) developing validated finite element
numerical models, and (3) performing parametric numerical
investigations using the validated numerical modeling approach.
The focus was on multi-girder steel and prestressed concrete
bridges with intact, integral, reinforced concrete rail (specifically
Indiana Department of Transportation (INDOT) FC, FT, PS-1,
and PS-2 rail types INDOT, 2020)). One steel girder bridge (two-
span continuous) and one prestressed concrete girder bridge (six-
span continuous), as well as a steel girder bridge damaged by
vehicular collision (two-span continuous) were monitored.
Research results culminated in recommendations to evaluate the
reserve strength of girder bridges due to the participation of the
rail, as well as recommendations for bridge inspectors for
evaluating steel girder bridges subjected to vehicular collision.

Findings
The main research findings are as follows.

Findings from Measured Data

1. Generally, both FC and PS-1 rail types participate in carry-
ing live load.

2. Neutral axis locations indicate that full composite behavior
can be achieved between the girder, deck, and rail.

3. Strains in an exterior girder increase when there is a gap
in the rail in the positive moment region (where positive
moment refers to compression in the top of a section and
tension in the bottom).

4. Near abutments, full composite behavior between the girder
and deck may not yet developed.

5. When an exterior girder is subjected to Category T damage
(i.e., torsion about the longitudinal direction (Avent, 2008))
from a vehicular collision, the shear connection between the
deck and girder may be damaged. Live load amplification
factors may also be higher due to the damage.

Findings from Numerical Modeling of Monitored Bridges

1. FE numerical models, with the following features, are able to
accurately capture rail participation for steel and prestressed
concrete girder bridges for which there are no damaged
girders.

a. Components modeled with the following element types:

i.  Rail: Thick shell elements, with changing thickness
based on the geometry
ii.  Deck: Thick shell elements

iii. Girders: Frame elements representing the top and
bottom flanges, thin shell elements representing the
webs for steel girders, thick shell elements represent-
ing the webs for prestressed concrete girders.

b. Composite behavior—implemented by constraining all
translational and rotational degrees of freedom of the
nodes between the components (i.e., nodes that share
the same longitudinal coordinates)—modeled between
the rail and deck, as well as the deck and the top flange
of the girders.

2. For steel girder bridges where an exterior girder is subjected
to Category T damage (i.e., torsion about the longitudinal
direction (Avent, 2008)) from a vehicular collision, FE models
that remove the composite behavior between the girder and
the deck in the region of the damage (by removing the
translational and rotational constraints between the top
flange of the girder and the deck) can accurately capture
behavior. The damaged profile of the girder should be
considered.

Findings from Numerical Parametric Investigation

1.  When fully composite behavior between the rail, deck, and
girder is assumed, the curvature is reduced in the positive
moment region, meaning strains in the deck and girder are
reduced, as compared to a comparable system where only the
deck and girder are composite. The vertical location of the
neutral axis is increased (measured from the bottom flange)
in the positive moment region as compared to a comparable
system where only the deck and girder are composite.

2. FT, FC, PS-1, and PS-2 rail types all contribute to the
above-mentioned reduction in curvature. The greatest
benefit was observed when using the FT rail, with decreasing
benefit corresponding to the rail types that result in
composite sections with decreasing moment of inertia.

3. Rail discontinuity at piers has negligible impact on the
behavior of the exterior girders in the positive moment region.

4. Skew (up to 30 degrees) has negligible impact on the behavior
of the exterior girders in the positive moment region.

Other Findings

1. Through comparisons between measured digital image
correlation (DIC) and strain gauge data, DIC is further
validated as a technique for field monitoring of bridges.

Implementation

Research culminated in Recommendations for Evaluating the
Reserve Strength of Girder Bridges Due to Rail Participation
(Appendix A). Based on findings from this study, as well as
findings from SPR-4119: Assessment of Bridges Subjected to
Vehicular Collision (Wang & Thrall, 2019), a Recommendations for
Bridge Inspectors for Evaluating Steel Girder Bridges Subjected to
Vehicular Damage document has been developed (Appendix B).
The latter document will be included in the Indiana Department of
Transportation (INDOT) Bridge Inspection Manual. Findings and
recommendations will be presented at the 2021 Purdue Road
School. A journal paper is currently in preparation and will be
submitted for publication. The final report will be posted on the
Purdue e-Pubs website and will be freely available to the public.
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1. INTRODUCTION

The aim of this research was to evaluate the partici-
pation of intact, integral, reinforced concrete bridge
rails, experimentally and numerically, in carrying live
load. Steel and prestressed concrete multi-girder bridges
are designed conservatively, resulting in reserve strength.
Experimental studies have demonstrated that multi-
girder bridges have greater capacity and stiffness than
predicted by design code (e.g., Bakht & Csagoly, 1979;
Barker, 2001; Burdette & Goodpasture, 1973; Eom &
Nowak, 2001; Fu et al., 1996; Goodpasture et al., 1973;
Kim & Nowak, 1997). One source of this additional
strength and stiffness—which is not permitted to be
considered when evaluating strength and extreme event
limit states per current bridge design code (AASHTO,
2020)—is the participation of the rails in carrying load.
The primary function of bridge rails is to protect pedes-
trians and vehicular traffic. Their design is governed
by the goal of containing and redirecting traffic
(AASHTO, 2020), with performance in the U.S. evalu-
ated per the American Association of State High-
way and Transportation Officials (AASHTO) Manual
for Assessing Safety Hardware (AASHTO, 2016) or
National Cooperative Highway Research Program
(NCHRP) Report 350: Recommended Procedures for
the Safety Performance Evaluation of Highway Features
(Ross et al., 1993). The design parameters for bridge
rail are selected based on resistance to crash loadings.

Existing numerical research (to be reviewed in
Section 2) indicates that including bridge rails in a
finite element (FE) numerical model increases the load
capacity of girder bridges. A prior Indiana Department
of Transportation (INDOT) project SPR-4119: Assess-
ment of Bridges Subjected to Vehicular Collision (Wang
& Thrall, 2019), found that loads are generally redis-
tributed away from damaged steel girders, potentially
to adjacent girders and/or the rail. However, there is
almost no measured data on the strains induced in
bridge rails under live load. Thus, there is a major
research gap in understanding the behavior of bridge
rails. Further, there are no existing guidelines or recom-
mendations for evaluating the reserve strength of girder
bridges due to bridge rail load shedding.

To address these research needs and knowledge gaps,
the specific objectives of this project included the fol-
lowing:

1. Non-destructively test the behavior of steel and prestressed
concrete multi-girder bridges with varying railing types.

2. Develop validated numerical models and perform para-
metric numerical investigations.

3. Develop assessment guidelines that quantify the reserve
strength from load shed to bridge rails.

The focus is on multi-girder steel and prestressed
concrete bridges, as the relative stiffness of the bridge
rail can impact the load being carried by exterior and
adjacent interior girders. Specifically, field monitor-
ing was performed one steel girder bridge (two-span

continuous), one steel girder bridge damaged by
vehicular collision (two-span continuous), and one
prestressed concrete girder bridge (six-span continu-
ous), as shown in Figure 1.1. The study was limited to
intact, reinforced concrete bridge rails that are integral
to the deck. Specifically, the behavior of four integral,
reinforced concrete INDOT rail types was considered
(INDOT, 2020): FC, FT, PS-1, and PS-2 (Figure 1.2).
Research culminates in Recommendations for Eval-
uating the Reserve Strength of Girder Bridges due to
Rail Participation (Appendix A). Based on findings
from this study, as well as findings from SPR-4119:
Assessment of Bridges Subjected to Vehicular Collision

Asset 020-20-07229

Damaged Exterior Girder
of Asset 037-55-05265

Asset 037-55-05265
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Figure 1.2 Integral reinforced concrete INDOT rail types:
FC, FT, PS-1, and PS-2 (adapted from INDOT, 2020).
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(Wang & Thrall, 2019), a Recommendations for Bridge
Inspectors for Evaluating Steel Girder Bridges Subjected to
Vehicular Damage document has been developed
(Appendix B).

2. BACKGROUND

Existing research in the behavior of the rail of multi-
girder steel and prestressed concrete bridges can be
categorized as studies that (1) measured strains in field
tests and performed numerical FE analyses that con-
sidered bridge rails, and (2) investigated bridge rail
participation through numerical modeling exclusively.
Table 2.1 summarizes these studies, including the type
of study conducted, the type of bridge studied, and the
number of bridges investigated.

2.1 Field Tests and Finite Element Numerical Studies

An Indiana Department of Transportation (INDOT)
project SPR-2793: Long-Term Effects of Super Heavy-
Weight Vehicles on Bridges (Wood et al., 2007) numeri-
cally investigated the effect of continuous and dis-
continuous concrete bridge rails for two steel girder
and two prestressed concrete girder bridges. The focus
of the project was on understanding the long-term
effects of superload trucks on girder bridges, but found
interesting results related to rail participation. Speci-
fically, the study monitored one prestressed concrete
girder bridge (two-span continuous under live load,
single-spans under dead load, with spans of 121 ft. and
119 ft.) and one steel girder bridge (118.1-ft. single-
span), measuring both strains and deflections, during
a live load test and over a six-month period. Three-
dimensional (3D) FE analyses of these bridges, as well
as an additional prestressed concrete girder (three-span

TABLE 2.1
Summary of existing literature

continuous under live load, single-spans under dead
load, with spans of 41.5 ft., 53 ft., and 41.5 ft.) and steel
girder bridge (five-span continuous, with spans of 92 ft.,
108 ft., 94 ft., 101 ft., and 92 ft.), were performed. The
additional five-span continuous steel girder bridge had
previously been monitored by Canna and Bowman
(2001), with strains in the girders (flanges and webs)
and diaphragms measured by strain gauges and dis-
placements measured by rulers. Most relevant for this
report, this INDOT project numerically investigated the
influence of bridge rails on the behavior of these four
studied bridges, culminating also in a journal paper on
the topic (Akinci et al., 2008). Wood et al. (2007) and
Akinci et al. (2008) conclude from these numerical
investigations that rails contribute to the bridge stiffness
and that, as a result, girder distribution factors (GDF) in
exterior girders can be reduced by 30% if continuous
reinforced concrete rails are included. Wood et al. (2007)
and Akinci et al. (2008) also found that discontinuities in
the rail in the positive moment region can result in higher
stresses in the girders. Discontinuities in the rail in the
negative moment region can increase the stress in the
deck, as compared to a fully continuous rail.

Wood et al. (2007) also reported that four foil strain
gauges were applied to the reinforced concrete rail of
the monitored single-span steel girder bridge. Unfor-
tunately, two of the gauges malfunctioned due to
problems with installation. Wood et al. (2007) indicated
that the accuracy of the other two gauges was limited,
but report that the measurements demonstrate that the
rail participated in carrying the applied load and that
FE predictions agreed well with the measured results.
This is the only measured data on the behavior of
bridge rails in the literature.

The reader is also referred to Wood et al. (2007)
for a literature review on this topic, including a brief

Type of Research Performed

Type of Bridge Investigated, with Number of Bridges Studied

Author (Year) Field Testing

Numerical Modeling

Prestressed Concrete Girder Steel Girder

Wood et al. (2007), Akinci et al. (2008), v
Canna & Bowman (2001)"

Barker et al. (1999), Barker (2001) v

Billing (1984)? v

Chung et al. (2006)*

Conner & Huo (2006)*

Eamon & Nowak (2002)

Mabsout et al. (1997)

Roddenberry et al. (2011) v
Smith & Mikelsteins (1988)°

Stallings & Yoo (1993) v

v

AN N N NN

2 2
1
4 10
36
20
120 120
120
2
18 18
3

"Two steel girder and one prestressed concrete girder bridge were monitored during field testing. FE analyses of an additional prestressed

concrete girder bridge was performed.

2A total of 27 bridges were tested. The numbers here indicate only the number of I-girder type bridges tested.
3Additional studies were performed on 10 steel girder bridges investigating the impact of preexisting cracks. These are not reviewed here.
4A total of 34 analyses were performed. 20 of these related to the rail study.

SPrestressed concrete voided slab decks were also studied.
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discussion of many of the articles that are further
reviewed in this report.

Roddenberry et al. (2011) investigated the effect of
secondary bridge elements (i.e., barriers, curbs, and dia-
phragms) on the behavior of two prestressed concrete
girder bridges, by measuring the longitudinal surface
strains in the bottom flanges of girders and comparing
the measured results to FE numerical predictions.
Specifically, the behavior of a Florida Bulb T-girder
bridge with a continuous slab was monitored before the
barrier was constructed and after it was constructed.
The behavior of a simply supported AASHTO Type IV
girder bridge was monitored only after the barrier was
in place. The bridges were loaded incrementally with
varying amounts of 2-ton blocks and with a Florida
Department of Transportation test vehicle to measure
the maximum longitudinal strains in the bottom flanges
of the girders due to bending at midspan. Measured
results were compared with the FE predictions, culmi-
nating in validated models. Roddenberry et al. (2011)
discusses these field tests, but only presents FE results.
By comparing FE models of the two studied bridges
featuring no barriers and barriers, they found that
barriers decrease the strain in the exterior girders as well
as interior girders, with the greatest reduction being in
the exterior girders. Barrier joints can locally increase
the strain in exterior girders.

Stallings and Yoo (1993) monitored the behavior of
three simply-supported steel girder bridges, with spans
of 44 ft., 77 ft., and 49 ft., under static and dynamic
truck loads. Strains in the top and bottom flanges of
girders were measured, as well as midspan deflections.
Girder strains were used to calculate the bending
moments, assuming section moduli. The paper expli-
citly acknowledges that bridge rails and curbs stiffen
the deck edges and contribute to carrying moment.
However, the assumed section modulus of the exterior
girder neglects the contribution of the rail and only
considers the curb as part of the exterior girder’s effec-
tive flange. The moments calculated using the measured
strains and the assumed section moduli are smaller than
the applied moment. Stallings and Yoo (1993) attribute
this difference primarily to restraining moments at the
bridge bearings due to friction.

Barker (2001) and Barker et al. (1999) developed
field testing procedures which quantify various factors
that contribute to bridge strength and stiffness, but
which may not be accurately captured using load rating
methods including: “(1) actual impact factor, (2) actual
section dimensions, (3) unaccounted system stiffness
such as curbs and railings, (4) actual lateral load dis-
tribution, (5) bearing restraint effects, (6) actual long-
itudinal live load distribution, and (7) unintended or
additional composite action.” Their procedures are
applied to the field testing of a three-span continuous
steel girder bridge (spans of 60 ft., 90 ft., and 60 ft.),
with behavior monitored by strain gauges on the steel
girders. When comparing measured data to analy-
tical predictions, they found contributions from the

additional stiffness of the rails, curbs, and noncompo-
site slab on the order of 1.04 to 1.28.

Billing (1984) performed field testing on 27 bridges
of varying types and spans, with ten of these being steel
I-girder bridges and four being prestressed concrete
I-girder bridges. The focus was on understanding dyna-
mic live loading, with each bridge instrumented with
accelerometers, pressure sensors, strain gauges, and dis-
placement transducers. Measurements of bridge deflec-
tions with a rail under static truck loads compared to
deflections of a bridge without a rail, indicate that rails
and curbs contribute to the structural stiffness of a
bridge.

2.2 Numerical Studies

Additional studies have further investigated the effect
of rail on bridge behavior using numerical modeling.

Smith and Mikelsteins (1988) performed grillage
analyses to investigate the edge stiffening effects from
curbs, sidewalks, and rails. Single-span prestressed
concrete and steel girder bridges were studied, with
varying span lengths (49.2 ft., 98.4 ft., and 148 ft.) and
edge conditions. Specifically, six edge conditions were
varied: (1) no edge, (2) curb, (3) sidewalk (4) curb with
rail, (5) sidewalk with rail, and (6) rail only. Smith and
Mikelsteins (1988) found that including edge compo-
nents increased the bending moment carried by exterior
girders, but these exterior girders also deflect less due to
the additional stiffness provided. This effect is greatest
for the smallest span considered, regardless of bridge
type. Generally, increases in bending moment of the
exterior girders was associated with increased moment
of inertia from the type of edge condition considered.

Mabsout et al. (1997) performed FE numerical anal-
yses on single-span, two-lane, steel girder bridges, to
understand the effect of bridge rail and sidewalks on
wheel load distribution. A total of 120 analyses were
performed, with varying span length (56 ft., 77 ft., 98 ft.,
and 119 ft.) and girder spacing (6 ft., 8 ft., and 12 ft.).
A 50 inch-wide, 7.5 inch-thick, reinforced concrete side-
walk and an 8 inch-thick, 30 inch-high, reinforced con-
crete rail were also considered, with varying locations
(left, right, or both sides of the bridge) and combina-
tions (e.g., sidewalk alone, rail alone, and both com-
bined). They found that including sidewalks and bridge
rails in their models increased the capacity of the bridge
by 5% to 30%. Specifically, when a bridge rail is inclu-
ded, the combined deck and rail participate in carrying
45% of the total bending of the exterior girder, com-
pared to just 4% when only the deck is present. With
both the sidewalk and rail, this increases to 52%.
Mabsout et al. (1997) also made comparisons between
their FE results and AASHTO and National Coopera-
tive Highway Research Program (NCHRP) analytical
predictions for wheel load distribution factors, finding
both predictive methods conservative except for short
spans.

Eamon and Nowak (2002) numerically investigated
the effect of bridge rails, as well as other secondary
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elements including sidewalks and diaphragms, on bridge
capacity for simple-span, two-lane steel and prestressed
concrete girder bridges. A total of 240 FE analyses were
performed, varying span length (32.8 ft., 98.4 ft., and
164 ft.), girder type (steel or prestressed concrete), girder
spacing (6.56 ft., 9.84 ft., and 13.1 ft.), secondary ele-
ments (i.e., sidewalk, barrier, and diaphragm), and
concrete deck thickness (5.91 in., 9.06 in., and 11.8 in.).
They found that secondary bridge elements decrease the
GDFs by 10% to 40% in the elastic range and an addi-
tional 5% to 20% in the plastic range. Specifically,
elastic analyses demonstrated that the maximum girder
moment is reduced by the following amounts for each
secondary element considered individually (maximum
value, followed by the average in parentheses): dia-
phragms—13% (4%), rails—32% (10%), sidewalks—
35% (20%). Diaphragms were found to be more effec-
tive at reducing GDFs for wider girder spacings and
longer spans, with rails and sidewalks being more effec-
tive for smaller girder spacings and longer spans. Gene-
rally, the effect of secondary elements is more significant
in steel girder bridges, as these are less stiff in com-
parison to prestressed concrete girder bridges. Eamon
and Nowak (2002) specifically note that further experi-
mental data supporting these conclusions is needed.

Conner and Huo (2006) focused on two-span con-
tinuous prestressed concrete girder bridges (each span is
76 ft.), numerically investigating the effect of rail and
bridge aspect ratio (i.e., ratio of span length to bridge
width) on live load moment distribution. Varied para-
meters for the 20 analyses in the rail study included:
skew (0 or 45 degrees) and overhang length (0 to 4.5 ft.,
in increments of 6 in.). Scenarios with a reinforced
concrete and without a rail were compared. In all cases
investigated (except for zero overhang), the GDF for
the exterior girder was greatly reduced when the rail
was modeled (average 31% reduction for 0-degree skew
bridges; average 28% reduction for 45-degree skew
bridges). The zero overhang cases showed increased
load being carried by the exterior girders, as the rail
increases the stiffness of the exterior girder when it is
directly on top of it. Comparisons were also made with
AASHTO analytical predictions, finding these predic-
tions (which ignore the contribution of the rail) to be
conservative when compared with FE models that
incorporate the rail.

Chung et al. (2006) performed FE numerical analyses
to investigate the effect of secondary elements (i.e., rail
and lateral bracing) on wheel load distribution factors
(LDF) for nine steel girder bridges based on the INDOT
inventory, with different span lengths and lateral brac-
ing types. For each bridge, four FE models were built
as follows: (1) “as is” with the rail and bracing elements,
(2) rail only, (3) lateral bracing only, and (4) primary
members (girders, deck, and bearing) only. When
comparing the FE predictions, Chung et al. (2006)
found that the presence of the rail alone decreases the
peak LDF by up to 25%, while the presence of lateral
bracing alone decreases the peak LDF by up to 11%.
The “as is” models decrease the peak LDFs by 17 to

38%. The presence of the rail can change the location of
the peak LDF, for example from first interior girder to
the second interior girder. They also found that their FE
models predicted lower LDFs than the code predictions.

2.3 Summary

This prior research provides valuable data on the
behavior of steel and prestressed concrete girder
bridges, incorporating the effect of bridge rails. These
experimental and numerical studies indicate the parti-
cipation of bridge rails and other secondary members in
carrying load. However, the field testing studies (with
the exception of one study which provided limited
data), do not directly measure the strains in the bridge
rail. The numerical FE studies include the bridge rails
and other secondary members but rely on idealized
models which do not necessarily capture the full beha-
vior of the system (e.g., relative contribution of secon-
dary members, sidewalk, and rails to behavior). There is
a major research gap in measured data on rail perfor-
mance (i.e., measured strains in the rail under live load).

3. FIELD MONITORING AND NUMERICAL
MODELING

3.1 Field Monitoring Approach

Field monitoring was performed on two steel girder
bridges and one prestressed concrete girder bridge with
varying rail types, as shown in Figure 1.1 and summa-
rized in Table 3.1.

Note that Asset 037-55-05265 was selected for moni-
toring as it has been damaged by vehicular collision
and was previously studied in SPR-4119: Assessment
of Bridges Subjected to Vehicular Collision (Wang &
Thrall, 2019). This prior study had indicated that
girders damaged by vehicular collision resulting in
Category T damage (i.e., torsion about the longitudinal
direction (Avent, 2008), Figure 3.1) may shed load to

=

Category S Category W
Category T Category L

Figure 3.1 Categories of damage (adapted from Avent, 2008
and reprinted from Wang & Thrall, 2019), where Category S
refers to strong axis bending, Category W refers to weak axis
bending, Category T refers to torsion about the longitudinal
axis, and Category L refers to local damage (shown for a
flange deformation as an example).
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TABLE 3.1
Field monitoring program

Asset No. Girder Material Span Arrangement Rail Type

Load Tests

020-20-07229 Steel Two-span FC Static: Two trucks at peak positive moment, 1 ft. from rail.
continuous Crawl: One truck traveling at ~ 5 mph, 1 ft. from rail.
Crawl: One truck traveling at ~ 5 mph, in center of lane adjacent to rail.
Speed: One truck traveling at ~ 45 mph, in center of lane adjacent to rail.
037-55-05265 Steel' Two-span FC Static: Two trucks at peak positive moment, 1 ft. from rail.
continuous Static: Two trucks positioned to induce peak positive moment in damaged
region, 1 ft. from rail.
Crawl: One truck traveling at ~ 5 mph, 1 ft. from rail.
Crawl: One truck traveling at ~ 5 mph, in center of lane adjacent to rail.
Speed: One truck traveling at ~ 20 mph, in center of lane adjacent to rail.!
331-71-08732 Prestressed Six-span FC, Static (FC-side): Two trucks at peak positive moment, 1 ft. from rail.
concrete continuous PS-1 Crawl (FC-side): One truck traveling at ~ 5 mph, 1 ft. from rail.

Crawl (FC-side): One truck traveling at ~ 5 mph, in center of lane
adjacent to rail.

Speed (FC-side): One truck traveling at ~ 30 mph, in center of lane
adjacent to rail.

Static (PS-1-side): Two trucks at peak positive moment, 1 ft. from rail.

Crawl (PS-1-side): One truck traveling at ~ 5 mph, in center of lane
adjacent to rail.

Speed (PS-1-side): One truck traveling at ~ 30 mph, in center of lane
adjacent to rail.

Note:

Bold text indicates a load test was performed twice for repeatability.

Italicized text indicates the load test was performed on both the damaged side and the undamaged side for comparison.
"This load test was performed three times on the undamaged side, only once on the damaged side.

2Bridge was damaged by vehicular collision.

adjacent girders or the bridge rail, and it was the
impetus for the current research. However, there was no
data measured on the rail behavior in this prior study
and so Asset 037-55-05265 was re-monitored in the cur-
rent study.

While the research proposal planned to monitor
six bridges, only three were monitored due to compli-
cations related to COVID-19. The Business Owner,
Principal Investigator, Project Advisor, Study Advi-
sory Committee agreed that sufficient data had been
obtained from the three monitored bridges.

3.1.1 Loading

The behavior of the three bridges was monitored
under truck loads (i.e., heavily loaded dump trucks) as
summarized in Table 3.1. Static load tests were perfor-
med in which two trucks were positioned to induce the
peak positive moment (where positive moment refers
to compression in the top of a section and tension in
the bottom) in the bridge overall. The positions of the
trucks to induce this peak positive moment were found
using influence lines. Table 3.2 summarizes the loca-
tions of the trucks, and truck weights and axle spacing
for each bridge. The trucks were positioned approxi-
mately 1 ft. away from the interior of the rail trans-
versely with some variations for each bridge. In this
report, positive moment refers to compression on the
top of a section and tension on the bottom. For Asset

037-55-05265, additional static load tests were per-
formed in which the two trucks were positioned to
induce peak positive moment in the damaged region
and the symmetric region on the undamaged side. Crawl
and speed tests were also performed using a single
heavily loaded truck.

3.1.2 Strain Gauge Sensors

The behavior of the girders and rail in each bridge
was monitored using an array of ST350 strain trans-
ducers (BDI, 2018) with the STS4 data acquisition
system (BDI, 2014) provided by BDI. The ST350 strain
transducers have a gauge length of 3 in. The gauge
length was extended to 1 ft. to monitor the surface
strains on the rail in Asset 020-20-07229 and Asset
037-55-05265. The strain transducers were adhered to
the bridge components by Loctite 410 epoxy and were
removed when testing was completed. Figure 3.2 shows
the researchers adhering a gauge to the bottom flange
of a steel girder in Asset 020-20-07229. For the steel
girder bridges, the paint was removed prior to adhering
the gauge. All gauges were aligned to measure long-
itudinal strains.

As Asset 331-71-08732 was new construction, four
model 3911 resistance type rebar strain meters (sister
bar, Geokon, 2019) were inserted in the deck and the
rail to monitor the internal strains in these components.
Figure 3.3 shows researchers installing a sister bar
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TABLE 3.2
Truck weights, locations, and axle spacing for static test

Asset No. Girder Lines Loaded' Axle Weights (kip) / Distances? (ft.)/ Transverse Wheel Spacing (ft.)
020-20-07229 G1/G2 17.8/ 21.8/ 21.8/ 12.8/ 18.9/ 18.9/
24.3/ 38.5/ 43.1/ 57.2/ 70.8/ 75.2/
7.04 6.08 6.08 7.04 6.06 6.06
037-55-05265 G1/G2 15.4/ 25.2/ 23.7/ 10.6/ 26.4/ 25.71
8.50/ 22.7/ 27.0/ 40.8/ 55.6/ 60.2/
7.08 6.00 6.00 7.08 6.17 6.17
G5/G6 15.4/ 25.2/ 23.7/ 10.6/ 26.4/ 25.7/
28.0/ 42.2/ 46.5/ 60.3/ 75.1/ 79.7/
7.08 6.00 6.00 7.08 6.17 6.17
331-71-08732 G1/G2/ 10.3/ 20.5/ 20.5/ 10.3/ 20.7/ 20.7/
G3/G4 37.5/ 23.9/ 19.5/ 69.3/ 55.2/ 50.5/
6.96 5.88 5.88 7.04 5.92 5.92

'Indicates the girder lines that were loaded (see Figure 3.9, Figure 3.19, and Figure 3.27).
’Longitudinal distances measured from reference points in Figure 3.9, Figure 3.19, and Figure 3.27.

Figure 3.2 Researchers adhering a strain gauge to the bottom flange of Asset 020-20-07229 (left) and an adhered gauge (right).

Sister Bar Gauge
[ e

Figure 3.3 Researchers installing a sister bar gauge in Asset 331-71-08732 (left) and the installed gauge (right).

gauge in Asset 331-71-08732 by attaching it to rebar via
Zip ties prior to concrete casting.

3.1.3 Digital Image Correlation

In the prior study, SPR-4119: Assessment of Bridges
Subjected to Vehicular Collision (Wang & Thrall, 2019),
the behavior of the bottom flanges of Asset 037-55-
05265 were monitored using the photographic measure-
ment technique digital image correlation (DIC). This
study monitors this bridge using both strain gauges and
DIC, providing valuable data that further validates
DIC as a technique for field monitoring bridges.

The three-dimensional (3D) DIC system used in this
project consisted of two cameras (2,448 x 2,050 pixels,
0.472-in. lenses). A 6-foot long DIC pattern was applied
to the full-width of the bottom flange of the monitored
girders using pressure-activated adhesive tape (Wang
et al., 2019; Wang & Thrall, 2019). This rapid approach
to DIC pattern application is especially important when
access time is limited (e.g., Wang et al., 2021).

The ARAMIS (2017) software package was used to
calculate strains, using a gauge length of 2.97 in. To
reduce the noise in the measured DIC data, both spatial
filter (median filter of 7) and temporal filter (binomial
filter of 5) were used. Area averaging (performed over
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the area of the DIC pattern while excluding 0.5 in. from
the edges to eliminate the development length of the
pattern (Wang et al., 2019; Wang & Thrall, 2019)) was
used to further reduce the noise.

3.2 Numerical Modeling Approach

3E FE models of the monitored bridges were built in
CSiBridge (2020) and ABAQUS (2016) to understand
the behavior of bridge rail. The CSiBridge models were
made for the two-span continuous steel girder bridge
(Asset 020-20-07229) and the six-span continuous pre-
stressed concrete girder bridge (Asset 331-71-08732).
ABAQUS was used for the two-span continuous bridge
that was damaged by vehicular collision (Asset 037-55-
05265) because of its capabilities to handle the complex
geometry of the damaged girder.

3.2.1 General Modeling Assumptions

This section summarizes modeling assumptions that
are used in both the CSiBridge and ABAQUS models.
Specific features for each software are included in the
following subsections.

The analyses were performed under the measured
loads of the trucks used for each field monitoring test.
Each truck is approximated as six-point loads, with
magnitudes as indicated in Table 3.2. Self-weight was
not considered.

In each relevant section, plan drawings indicate
the boundary conditions for each monitored bridge.
A “pin” boundary condition is implemented in the
models as free rotation in the transverse direction and
fixed translation in all directions. A “roller” boundary
condition is implemented in the models as free rotation
in the transverse direction and free translation in longi-
tudinal direction. For the semi-integral abutments in
Asset 331-71-08732, versions of the model where the
boundary condition at the abutments are both pinned
and one is pin and the other roller are considered. The
boundary conditions above the piers are all assumed to
be rollers for this bridge.

Linear material models were assumed for steel, rein-
forced concrete, and prestressed concrete. The materials
in all models remain in the elastic material range. Steel
is assumed to have a Young’s modulus of 29,000 ksi
and a Poisson’s ratio of 0.3. For 3 ksi and 4 ksi com-
pressive strength concrete rails and deck, a Young’s
modulus of 3,592 ksi and 3,950 ksi, respectively (calcu-
lated per Equation C5.4.2.4-1 of AASHTO, 2020) and
Poisson’s ratio of 0.2 is assumed. For 8 ksi compres-
sive strength prestressed concrete, a Young’s modulus
of 4,965 ksi (calculated per Equation C5.4.2.4-1 of
AASHTO, 2020) and Poisson’s ratio of 0.2 is assumed.

The concrete deck and rail were modeled as thick
shell elements. The rail was comprised of a series of
stacked thick shell elements, with centers aligned verti-
cally (Figure 3.4). Each shell element was given the
appropriate thickness for that height of the rail. On each
side of the bridge, in the transverse direction, the rail
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Figure 3.4 Rail types: (a) actual geometry (adapted from
INDOT, 2020) and (b) assumed geometry in FE models.

was positioned at a distance half of the largest thickness
of the rail, measured from the edge of the deck. The
presented rail strain data is the average of the interior
and exterior faces of the shell elements. In the FE
models, trucks were positioned 1 ft. away from the
interior of the rail for all the bridges.

The boundary conditions were applied at the inter-
section of the web and the bottom flange of the modeled
girders. Any transverse slope of the deck is ignored.

3.2.2 Finite Element Models in CSiBridge

3D FE models were built in CSiBridge, assuming
linear geometry (Figure 3.5). For all components in
both bridge types, a mesh size of 6 in. was used.

For the steel girder bridge (Figure 3.5a), the webs
of the girders were modeled as thin shell elements.
The flanges were modeled as frame elements. The dia-
phragms were modeled in the same way.

For the prestressed concrete girder bridge (Figure
3.5b), only the gross concrete area of the girders was
modeled. The webs of the girders were modeled as thick
shell elements and the flanges were modeled as frame
elements. The prestressing tendons were not modeled,
as the measured strains were only induced by the truck

Joint Transportation Research Program Technical Report FHWA/IN/JTRP-2021/08 7



(a)
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Figure 3.5 3D FE numerical models in CSiBridge: (a) two-span continuous steel girder bridge, Asset 020-20-07229 and (b) six-

span continuous prestressed girder bridge, Asset 331-71-08732.

loads and the prestressing tendons had negligible effect
on the cross-section properties. The diaphragms were
modeled as frame elements.

In both bridges, composite behavior between girders
and deck and between deck and rail was assumed. To
approximate composite behavior between the girders
and deck, the deck was geometrically positioned at the
top of the web. As deck and girders are meshed, com-
mon nodes are created at the interface which represents
the connection between elements. To place the deck
at the correct elevation above the girders, the deck
was offset by a distance equal to the summation of the
thickness of the flange and half of the deck thickness.
To approximate composite behavior between the deck
and the rail, the body joint constraint available in
CSiBridge was used. A pair consisting of the nodes of
the bottom of the rail and nodes of the deck with close
coordinates in longitudinal and transverse directions
was created. Each pair of nodes is constrained in all
degrees of freedom, meaning that there is no relative
translation and rotation between components.

For both bridges, strains at the nodes were con-
sidered. As the webs, deck, and rails were modeled as
shell elements, strains were exported at the nodes in each
element directly from CSiBridge and then averaged.
Because the flanges of the girders were modeled as
frame elements, the strains were calculated following
Hooke’s law and using the cross-sectional properties
and Young’s modulus. For the steel girder bridges, only
the axial force in the frame elements was used. For the
prestressed concrete bridge, both axial force and ben-
ding moment were considered. Strains at each node
were averaged across the two elements sharing the node.

3.2.3 Finite Element Model of Damaged Bridge in
ABAQUS

A 3D FE model of the two-span continuous bridge
that was damaged by vehicular collision (Asset 037-55-
05265) was built in ABAQUS using the approach
developed in Wang and Thrall (2019) (Figure 3.6).

Specifically, geometric nonlinearity was incorporated.
S4R shell elements were used for all components. The
concrete deck and rail (Figure 3.7) were modeled as
shell elements with a mesh size of 3 in.

As a vehicular collision may damage the shear con-
nection between girders and the deck (Wang & Thrall,
2019), models were made that considered both compo-
site behavior and non-composite behavior. Composite
behavior with the rail (i.e., the girders are composite
with the deck and the rail) is also investigated. Com-
posite behavior is achieved by tying nodes of com-
ponents together, meaning that there is no relative
translation between components. When non-composite
behavior is modeled between the girders and the deck,
surface to surface contact was used. The coefficient of
friction between the concrete and steel was assumed to
be 0.65 (Rabbat & Russel, 1985). To prevent penetra-
tion between components, hard contact in the normal
direction is implemented. The diaphragms are tied to
the girder webs and it was assumed that they are cen-
tered vertically on the girder webs.

The geometry of the damaged exterior girder was
approximated by a web rotation angle (« = 13.95
degrees) and deformed shape of the bottom flange that
was approximated using a 5th order polynomial with
the following boundary conditions: (1) start point (co-
ordinates: 0,0,0), peak point (coordinates: x dsino, d(1-
cosa)), and end point (coordinates: /, 0, 0), and (2) the
1st order derivative at the start, peak, and end of the
damage was required to be zero. Here d is the height of
the web (d = 34.81 in.), and [ is the length of the
damage (/;, = 325.25 in.) (Figure 3.8). The start of the
damaged region, D was 70 ft. from the west pier. See
Wang and Thrall (2019) for more information regard-
ing these measurements for Asset 037-55-05265. While
it is acknowledged that the plastic deformation from a
vehicular collision would change the steel material
properties, these changes were ignored in this model.
This is a conservative assumption as any plastic defor-
mation of the steel would result in an increase in yield
and ultimate strength.
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Figure 3.6 3D FE numerical model in ABAQUS, Asset 037-
55-05265.
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Figure 3.7 FE model and plan of rail for Asset 037-55-05265.

Strains at the nodes are exported directly from
ABAQUS.

3.3 Two-Span Continuous Steel Girder Bridge: Asset
020-20-07229 (Fort Wayne District)

Asset 020-20-07229 (Figure 3.9) is a two-span (108 ft.
and 101 ft. spans) continuous, composite, steel girder
bridge that was built in Elkhart, IN in 1991. It features
FC rail that has discontinuities at every 30 ft. along the
span length.

Field monitoring focused on the behavior of the
exterior Girder 1 and the adjacent FC rail, as the bridge
was symmetric. Loads were applied on this side of the
bridge, as described in Table 3.1.

Figure 3.9 shows the longitudinal positions of the
strain gauges. Gauges were positioned at the location
where peak positive moment is achieved under the load
of two trucks (M), where there was a gap in the rail (IN),
and near the abutment (E). Locations are indica-
ted, here and throughout this report, using the afore-
mentioned letters and a number to indicate the girder
line. For example, Location El refers to near the

abutment for Girder 1 and Location M4 refers to the
peak positive moment region of Girder 4.

3.3.1 Behavior Under Static Truck Loads Positioned for
Peak Positive Moment

Figure 3.10 shows the measured strains and the FE
predictions in the exterior girder near the abutment
(Location E1), when the bridge is loaded by two trucks
positioned to achieve peak positive moment. In this
plot and all similar plots in this report, the vertical
position of zero corresponds to the bottom of the
bottom flanges. The white region indicates the girder.
Medium grey shows the deck region and the darker
grey shows the rail region. For bridges with a sidewalk,
light grey is used for the sidewalk region. To the right of
the plot a cross-section is shown which corresponds to
the same vertical locations in the plot for reference.
Blue circles on the plot indicate the measured strain
gauge data and also the location of the gauges on the
cross-section. FE predictions in the plot are indicated
by x markers. Red indicates an FE model where the
rail, deck, and girder are fully composite. Green indi-
cates FE predictions when the rail was not included in
the model. The lines indicate linear fits of the data in
the girder only, with colors corresponding to the rele-
vant data. The dashed black line indicates the analytical
prediction for the neutral axis location when it is
assumed that the girder, deck, and rail are fully com-
posite (with the rail directly above the girder). The
dash-dotted black line indicates the analytical predic-
tion for the neutral axis location when only the girder
and deck are composite. These analytical predictions
are made by considering the cross-sectional properties
of the girder, deck and rail. The assumed material
properties discussed in Section 3.2, which are based on
the bridge design plans, are used to transform the
material properties. For exterior girders, the effective
width of the deck is half of the girder spacing plus the
length of the overhang. For interior girders, the effec-
tive width of the deck is the girder spacing. These
analytical predictions can be used as simplified bench-
marks indicating composite behavior. A more sophis-
ticated comparison is achieved with the 3D FE models.
Throughout the report, positive strain indicates tension
and negative indicates compression.

Figure 3.10 shows good agreement between both FE
models and the measured data at Location El. From
the FE models, which provide additional data points in
the web region, it is clear that shear behavior dominates
in this region (i.e., plane sections do not remain plane),
as expected near the abutment. Table 3.3 show that the
neutral axis—calculated by finding the y-intercept of
the best fit line—for the measured data is 15.8% lower
than the analytical prediction for composite behavior
with the deck only. This indicates that composite beha-
vior between the girder and deck is not fully developed
near the abutment. This is also the case in the FE
model which shows a neutral axis 11.5% lower than the
analytical prediction for composite behavior with the
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Figure 3.9 Cross-section, frame plan, and strain gauge locations for Asset 020-20-07229.

deck only. When comparing the two FE models,

the behavior is very similar below the neutral axis,
and varies slightly above the neutral axis, with the FE
model that includes the rail indicating lower strains,

as expected due to the increased stiffness provided by
the rail.

10

Figure 3.11 shows the measured strains and the FE
predictions in the exterior girder at the location of peak
positive moment (Location M1), when the bridge is
loaded by two trucks positioned to achieve peak posi-
tive moment. At this location, strain gauges were also
adhered to the surface of the concrete rail (using a
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Figure 3.10 Asset 020-20-07229 Location El: measured and predicted strains under statics load of two trucks positioned to
induce peak positive moment.

TABLE 3.3
Asset 020-20-07229 location of the neutral axis, relative to the bottom of the bottom flange of the girder

Location Measured FE Prediction Analytical: Deck Analytical: Deck + Rail
El 30.8 32.4! 36.6 44.5

M1 46.3 43.6 36.6 44.5

N1 49.1 43.5 36.6 -

M2 42.6 40.4 38.7 -

M3 NA 39.9 38.7 -

M4 NA 39.4 38.7 -

M5 NA 28.6 36.6 44.5

Note:

NA = not available.
'FE data is for the model with composite rail.

gauge length of 1 ft.), at the top, interior, and exterior
of the rail. These are indicated by blue triangles in the
plot, with their locations indicated by the same marker
in the cross-section. From the measured data on the
exterior of the rail, it is clear that the rail is engaged and
carrying live load. The trend of the data is expected,
with lower strains in the rail near the deck and higher
strains at the top. Overall, there is very close agreement
between the FE data and the measured data in the
girder, including the neutral axis location (Table 3.3)
and the curvature (Table 3.4), where curvature is
calculated as the reciprocal of the slope of the best fit
line. Note that all curvature shown in this report is an
absolute value. The measured neutral axis is just 6.19%
higher than the FE neutral axis. The measured curva-
ture is just 7.51% lower than the FE curvature. The
close agreement between the FE data, which assumes
fully composite behavior between the girder, deck,
and rail, indicates that the rail is indeed acting com-
positely with the section. This is also supported by the

analytical predictions for the neutral axis when the rail
is included (Table 3.3), which shows that the measured
neutral axis is only 4.04% higher than this analytical
prediction.

The measured strains on the surface of the rail in
Figure 3.11, especially the interior of the rail, exceed
both the expected strains based on the best fit line of
the measured data in the rail (which represents the
assumption that plane sections remain plane) and the
FE predictions. This can be attributed to the fact that
the interior and top gauges may have been exposed
to heat (from both the sun and the nearby trucks)
which would cause them to register compressive strains.
These compressive strains can be approximated as the
difference (A) in strain between the measured data in
the rail and the data of the measured best fit line for the
same vertical location. Given in the following order
based on location of the strain gauges in the rail: top,
interior top, interior bottom, A, given in microstrain is:
230, 250, 100, 51, and 48. The 51 and 48 microstrain
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Figure 3.11 Asset 020-20-07229 Location M1: measured and predicted strains under the static load of two trucks positioned to

induce peak positive moment.

TABLE 3.4
Asset 020-20-07229 curvature

Location Measured FE Prediction
El 0.61 0.82!

M1 3.82 4.13

N1 4.47 4.66

M2 3.14 3.69

M3 NA 2.20

M4 NA 0.93

M5 NA 0.04

Note:

NA = not available.
'FE data is for the model with composite rail.

difference at the rail exterior can be attributed to the
fact that the rail is not directly above the girder. 3D
effects resulting from a truck loading that is eccentric to
the rail are likely playing a role. The 100-250 micro-
strain in the rail interior can be attributed to both 3D
effects and the above-mentioned thermal effects. This
will be discussed further in Section 3.4.1.

Figure 3.12 shows the measured and FE data for
Location N1, which is a positive moment region where
there is also a gap in the rail. The gap in the rail is
modeled by removing the shell elements of the rail at
that location. The measured curvature at Location N1
is 17.0% higher compared to the measured curvature at
Location M 1. This indicates that the strains in the girder
increase where there is a gap in the rail in the positive
moment region. Note that according to the moment
diagram of the girder the strains at Location N1 should
be lower than Location M1. The measured neutral axis
at Location N1 is higher than Location M1, which is

unexpected and warrants further study. The FE data
matches the measured data closely (Figure 3.12, Table
3.3, and Table 3.4). The FE data indicates that the strain
in the deck is higher at Location N1 than Location M1.
Note that there are two FE data points at the deck-rail
interface in Figure 3.12. The high compressive strain is
the data corresponding to the deck.

At the adjacent interior girder, Location M2, the
measured and FE data generally agree (Figure 3.13,
Table 3.3, and Table 3.4). Specifically, the measured
neutral axis is just 5.44% higher than the FE value, and
the measured curvature is 14.9% lower. The measured
neutral axis location is 10.1% higher than the analyti-
cal prediction for an interior girder that is composite
with the deck. This can be attributed to conservative
assumptions on the effective flange width.

The measured and FE data for the other girders at
Locations M3, M4, and M5 all show good agreement
(Figure 3.14, Figure 3.15, and Figure 3.16). As expected,
the strains decrease for the girders farther away from
where the load is being applied.

3.3.2 Girder Distribution Factors

Girder distribution factors (GDF) were calculated
using the results from the above-mentioned static tests.
Unweighted GDFs were calculated as follows:

GDF, = _n,g,.
Yi—1%

where ¢ is the strain that occurred in the bottom flange
of the girder under the static truck loading, i refers to
the girder number, and 7 is the total number of girders,
per the approach described in Ghosn et al. (1986)
and Nowak et al. (2003). Weighted GDFs were also

(Eq.3.1)
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Figure 3.13 Asset 020-20-07229 Location M2: measured and predicted strains under the static load of two trucks positioned to

induce peak positive moment.

calculated which take into account the composite
behavior with the rail. These were calculated as follows:
Wi

PR =S o

where o is the ratio of the section modulus of girder i to
the section modulus of an interior girder. Stallings and
Yoo (1993) used this approach for calculating GDFs to
account for the edge stiffening effect of curbs, but not rails.
Figure 3.17 shows both the weighted and unweighted
measured GDFs, also in comparison with the current
bridge design code value for an exterior girder using the
lever rule (AASHTO, 2020). As expected for the load-
ing condition, the GDF for Girder 1 is highest and
almost zero for Girder 5. The weighted GDF for Girder
1 is 22.4% higher than the unweighted version and is an

(Eq.3.2)

indicator of the additional load that can be attracted
into Girder 1 as a result of the rail. Importantly, the
measured GDFs are all lower than the design code
value, confirming the conservatism of current code even
when considering weighted GDFs.

3.3.3 Behavior Under Crawl and Speed Tests

Both crawl (~5 mph) and speed (~45 mph) tests
were performed (Table 3.1), with a single truck moving
in the center of the lane above Girders 1 and 2. Live
load amplification factors (AF) were then calculated as
follows:

max &Espeed

AF =T Epeed
max (Scrawl )

(Eq.3.3)
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Figure 3.15 Asset 020-20-07229 Location M4: measured and predicted strains under the static load of two trucks positioned to

induce peak positive moment.

where ¢ is the strain that occurred in the bottom flange
of the girder at any point during the speed (numerator)
or crawl (denominator) test.

Figure 3.18 show the live load amplification factors
for each girder line of the bridge, with Girder 1 having
the highest value of 1.18. As expected, Girders 1 and 2
had the highest amplification factors. The strain in
the other girders was overall low. The highest value in
Girder 1 indicates the conservatism of current design
code which uses a 33% impact factor (AASHTO, 2020).

3.4 Two-Span Continuous Steel Girder Bridge Damaged
by Vehicular Collision: Asset 037-55-05265 (Seymour
District)

Asset 037-55-05265 (Figure 3.19) is a two-span (each
span is 70 ft.) continuous, composite, steel girder bridge
that was built in Martinsville, IN in 1966 and then

reconstructed in 1990. It features FC rail, which is
discontinuous above the pier.

As noted earlier, the behavior of Asset 037-55-05265
was previously monitored using DIC as a part of
SPR-4119: Assessment of Bridges Subjected to Vehicular
Collision (Wang & Thrall, 2019). In that prior study,
only the surface strains of the bottom flanges (specifi-
cally the bottom of the cover plates) of the exterior and
adjacent interior girders, on both sides of the bridge,
were monitored. The current study adds to the knowl-
edge of the behavior of the bridge by also using strain
gauges to measure strains in the top and bottom flanges
of the same girders, as well as the rails.

Figure 3.19 shows the instrumentation layout for
the current project. Note that the designation D
refers to the damaged region that occurs on Girder 6.
A symmetric region on Girder 1 is also labeled with D.
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induce peak positive moment.

0.7 ; ; .

067 AASHTO LRFD Prediction |

" 5» for Exterior Girder Using Lever Rule

0.4 1

Girder Distribution Factor
&

0.2 .
o
0.1
8
0 : [}
® Measured Unweighted

0.1 ® Measured Weighted i J

el G2 G3 G4 G5
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3.4.1 Behavior Under Static Truck Loads Positioned for
Peak Positive Moment

This bridge has been subjected to vehicular collision
in 2013 and in 2015, with the 2015 collision resulting in
the displacement of the lower flange of Girder 6 in. by
6 in. (Figure 3.19, Figure 1.1). Between the monitoring
of this bridge in Wang and Thrall (2019) and the current
study, another vehicular collision occurred. Thus, the
results of Wang and Thrall (2019) should not be directly
compared to the current study as the bridge behavior
may have changed.

The monitoring program included placing the two
heavily loaded trucks in positions to induce peak posi-
tive moment on the damaged side and on the symmetric
undamaged side. Data shown for each girder relates to
when the trucks were loaded on that side.

Figure 3.20 and Figure 3.21 show the measured
and FE numerical data for the exterior girder of the
undamaged side. A gauge length of 1 ft. was used for

Amplification Factor

0.6 : ‘ : :
Gl G2 G3 G4 G5

Figure 3.18 Asset 020-20-07229 live load amplification
factors.

the gauge on the rail. The average of the two gauges on
the bottom flange when applicable was presented in the
plots. The average value is used here to eliminate any
out-of-plane bending of the bottom flange. From the
measured strain in both the girder and the rail, it is clear
that composite behavior between the girder, deck, and
rail is achieved and that rail is participating in carry
live load. More specifically, the measured neutral axis
at both M1 and DI, exceeds the analytical prediction
when considering the deck only by 28.9% and 19.4%,
respectively (Table 3.5). The measured neutral axis at
M1 and D1 are also just 1.81 % and 9.07%, respec-
tively, below the analytical prediction when considering
both the deck and rail in the composite section. The FE
predictions shown in Figure 3.20 and Figure 3.21
assume fully composite behavior between the top flange
of the girder and the deck, as well as between the deck
and the rail. The close agreement between the measured
and FE data, as also shown by the neutral axis location

Joint Transportation Research Program Technical Report FHWA/IN/JTRP-2021/08 15



FC Rail

1\1111ﬂ

i
|

W36x135
1ft. 7in. I 5 @8 ft. =40 fi. 1 ft. 7in.
d 43f.2in.
: 50 ft. 7 in. (50 ft.) .
[ 28 ft9i )|
28 ft. 9in. (28 fi.
/ —~ 5. % Gl
/ / M2 27 f.10in. /
=i G2
/ 7 ] /
L : /G3
/ 7 T 7 G4
// 7/. _ MS-=‘28ﬂ‘9m. //GS /
D6: M6 _>7 4 gin(28 7
£ /- - gl LOnQ8R),/ /
Damaged Side | 50 fi. 2 in. (50 fi.)
I
| 70 fi. 70 fi.
r T
Roller Pin Roller
M Strain Gauge - — -~ Center Line of Support e Reference Point @ Peak Point of the Damage
M DIC Pattern  Note: Dimensions in parenthesis are for gauges on the rail.

Figure 3.19

Cross-section, frame plan, and pattern locations for Asset 037-55-05265.

70
k=
60 "
r "
a 30 ﬁ
2
g 40
o —
LD i
5 2.5in £
> 20 Girder v
L 250|250 &
B
0 ale
=700 -500 =300 -100 100 12 in,
Microstrain 1ft. 7in

Measured - Top Rail - Gauge
< Measured - Interior Rail - Gauge
Measured - Girder - Gauge
Figure 3.20
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and curvature in Table 3.5 and Table 3.6, further
indicates that full composite behavior including the rail
has been achieved. For example, at Location M1, the
measured neutral axis is just 4.12% higher than the FE
prediction. The measured curvature at the same loca-
tion is just 7.67% higher than the FE prediction. As
expected, the measured and FE prediction for the cur-
vature (Table 3.6) are higher at Location M1 compared
to Location DI, as the truck loads were positioned to
achieve peak positive moment at Location M1.

The compressive measured strains on the exterior of
the rail in Figure 3.20 and Figure 3.21 indicate that the

Linear Fit: Measured - Girder - Gauge

x FE - Composite

Linear Fit: FE - Composite

Neutral Axis Prediction - Deck & Rail
Neutral Axis Prediction - Deck Only

Asset 037-55-05265 Location M1: measured and predicted strains under the static load of two trucks positioned to

rail is carrying live load. However, the measured strains
at both locations are higher than predicted by the FE
model and the best fit line of the measured strains on
the girder. Further, the strain on the interior of the rail
is higher than the top of the rail at Location M1, con-
trary to what would be expected. These higher compres-
sive strains can be attributed to the strain gauges being
subjected to heat radiating from the trucks as discussed
in Section 3.3.1. The difference between the measured
strains on the rail and the prediction by the best fit line
of the measured strains on the girder, A can be used to
estimate the thermal strain induced in the gauge for
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Figure 3.21 Asset 037-55-05265 Location D1: measured and predicted strains under the static load of two trucks positioned to

induce peak positive moment.

TABLE 3.5
Asset 037-55-05265 location of the neutral axis, relative to the bottom of the bottom flange of the girder
FE Composite FE Untie DR

Location Measured Prediction Prediction Analytical: Deck Analytical: Deck + Rail
Undamaged Side M1 37.9 36.4 - 294 38.6

D1 35.1 37.5 - 29.4 38.6

M2 35.5 35.1 - 31.3 -
Damaged Side M5 32.5 33.7 339 31.3 -

M6 40.8 35.5 35.1 294 38.6

D6 18.5 43.7 25.8 29.4 38.6

Note: Analytical predictions do not take into account the shape of the damaged girder.

TABLE 3.6
Asset 037-55-05265 curvature

Location Measured FE Composite Prediction FE Untie DR Prediction
Undamaged Side M1 3.37 3.65 -

D1 2.73 2.40 -

M2 291 3.54 -
Damaged Side M5 3.33 4.14 4.22

M6 1.91 3.62 3.58

D6 2.74 1.73 3.19

Location D1 and Location M1 (Table 3.7). The magni-
tude of A for these locations is on the same order as was
observed for Asset 020-20-07229.

At the interior girder on the undamaged side, Loca-
tion M2, there is close agreement between the measured
and FE data (Figure 3.22, Table 3.5, and Table 3.6),
with measured neutral axis 1.14% higher than the FE
prediction. The measured neutral axis is 13.4% higher
than the analytical prediction for composite behavior
with the deck. This is similar to what was found in

Asset 020-20-07229 and is likely related to conservative
assumptions on the effective flange width.

Overall, the comparisons at Locations M1, D1, and
M2 indicate that the FE models are able to accurately
predict the behavior of the bridge on the undamaged
side.

Figure 3.23 shows the measured and FE data at the
region of greatest damage on the exterior girder (on the
damaged side), Location D6. Based on the measured
data from the gauges on the flanges, the neutral axis is
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Figure 3.23 Asset 037-55-05265 Location D6: measured and predicted strains under the static load of two trucks positioned to

induce peak positive moment.

approximately halfway up the girder (18.5 in. measured
from the bottom of the bottom flange of the undamaged
section, compared to a total depth of 35.6 in.). This
indicates that the girder is no longer composite with
the deck and that the shear connection between the
top flange of the girder and the deck was damaged
during the vehicular collision. Comparing measured
data at Location D6 with the symmetric undamaged
region (Location D1, Figure 3.21), clearly shows this
change in behavior. Indeed, the neutral axis at D1 is
35.1 in., compared to 18.5 in. at D6 (Table 3.5). This is
further supported by the FE data. The red data in
Figure 3.23 is for an FE model in which the girder, deck,
and rail are all fully composite. The green data is for

an FE model where the constraints used to implement
composite behavior between the top flange of the
girder and the deck are released to make the system
non-composite in the damaged region, referred to as
“Untie Damaged Region.” The composite behavior
between the rail and deck is maintained in this model.
The closer agreement between the “Untie Damaged
Region” model and the measured data indicates that
the shear connectivity was indeed damaged. Differen-
ces between the measured data and the “Untie Dama-
ged Region” FE predictions can be attributed to errors
in the assumed geometry of the deformed girder in the
FE model, as this geometry was based on limited field
data.
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TABLE 3.7

Measured strain of the top and interior of the rail (unit: microstrain)

Location Measured Strain Predicted Strain A

Undamaged Side MI1-Top -265 -132 -133
M I-Interior -294 -102 -192
D1-Top -206 -115 91.2
D1-Interior -167 -90.3 -77.1

Damaged Side M6-Top -547 -69.5 -477
M6-Interior -468 -52.3 -416
D6-Top -248 -161 -87.2
D6-Interior -233 -136 -97.0

The measured strains in Figure 3.23 and Table 3.7 do
show that that rail is participating in carrying live load.
These measured strains are higher than the “Untie
Damaged Region” FE model and best fit line of the
measured strains on the girder would predict. This can
be attributed to the same thermal strains discussed
above. Indeed, the A for the gauge on the top and inte-
rior of the rail is comparable with the values for DI,
indicating similar thermal strain induced by the heat
radiation from the trucks.

Along the same damaged girder but at the location
of peak positive moment (Location M6), Figure 3.24
shows that the composite behavior is intact. Specifi-
cally, the measured data on the girder indicates a
neutral axis location of 40.8 in., which is 5.70% higher
than the analytical prediction for the neutral axis when
the rail is considered to act composite. The measured
data is also close to the FE model where full compo-
site behavior is assumed. The differences can again be
attributed to errors in approximating the shape of the
damaged girder. Notably, the FE model for the “Untie
Damaged Region” predicts almost the same strains as
the FE model with full composite behavior. Thus, the
damage to the shear connection in the damaged region
does not have an impact on the behavior on the positive
moment region of the girder.

The measured strains of the rail in Figure 3.24 and
Table 3.7 show that the rail is participating in carrying
live load. The measured strains, however, are far higher
in magnitude than the FE predictions and predictions
from the best fit line of the measured strains on the
girder. While there could be thermal strains, similar to
what was found at Location M1 and D1, the measured
strains at Location M6 far exceed these. The difference
between the A values between M6 and M1 are -344
microstrain for the gauge on the top of the rail and -224
microstrain for the gauge on the interior of the rail.
Likely, the bridge rail is picking up higher load in this
region as the load is redistributed away from the dama-
ged region. This is an area for future research.

When comparing Location M6 on the damaged
girder (Figure 3.24) to Location M1 on the symmetric
undamaged girder (Figure 3.20), the measured data
indicates that the damaged girder is carrying less load
while the rail is carrying more load. Specifically, the
measured curvature at Location M1 is 3.37 compared
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to 1.91 at Location M6. This indicates that load redis-
tribution is occurring, away from the damaged girder.
The FE models are not able to fully capture this
redistribution.

At Location M5 in the adjacent interior girder
(Figure 3.25) the strains are very similar to the sym-
metric interior girder on the undamaged side at Loca-
tion M2 (Figure 3.22). The measured curvature at
Location M5 is 3.33 compared to 2.91 at Location M2.
This indicates that the damaged exterior girder is not
impacting the behavior of the adjacent interior girder.
However, the agreement between the FE and numerical
data at Location M5 is not as good as was observed
at the symmetric interior girder, Location M2. This is
likely due to the assumptions made in modeling the
damaged girder is influencing the adjacent girder in the
FE model. There is negligible difference between
the two FE models at Location MS5, indicating that
the loss of shear connectivity in the damaged region
does not impact the behavior of the peak positive
moment region of the adjacent interior girder.

Figure 3.24 and Figure 3.25 feature both strain gauge
data and data measured via DIC, indicated by magenta
squares. DIC measures the behavior of the bottom of
the cover plate while the strain gauge measures the
behavior of the top of the flange. At Location M6,
the strain measured by DIC is 3.95% higher than
the measurement of strain gauge. At Location M5, the
strain measured by DIC is 37.7% lower than the
measurement of strain gauge. It is clear that the DIC
and strain gauge data generally agree, given that they
are also measuring strain at different vertical locations
on the cross-section. Thus, this report can also conclude
that DIC is further validated as a strategy for field
monitoring of bridges.

3.4.2 Behavior Under Crawl and Speed Tests

Crawl (~5 mph) and speed (~20 mph) tests were
performed on both the damaged side of the bridge and
the undamaged side of the bridge (Table 3.1), with a
single truck moving in the center of the lane.

Figure 3.26 shows the amplification factors, calcu-
lated per Equation 3.3, on both the undamaged (left)
and damaged (right) side of the bridges. Both girders on
the damaged side have significantly higher amplification
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Figure 3.24 Asset 037-55-05265 Location M6: measured and predicted strains under the static load of two trucks positioned to
induce peak positive moment.
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Figure 3.26 Asset 037-55-05265 live load amplification factors: left plot shows the amplification factor when trucks were driving
on the undamaged side and the right plots shows the amplification factor when trucks were driving on the damaged side.

20 Joint Transportation Research Program Technical Report FHWA/IN/JTRP-2021/08



factors than the symmetric undamaged girders. The
damaged girder (G6) had the highest overall amplifica-
tion factor. On the undamaged side, the interior girder
had the higher amplification factor compared to the
exterior girder. This was opposite to what occurred on
the damaged side. Note that the truck drivers did their
best to maintain consistent crawl and speed tests on each
side of the bridge, but there is inherently some variability
in actual speeds driven. Nonetheless, this provides inter-
esting data on how bridge behavior is affected by a
vehicular collision.

Notably, the highest amplification factor for Asset
020-20-07229 was 1.18 in the exterior girder which
demonstrated conservatism of the 33% impact factor in
current design code (Figure 3.18). In comparison, the
damaged girder G6 in Asset 037-55-05265 had an
amplification factor of 1.35, which exceeds this 33%.
While amplification factors could vary based on the
surface condition of the structure, the 1.35 amplifica-
tion factor for damaged girder G6 compared to 1.00 for
the symmetric undamaged girder G1 indicates that
damage to a girder increases the amplification factor.

3.5 Six-Span Continuous Prestressed Concrete Girder
Bridge: Asset 331-71-08732 (La Porte District)

Asset 331-71-08732 (Figure 3.27) is a six-span (two
end spans of 95 ft. and four inner spans of 95 ft. 6 in.)
continuous, composite, prestressed concrete girder
bridge that was built in Mishawaka, IN in 2019. The
north-bound bridge was monitored. One side of the
bridge features FC rail and the other side PS-1 with a
sidewalk. There were no discontinuities in the PS-1 or
FC rail. As this was a newly constructed bridge, the
researchers were able to place sister bar gauges in both

the deck and the rail.
ES-IRal Sidewalk
i

Field monitoring focused on loading each side of the
bridge (separately) to be able to study and compare
both the FC and PS-1 rail behaviors. Figure 3.27 shows
the longitudinal positions of the strain gauges.

3.5.1 Behavior Under Static Truck Loads Positioned for
Peak Positive Moment

The monitoring program included placing the two
heavily loaded trucks in positions to induce peak
positive moment on the FC side and then on PS-1
side. Data shown for each girder relates to when the
trucks were loaded on that side. For the PS-1 side, the
trucks were driven up on the sidewalk to be able to be
positioned as closely as possible to the rail. A gauge
length of 3 in. was used for all external strain gauge
locations as no cracks were expected in the rail of this
newly built bridge.

Figure 3.28 shows that the measured strain near the
abutment at Location El on the FC side is nearly zero.
A challenge in the FE modeling of this bridge was the
semi-integral abutments at either end. Thus, two FE
models were built. One assumed pin restraints at both
abutments and roller restraints above all the piers (for
each girder line), referred to as “Pin” and shown in red
in Figure 3.28. The other assumed a pin restraint at one
abutment and roller constraints at all piers and the
other abutment (for each girder line), referred to as
“Roller” and shown in green in Figure 3.28. Neither
fully captures the behavior of a semi-integral abutment
but provide reasonable bounds on behavior for this
research. The FE predictions in Figure 3.28 indicate
that the “Pin” FE model more closely approximates the
measured behavior.

Figure 3.29 shows the measured and FE predictions
for the positive moment region, Location M1, on the
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Figure 3.27 Cross-section, frame plan, and strain gauge locations for Asset 331-71-08732.
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Figure 3.29 Asset 331-71-08732 Location M1: measured and predicted strains under the static load of two trucks positioned to

induce peak positive moment.

FC side. As was the case for Location E1, the “Pin” FE
model better matches the measured data. Note that
due to uncertainties in the material properties of the
concrete, it is expected that the FE results do not match
the measured data as closely as was found for the steel
girder bridges. Specifically, the material properties were
based on the design compressive strength of each con-
crete component. However, it is likely that the concrete
of the built structure has much higher compressive
strengths as a contractor would want to make sure they
achieve the minimum required strengths. The neutral
axis of the measured data is just 0.263% lower than the
“Pin” FE predictions and the curvature is 16.2% lower
(Table 3.8 and Table 3.9). As the FE model assumes full

composite behavior including the rail, this verifies that
the rail is acting compositely in the built structure.
Further, the neutral axis is just 7.33% lower than the
analytical prediction including the rail. Unfortunately,
a sister bar gauge that was in the deck malfunctioned
and no data was retrieved. However, the compressive
strain registered in the sister bar of the FC rail indicates
that the rail is clearly participating in carrying live load.
The magnitude of the strain is lower than what would
be expected from the FE model and assuming plane
sections remain plane from the measured data on the
rail (i.e., following the blue linear fit line). This may be
due to errors in the positioning of the sister bar gauge,
the afore-mentioned uncertainty in the material pro-
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TABLE 3.8

Asset 331-71-08732 location of the neutral axis, relative to the bottom of the bottom flange of the girder

Location Measured FE Prediction’ Analytical: Deck Analytical: Deck + Rail
Ml 37.9 38.0 355 40.9

El 34.1 -28.3 355 40.9

M2 NA 374 38.0 -

M3 NA 394 38.0 -

M4 45.5 41.8 355 45.7

E4 73.3 -28.9 355 45.7

Note:

NA = not available.
'FE predictions are for the “Pin” model only.

perties assumed in the FE model, or 3D effects in the
bridge.

At the interior girder on the FC side, Location M2
(Figure 3.30), the measured and FE data agrees well.
There is little difference between the “Pin” and “Roller”
FE models at this location, showing the boundary

TABLE 3.9
Asset 331-71-08732 curvature

Location Measured FE Prediction'
M1 1.50 1.79
El 0.07 0.17
M2 NA 1.21
M3 NA 1.05
M4 1.15 1.58
E4 0.05 0.17
Note:

NA = not available.
'FE predictions are for the “Pin” model only.

condition has a lesser effect on the interior girder line
under this loading.

When the trucks were loaded on the PS-1 side,
little strain is measured at the abutment Location E4
(Figure 3.31). Like Location El, the “Pin” FE model
better matches the behavior at the abutment. In Figure
3.31 and the other figures showing data for the PS-1
side, note that the light grey represents the sidewalk, the
medium grey the deck, and the dark grey the rail.

Like the FC side, the measured data at the peak
positive moment location (Location M4) on the PS-1
side indicates the rail is participating in carrying live
load and that full composite behavior is achieved.
Specifically, the measured data agrees well with the FE
“Pin” model which assumed full composite behavior
between the rail, sidewalk, deck, and girder (Figure
3.32, Table 3.8, and Table 3.9). The neutral axis of the
measured data is just 8.85% higher than the FE data.
Further, the neutral axis of the measured data is also
just 0.440% below the analytical prediction when the
rail and sidewalk are considered. The sister bar gauges
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Figure 3.30 Asset 331-71-08732 Location M2: measured and predicted strains under the static load of two trucks positioned to

induce peak positive moment.
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Figure 3.31 Asset 331-71-08732 Location E4: measured and predicted strains under the static load of two trucks positioned to

induce peak positive moment.
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Figure 3.32 Asset 331-71-08732 Location M4: measured and predicted strains under the static load of two trucks positioned to

induce peak positive moment.

in both the deck and rail track directly with FE
predictions. The measured strains on both the exterior
and the interior surface of the rail, however, are quite
low. As mentioned before, a gauge length of 3 in. was
used for this bridge. Therefore, potential local cracks in
the concrete would have a significant effect on the
measured strain. The cracks would reduce the surface
strains of the concrete but would have less impact on
the strain in the rebar.

At the interior girder Location M3, the measure
data agrees well with the FE predictions (Figure 3.33).
Similar to Location M2, there is little difference bet-

ween the “Pin” and “Roller” FE models at the interior
girder.

3.5.2 Girder Distribution Factors

Figure 3.34 shows the unweighted GDFs (calculated
per Equation 3.1) and weighted GDFs (calculated per
Equation 3.2, also including the sidewalk) when the
trucks are loaded on the PS-1 side (left) and the FC
side (right). Comparisons are also made to the design
code value for an exterior girder using the lever rule
(AASHTO, 2020). As expected and consistent with the

24 Joint Transportation Research Program Technical Report FHWA/IN/JTRP-2021/08



v
Girder

: ‘ . = T

=110 0 110 |1 ft8in.
Microstrains 3ft4in.
© Measured - Girder - Gauge X FE - “Pin”
———  Linear Fit: FE - “Pin”
X FE - “Roller”

——  Linear Fit: FE - “Roller”
—-—--  Neutral Axis Prediction - Deck Only
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TABLE 3.10

Summary of behavior of monitored bridges

Asset No. Research Findings

020-20-07229 Measured strains on surface of FC rail indicate that FC rail carries live load.

Composite behavior between the girder and deck not fully developed near abutment.

Full composite behavior between the rail, deck, and girder can be achieved.

Strains in the exterior girder increase when there is a gap in the rail in the positive moment region.
Girder distribution factors and live load amplification factors in current design code are conservative.

037-55-05265 Measured strains on surface of FC rail indicate that FC rail carries live load, on both the damaged and undamaged
sides of the bridge.
Full composite behavior between the rail, deck, and girder can be achieved.
Vehicular collision can damage the shear connection between the top flange of the girder and the deck.
Damaged girders have lower strains than symmetric undamaged girders.
Load redistribution away from damaged girders to bridge rail likely occurs.
Damaged girders and adjacent interior girders have higher live load amplification factors.

331-71-08732 Measured strains of rebar within both FC and PS-1 rails indicates that both of these rail types carry live load.
Full composite behavior between the rail, deck, and girder can be achieved.
A sidewalk on one side allows a more even distribution of load among girders.
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findings for Asset 020-20-07229 (Section 3.3.2), the
girders with the highest GDFs correspond to the side
that is loaded and the weighted GDFs are about 15%
higher than unweighted GDFs for the exterior loaded
girder. When comparing the measured GDFs to the
design code values, it is clear that the results indicate the
conservatism of the design code. In comparing the two
sides of the bridge to one another, both the weighted
and unweighted GDFs on the PS-1 side are lower than
on the FC side (e.g., the weighted GDF for Girder 4 on
the left plot is 10.0% lower than for Girder 1 on the
right plot). This can be attributed to the sidewalk on the
PS-1 side more evenly distributing the load compared to
the FC side which does not have a sidewalk.

3.6 Summary

Table 3.10 summarizes the main research findings
from each bridge studied. Overall, the strong agreement
between the measured data and the FE predictions
indicates that validated numerical modeling approaches
have been developed for both steel and prestressed
concrete girder bridges.

4. NUMERICAL PARAMETRIC INVESTIGATION
4.1 Approach

Using the validated numerical modeling approaches
developed in Section 3, numerical parametric investiga-
tions were performed on two- and three-span contin-
uous steel and prestressed concrete girder bridges. For
each bridge type, a “prototype bridge” was selected from
the database of INDOT bridges. The target span for
two-span continuous bridges was 110 ft. for each span,
and the target span for the three-span continuous
bridges was 75 ft. for the midspan, based on the inven-
tory of common bridge spans in Maldonado and
Bowman (2019). It was also required that the prototype
bridge passed over traffic as the impetus of this study
relates to bridges subjected to vehicular collision. Minor
modifications of the prototype structures were made for
simplicity, as described in the relevant sub-sections.

A parametric, 3D FE model of each modified pro-
totype bridge was built in CSiBridge, using the same
modeling assumptions as discussed in Section 3.2. The
following parameters were then varied: (1) rail type,
with FT, FC, PS-1, PS-2 (Figure 3.4), and no rail
configurations evaluated, (2) continuity of the rail at
the piers for each of the rail types, and (3) skew angle of
the bridge, comparing zero- and 30-degree skew angle.
For the studies with the 30-degree skew, the prototype
bridges were modified to have the skew. Each bridge
was studied under the effect of two lanes of vehicular
traffic (0.64 kIf per lane, uniformly distributed along
a 12-ft. width in the transverse direction measured
from the interior of the rail at each side of the deck)
across the entire length of the bridge. No design trucks
were included. Boundary conditions were as follows:
for the two-span continuous steel girder bridges, it was
assumed roller at the abutments and pin at the pier;

for the three-span continuous steel girder bridges,
it was assumed pin at one of the abutments and roller
at the other abutment and both piers; for both two- and
three-span continuous prestressed girder bridges, it was
assumed pin at the abutments and roller at the piers.
Results focus on behavior in the positive moment region
only.

4.2 Steel Girder Bridge Parametric Study

This study assumed that none of the girders have
been damaged and that full composite behavior is devel-
oped between the top flange of the girder and the deck
as well as between the deck and the rail.

4.2.1 Two-Span Continuous Steel Girder Bridge Behavior

The two-span continuous steel girder prototype bridge
structure is based on Asset 020-20-07229. It has been
modified as follows: (1) both spans are 108-ft. long, (2)
girder section sizes are the same as in the 108-ft. span in
the built bridge, and (3) diaphragm spacing is assumed as
in the 108-ft. span in the built bridge. Figure 4.1 shows
the plan and cross-section of the modified prototype
structure, and indicates the location where behavior was
studied.

Figure 4.2 and Table 4.1 show the effect of the rail
type on behavior, as compared to an FE model where
there was no rail modeled. All of the rail types decreased
the curvature, meaning reduced the strain in the deck
and the girder, compared to the comparable bridge with
no rail modeled. Likewise, the neutral axis increased
in vertical location. The FT rail provided the greatest
benefit, with decreasing benefit from the FC, PS-1, and
PS-2 rail types (in order of decreasing benefit). This
trend follows with the moment of inertia of the compo-
site section (including the rail), as expected.

Figure 4.3 shows the effect of a discontinuity in the
rail at the pier for the two-span continuous steel girder
bridge with the FC rail type. Figure C.1, Figure C.2,
and Figure C.3 (see Appendix C) show the effect of a
discontinuity in the rail at the pier for the two-span
continuous steel bridge with the FT, PS-1, and PS-2 rail
types, respectively. For all of the rail types, there is
negligible difference between the strain profiles at the
peak positive moment region.

Figure 4.4 shows the prototype structure with a 30-
degree skew and indicates the relative location of the
FE data. Figure 4.5 shows the effect of this 30-degree
skew angle on the behavior of a two-span continuous
steel girder bridge with the FC rail type, as compared to
the bridge with no skew. Figure C.4, Figure C.5, and
Figure C.6 (see Appendix C) show the effect of this 30-
degree skew angle on the behavior of a two-span con-
tinuous steel girder bridge with the FT, PS-1, and PS-2
rail types, respectively, as compared to the bridge with
no skew. For all rail types, there is negligible difference
between the strain profiles of the skew and non-skew
bridges in the peak positive moment region.
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TABLE 4.1
Effect of rail type for two-span continuous steel girder bridge: FE predictions for the curvature and neutral axis location at peak positive
moment location

Rail Type Curvature % Different from No Rail Neutral Axis Location % Different from No Rail
FT 1.07 -41.5 45.0 13.0

FC 1.29 -29.5 43.3 8.79

PS-1 1.34 -26.8 43.2 8.54

PS-2 1.46 -20.2 42.3 6.28

No Rail 1.83 - 39.8 -
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Figure 4.4 Cross-section and frame plan of the modified two-span continuous steel girder bridge with 30-degree skew angle.

4.2.2 Three-Span Continuous Steel Girder Bridge
Behavior

The three-span continuous steel girder prototype
bridge structure is based on Asset 1265-00-05513 B. It
has been modified as follows: six girders were modeled
instead of seven to achieve an even girder spacing
across the width, as well as similar lane and shoulder
layout as the other studied bridges. Figure 4.6 shows
the plan and cross-section of the modified prototype
structure, and indicates the location where behavior
was studied.

Figure 4.7 and Table 4.2 show the effect of the rail
type on behavior. Similar to the two-span continuous
steel girder bridge, all of the rail types decreased the
curvature compared to when no rail was modeled. Also,
the FT rail provided the greatest benefit, with decreas-
ing benefit from the FC, PS-1, and PS-2 rail types

(in order of decreasing benefit). The neutral axis also
increased in vertical location with increasing rail height.

Figure 4.8 shows the effect of discontinuity of the rail
above the piers for the three-span continuous steel gir-
der bridge with the FC rail type. Figure C.7, Figure C.8,
and Figure C.9 (see Appendix C) show the effect of
discontinuity of the rail above the piers for the three-
span continuous steel girder bridge with the FT, PS-1,
and PS-2 rail types, respectively. For each rail type,
there is no significant difference between behavior in
the positive moment region.

Figure 4.9 shows the prototype structure with a 30-
degree skew and indicates the relative location where
behavior was studied. Figure 4.10 shows the effect of
this 30-degree skew angle on the behavior of a three-
span continuous steel girder bridge with the FC rail
type, as compared to the bridge with no skew. Figure
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Figure 4.6 Cross-section and frame plan of the modified three-span continuous steel girder bridge.

C.11, Figure C.12, and Figure C.13 (see Appendix C)
show the effect of this 30-degree skew angle on a three-
span continuous steel girder bridge with the FT, PS-1,
and PS-2 rail types, respectively, as compared to the
bridge with no skew. For all rail types, there is no
significant difference between behavior with a 30-degree
skew and zero-degree skew angle in the positive mom-
ent region.

4.3 Steel Girder Damaged by Vehicular Collision
Parametric Study

The parametric study discussed in Section 4.2 led to
valuable findings for undamaged steel girder bridges.
This section performs a different parametric study

Joint Transportation Research Program Technical Report FHWA/IN/JTRP-2021/08

focusing on the behavior of a bridge with an exterior
girder that has been damaged by vehicular collision.
Note that this study differs from the approach for the
undamaged bridges that was discussed in Section 4.1.
Specifically, the validated numerical model that was
developed for Asset 037-55-05265 is revisited to investi-
gate the effect of varying rail types and rail continuity.
The FE model discussed in Section 3.2.3 and validated
through comparison in Section 3.4.1 was used. All data
is for an FE model in which the composite behavior
between the girder and the deck is removed in the
damaged region. The transverse location of the rail is
the same for all the rail types considered (i.e., FT, FC,
PS-1, and PS-2). The applied load is the same truck
loading as in the monitoring procedure. Results focus
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TABLE 4.2
Effect of rail type for three-span continuous steel girder bridge: FE predictions for the curvature and neutral axis location at peak positive

moment location

Rail Type Curvature % Different from No Rail Neutral Axis Location % Different from No Rail
FT 0.57 -60.4 39.8 16.0

FC 0.76 -47.2 38.1 11.1

PS-1 0.81 -43.8 37.9 10.5

PS-2 0.94 -34.7 37.0 7.87

No Rail 1.44 - 343 -
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on the damaged side of the bridge (Girders 5 and 6), as
the behavior of undamaged steel girders was studied in
Section 4.2.

As shown in Figure 3.9, Asset 037-55-05265 has an
FC rail. Figure 4.11, Figure 4.12, and Figure 4.13, as
well as Table 4.3, Table 4.4, and Table 4.5, show the
effect of different rail types on the behavior of the
exterior damaged girder and adjacent interior girder at
Locations M6, D6, and M5, respectively. At all three
locations, the FT rail reduces the curvature the most,
with decreasing benefits from the other rail types.
Similarly, the FT rail increases the neutral axis at all
locations, with decreasing benefits from the other rail
types. As expected, the rail type has a larger effect on
the curvature of the damaged exterior girder than the
adjacent interior girder.

Asset 037-55-05265 has a discontinuity in the rail
above the pier which is included in the models in
Section 3.4.1 by removing the shell elements of the rail
at that location. Another version of the model was built

where the rail was made continuous. Figure 4.14,
Figure 4.15, Figure 4.16 compare the strain profiles for
both versions of the FE model at Locations M6 and D6
of the damaged exterior girder and the Location M5 of
the adjacent interior girder, respectively. This data indi-
cates that the discontinuity has negligible impact on the
behavior of a damaged exterior girder or its adjacent
interior girder at these locations.

4.4 Prestressed Concrete Girder Parametric Study

This study assumed that none of the girders have
been damaged and that full composite behavior is
developed between the top flange of the girder and deck
as well as between the deck and the rail.

4.4.1 Two-Span Continuous Prestressed Concrete Girder
Bridge Behavior

The two-span continuous prestressed concrete girder
prototype bridge structure is based on Asset 641-58-
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Figure 4.12 Effect of rail type for damaged steel girder bridge (Asset 037-55-05265): FE predictions for strains at Location D6.

9152. This bridge has not been modified. Figure 4.17
shows the plan and cross-section of the prototype
structure, and indicates the location where behavior was
studied.

Figure 4.18 and Table 4.6 show that all of the rail
types decreased the curvature compared to when no rail
was modeled. The FT rail provided the greatest benefit,
with decreasing benefit from the FC, PS-1, and PS-2
rail types (in order of decreasing benefit). These find-
ings are consistent with those found from the steel girder
parametric studies. All of the rails increased the height
of the neutral axis compared to the no rail model.

Figure 4.19 shows the effect of rail discontinuity over
the pier for the two-span continuous prestressed
concrete girder bridge with the FC rail type. Figure

C.13, Figure C.14, and Figure C.15 (see Appendix C)
show the effect of rail discontinuity over the pier for the
two-span continuous prestressed concrete girder bridge
with the FT, PS-1, and PS-2 rail types, respectively.
Like the steel girder bridges, rail discontinuity over the
pier has negligible impact on the behavior in the posi-
tive moment region, for any rail type.

Figure 4.20 shows the prototype structure with a 30-
degree skew, also indicating the location where
behavior was studied. Figure 4.21 shows the effect of
this 30-degree skew angle on the behavior of a two-span
continuous prestressed concrete girder bridge with
the FC rail type, as compared to the bridge with zero-
degree skew angle. Figure C.16, Figure C.17, and Figure
C.18 (see Appendix C) show the effect of this 30-degree
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TABLE 4.3

Effect of rail type for damaged steel girder bridge (Asset 037-55-05265): FE predictions for the curvature and neutral axis location at

Location M6

Rail Type Curvature % Different from No Rail Neutral Axis Location % Different from No Rail
FT 2.88 -56.5 36.2 22.6

FC 3.58 -45.9 35.1 19.0

PS-1 3.89 -41.2 34.1 15.5

PS-2 4.48 -32.3 33.1 12.2

No Rail 6.62 - 29.5 -

TABLE 4.4

Effect of rail type for damaged steel girder bridge (Asset 037-55-05265): FE predictions for the curvature and neutral axis location at

Location D6

Rail Type Curvature % Different from No Rail Neutral Axis Location % Different from No Rail
FT 2.44 -61.9 26.4 10.9

FC 3.19 -50.3 25.8 8.35

PS-1 3.48 -45.8 25.5 7.36

PS-2 4.10 -36.0 25.1 5.63

No Rail 6.42 - 23.8 -

TABLE 4.5

Effect of rail type for damaged steel girder bridge (Asset 037-55-05265): FE predictions for the curvature and neutral axis location at

Location M5

Rail Type Curvature % Different from No Rail Neutral Axis Location % Different from No Rail
FT 3.89 -32.3 34.3 11.0

FC 4.22 -26.6 33.9 9.59

PS-1 4.37 -24.0 33.6 8.57

PS-2 4.64 -19.1 33.1 7.04

No Rail 5.74 — 30.9 -
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TABLE 4.6
Effect of rail type for two-span continuous prestressed concrete girder bridge: FE predictions for the curvature and neutral axis location at
peak positive moment location

Rail Type Curvature % Different from No Rail Neutral Axis Location % Different from No Rail
FT 0.62 -41.0 33.9 7.28

FC 0.74 -29.5 334 5.70

PS-1 0.78 -25.7 33.7 6.65

PS-2 0.84 -20.0 333 5.38

No Rail 1.05 - 31.6 -
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Figure 4.20 Cross-section and frame plan of the two-span continuous prestress girder bridge with 30-degree skew angle.
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skew angle on the behavior of a two-span continuous
prestressed concrete girder bridge with the FT, PS-1,
and PS-2 rail types, respectively, as compared to the
bridge with 0-degree skew angle. For all rail types, there
is no significant difference between behavior with 30-
degree skew and zero-degree skew angle in the positive
moment region.

4.4.2 Three-Span Continuous Prestressed Concrete
Girder Bridge Behavior

The three-span continuous prestressed concrete girder
prototype bridge structure is based on Asset 025-08-
08725 SB. It has been modified as follows: symmetry
was assumed along the transverse direction of the bridge
and a girder spacing of 10 ft. 6 in. was used instead of
the original 12 ft. 6 in. Figure 4.22 shows the plan and
cross-section of the modified prototype structure with
and without skew respectively, and indicates the loca-
tion where behavior was studied.

As was the case for the other three types of bridges
studied, Figure 4.23 and Table 4.7 show that all of the
rail types decreased the curvature, with the FT rail
providing the greatest benefit and decreasing benefit
from the FC, PS-1, and PS-2 rail types (in order of
decreasing benefit). Like the two-span continuous pre-
stressed concrete girder bridge, all of the rails increased
the height of the neutral axis compared to the no rail
model.

Figure 4.24 shows the effect of discontinuity of the
rail above the piers for the three-span continuous
prestressed concrete girder bridge with the FC rail
type. Figure C.19, Figure C.20, and Figure C.21 (see
Appendix C) show the effect of discontinuity of the rail
above the piers for the three-span continuous pre-
stressed concrete girder bridge with the FT, PS-1, and
PS-2 rail types, respectively. As discussed previously,
the data show that rail discontinuity at the piers has no

significant effect on positive moment behavior for any
of the rail types investigated. This has been shown to be
consistent for all bridges in this parametric study.

Figure 4.25 shows the modified prototype structure
including a 30-degree skew angle. Figure 4.26 shows the
effect of this 30-degree skew angle on the behavior of
the exterior girder of a three-span continuous pre-
stressed concrete girder bridge with the FC rail type in
the positive moment region, as compared to the bridge
with no skew. Figure C.22, Figure C.23, and Figure
C.24 (see Appendix C) show the effect of this 30-degree
skew angle on the behavior of the exterior girder of a
three-span continuous prestressed concrete girder
bridge with the FT, PS-1, and PS-2 rail types, respec-
tively, in the positive moment region, as compared to
the bridge with no skew. The data show that a 30-
degree skew angle has negligible impact on the behavior
of the exterior girder in the positive moment region for
any of the rail types. This trend is consistent among all
bridges in the parametric study.

4.5 Summary

For two- and three-span continuous steel and pre-
stressed concrete girder bridges, the bridge rail reduced
the curvature (Table 4.8 and Table 4.9), meaning
reduced the strain in the girder and deck. The greatest
benefit was observed when using the FT rail (Table
4.8), with decreasing benefit corresponding to the rail
types that result in composite sections with decreasing
moment of inertia of the composite section. Incor-
porating rail into the models increased the vertical
location of the neutral axis for all rail types (Table 4.8
and Table 4.9). For the steel girder bridges, there was
a clear trend with the FT rail providing the greatest
benefit, with decreasing benefit corresponding to the rail
types that result in composite sections with decreasing
moment of inertia of the composite section. There was
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Figure 4.22 Cross-section and frame plan of the modified three-span continuous prestress girder bridge.
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Figure 4.24 Effect of rail discontinuity for three-span continuous prestressed concrete girder bridge with FC rail: FE predictions
for strains at peak positive moment location.

TABLE 4.7
Effect of rail type for three-span continuous prestressed concrete girder bridge: FE predictions for the curvature and neutral axis location
at peak positive moment location

Rail Type Curvature % Different from No Rail Neutral Axis Location % Different from No Rail
FT 0.32 -39.6 46.7 7.11

FC 0.37 -30.2 46.0 5.50

PS-1 0.40 -24.5 46.3 6.19

PS-2 0.43 -18.9 45.7 4.82

No Rail 0.53 - 43.6 -
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predictions for strains at peak positive moment location.

TABLE 4.8
Effect of FT rail type on the curvature and neutral axis height
Material Arrangement % Decrease in Curvature % Increase in Neutral Axis Height
Steel 2-span 41.5 13.0
3-span 60.4 16.0
Concrete 2-span 41.0 7.28
3-span 39.6 7.11
TABLE 4.9
Effect of PS-2 rail type on the curvature and neutral axis height
Material Arrangement % Decrease in Curvature % Increase in Neutral Axis Height
Steel 2-span 20.2 6.28
3-span 34.7 7.87
Concrete 2-span 20.0 5.38
3-span 18.9 4.82
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no significant trend related to specific rail type for the
prestressed concrete girder bridges.

Overall, a discontinuity of the rail at the piers has
negligible impact on positive moment behavior for two-
and three-span continuous steel and prestressed con-
crete girder bridges, regardless of rail type.

A steel girder bridge with an exterior girder that has
been damaged by vehicular collision follows the above-
mentioned behaviors related to rail type and disconti-
nuity of the rail.

5. CONCLUSIONS

5.1 Summary of Research Findings

The main research findings are summarized as follows.
These findings are limited to two- or three-span con-
tinuous composite, multi-girder steel or prestressed
concrete bridges with intact, reinforced concrete rail
integral with the deck. Bridges with other rail types
(e.g., metal rails) or other structural systems (e.g.,
girder floorbeam systems) are excluded from these
findings. These findings also do not apply in the
circumstance where a rail has been damaged or is not
integral with the deck. These findings may be limited
to the specific bridges monitored in this study and the
specific regions that were monitored (e.g., positive
moment behavior).

Findings from Measured Data

1.  Generally, both FC and PS-1 rail types participate in
carrying live load.

2. Neutral axis locations indicate that full composite
behavior can be achieved between the girder, deck, and
rail.

3. Strains in an exterior girder increase when there is a gap
in the rail in the positive moment region.

4. Near abutments, full composite behavior between the
girder and deck may not yet developed.

5. When an exterior girder is subjected to Category T
damage (i.e., torsion about the longitudinal direction
(Avent, 2008)) from a vehicular collision, the shear con-
nection between the deck and girder may be damaged.
Live load amplification factors may also be higher due to
the damage.

Findings from Numerical Modeling of Monitored Bridges

1. FE numerical models, with the following features, are able
to accurately capture rail participation for steel and
prestressed concrete girder bridges for which there are no
damaged girders:

a. Components modeled with the following element
types:

i.  Rail: Thick shell elements, with changing thick-
ness based on the geometry.

ii. Deck: Thick shell elements.

iii. Girders: Frame elements representing the top and
bottom flanges, thin shell elements representing the

webs for steel girders, thick shell elements repre-
senting the webs for prestressed concrete girders.

b. Composite behavior—implemented by constraining
all translational and rotational degrees of freedom of
the nodes between the components (i.e., nodes that
share the same longitudinal coordinates)—modeled
between the rail and deck, as well as the deck and the
top flange of the girders.

2. For steel girder bridges where an exterior girder is sub-
jected to Category T damage (i.e., torsion about the
longitudinal direction (Avent, 2008)) from a vehicular
collision, FE models that remove the composite behavior
between the girder and the deck in the region of the
damage (by removing the translational and rotational
constraints between the top flange of the girder and the
deck) can accurately capture behavior. The damaged
profile of the girder should be considered.

Findings from Numerical Parametric Investigation

1.  When fully composite behavior between the rail, deck,
and girder is assumed, the curvature is reduced in the
positive moment region, meaning strains in the deck and
girder are reduced, as compared to a comparable system
where only the deck and girder are composite. The verti-
cal location of the neutral axis is increased (measured
from the bottom flange) in the positive moment region as
compared to a comparable system where only the deck
and girder are composite.

2. FT, FC, PS-1, and PS-2 rail types all contribute to the
above-mentioned reduction in curvature. The greatest
benefit was observed when using the FT rail, with
decreasing benefit corresponding to the rail types that
result in composite sections with decreasing moment of
inertia.

3. Rail discontinuity at piers has negligible impact on the
behavior of the exterior girders in the positive moment
region.

4. Skew (up to 30 degrees) has negligible impact on the
behavior of the exterior girders in the positive moment
region.

Other Findings

1. Through comparisons between measured digital image
correlation (DIC) and strain gauge data, DIC is further
validated as a technique for field monitoring of bridges.

5.2 Expected Benefits, Deliverables, Implementation, and
Cost Saving

This research has contributed to the current INDOT
strategic priorities (INDOT, 2019) of safety, asset sus-
tainability, organization and workforce, and innovation
and technology (Table 5.1).

The implementation plan for this research includes
the following:

1. The Recommendations for FEvaluating the Reserve
Strength of Girder Bridges Due to Rail Participation
(Appendix A) to be made available.
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TABLE 5.1

Research contributions to INDOT strategic priorities

INDOT Strategic Priority INDOT, 2019)

Research Contributions

Safety

This research demonstrated that intact, reinforced concrete bridge rail integral with the deck
generally participates in carry live load. This may increase the safety of two- or three-span
continuous composite, multi-girder steel or prestressed concrete bridges.

Asset Sustainability

Research culminated in recommendations for bridge inspectors and engineers who evaluate the
behavior of bridges, thus contributing to long-term asset management.

Organization and Workforce

This research contributed to the education of three graduate students and two undergraduate
students, providing them with the opportunity to perform independent research and training
them in bridge engineering.

All of these students, as well as the Principal Investigator, are women, thereby contributing to
increasing the diversity of the field.

Innovation and Technology

Digital Image Correlation (DIC)—the state-of-the-art photographic measurement technology—

was used to monitor the behavior of one steel girder bridge. This innovative technology has
the potential to provide unprecedented data on bridge behavior and may be a valuable
inspection tool in the future.

This research demonstrated that strains measured using DIC agree with strain gauge
measurements, contributing to the verification of DIC as a tool for field monitoring of

bridges.

2. The Recommendations for Bridge Inspectors for Evalu-
ating Steel Girder Bridges Subjected to Vehicular Damage
(Appendix B) to be included in the INDOT Bridge
Inspection Manual.

3. Presentation of the results at the 2021 Purdue Road
School.

4. A journal paper is currently in preparation and will be
submitted for publication.

5.  The final report will be made freely available on the
Purdue e-Pubs website.

Other deliverables include the following:

PhD Dissertation

® Wang, Y. (2021). Monitoring the behavior of bridges
Using digital image correlation [Doctoral dissertation,
University of Notre Dame]. https://curate.nd.edu/show/
6h440r9985m

Peer-Reviewed Journal Paper

® Wang, Y., Tumbeva, M. D., & Thrall, A. P. (n.d.).
Behavior of bridge rails under live load [Manuscript in
preparation].

Presentations

® Wang, Y., Cardona, S., Gasser, C. E., & Thrall, A. P.
(2020, February 27). Evaluating reserve strength of girder
bridges due to bridge rail load shedding [Poster presenta-
tion]. Joint Transportation Research Program-Indiana
Department of Transportation Poster Session, Indiana-
polis, Indiana.

® Gonzalez Flores, C., Gasser, C. E., Wang, Y., & Thrall,
A. P. (2019, February 13). Evaluating reserve strength
of girder bridges due to bridge rail load shedding [Poster
presentation]. Joint Transportation Research Program—
Indiana Department of Transportation, Indianapolis,
Indiana.

5.3 Future Studies

Future research could extend this study to also
consider the impact of girder depth on the participation
of the rail.

This project focused on the behavior of bridge rail
under service loads. To provide further understanding,
future studies could focus on the ultimate behavior of
steel and prestressed concrete girder bridges when the
bridge rail is considered. Numerical modeling of the
ultimate failure modes should include nonlinear mate-
rial models, for both the steel and concrete, as well as
nonlinear geometry.
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APPENDIX A. RECOMMENDATIONS FOR EVALUATING THE
RESERVE STRENGTH OF GIRDER BRIDGES DUE TO RAIL
PARTICIPATION

Steel and prestressed concrete multi-girder bridges are designed conservatively, resulting in
reserve strength. One source of this reserve strength—which is not permitted to be considered
when evaluating strength and extreme event limit states per current bridge design code
(AASHTO, 2020)—is the participation of the rails in carrying load. In SPR-4119: Assessment of
Bridges Subjected to Vehicular Collision (Wang & Thrall, 2019), it was found that loads are
generally redistributed away from steel girders that have been damaged by vehicular collision,
potentially to adjacent girders and/or the rail. These findings from SPR-4119 were the impetus
for SPR-4311: Evaluating Reserve Strength of Girder Bridges due to Bridge Rail Load Shedding
(Wang et al., 2021) which further evaluated the participation of bridge rail in carrying live load
by monitoring the behavior of one steel girder bridge (two-span continuous) and one prestressed
concrete girder bridge (six-span continuous), as well as a steel girder bridge damaged by
vehicular collision (two-span continuous). These bridges were studies under static live load (i.e.,
two heavily loaded dump trucks) as well as crawl and speed tests. Research also included
numerical finite element (FE) modeling.

The following recommendations can be used to evaluate two- or three-span continuous multi-
girder composite steel or prestressed concrete bridges with intact reinforced concrete rail integral
with the deck. Bridges with other rail types (e.g., metal rails) or other structural systems (e.g.,
girder floorbeam systems) are excluded from these recommendations and should be evaluated
separately. These recommendations also do not apply in the circumstance where a rail has been
damaged. The following recommendations should not be used for design. Research focused only
on positive moment behavior (i.e., compression on the top of the section, tension on the bottom)
and the following recommendations may be limited based on this.

1. Generally, bridge rails participate in carrying live load. However, they should not be
relied upon to carry live load.

2. Based on good agreement between measured data and FE numerical predictions, the
participation of bridge rails can be captured through FE models. As such, designers can
use FE modeling to evaluate the reserve strength of girder bridges.

3. Specific numerical modeling recommendations for evaluating reserve strength include
the following.

a. Bridge components should be modeled using the following element types:
1. Rail: Thick shell elements, with changing thickness based on the
geometry.
ii. Deck: Thick shell elements.

iii. Girders: Frame elements representing the top and bottom flanges, thin
shell elements representing the webs for steel girders, thick shell elements
representing the webs for prestressed concrete girders.

b. Composite behavior should be assumed between the rail and deck, as well as the
deck and the top flange of the girders. This should be implemented by
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constraining all translational and rotational degrees of freedom of the nodes
between the components (i.e., nodes that share the same longitudinal coordinates).

4. For bridges where an exterior girder is subjected to Category T damage (i.e., torsion
about the longitudinal direction (Avent, 2008)) from a vehicular collision, FE models that
remove the composite behavior between the girder and the deck in the region of the
damage (by removing the translational and rotational constraints between the top flange
of the girder and the deck) can accurately capture behavior. The damaged profile of the
girder should be considered.

5. If fully composite behavior between the rail, deck, and girder is achieved, the curvature
in the positive moment region is reduced, meaning strains in the deck and girder are
reduced, as compared to a comparable system where only the deck and girder are
composite. The vertical height of the neutral axis in the positive moment region is
increased (relative to the bottom flange), as compared to a comparable system where only
the deck and girder are composite. All of the rail types that were numerically studied (i.e.,
Indiana Department of Transportation rail types FC, FT, PS-1 and PS-2 (INDOT, 2020))
contributed to this effect. The rail type that increased the moment of inertia of the
composite section the most (i.e., FT) resulted in the greatest decrease in curvature, with
decreasing benefit corresponding to decreasing moment of inertia of the composite
section.

6. If bridge rail becomes damaged, inspectors should recommend repair or replacement of
the rail. Replacement of bridge rail should be with the same rail type or a rail type with
increased stiffness to preserve any reserve strength the rail provides.

7. Rail discontinuities above piers have negligible impact on the positive moment behavior
of the exterior girders.

8. Bridge skew (up to 30 degrees) has negligible impact on the positive moment behavior of
the exterior girders.

References for Appendix A

AASHTO. (2020). AASHTO LRFD bridge design specifications (9th edition). American
Association of State Highway and Transportation Officials.

Avent, R. R. (2008, August). Guide for heat-straightening of damaged steel bridge members
(Report No. FHWA-IF-08-999). Federal Highway Administration.
https://www.thwa.dot.gov/bridge/steel/heat guide.pdf

INDOT. (2020). Indiana Department of Transportation standard drawings: Section 700 —
Structures. https://www.in.gov/dot/div/contracts/standards/drawings/sep20/e/sep700.htm

Wang, Y., Tumbeva, M. D., & Thrall, A. P. (2021). Evaluating reserve strength of girder
bridges due to bridge rail load shedding (Joint Transportation Research Program Publication
No. TBD). West Lafayette, IN: Purdue University.

Wang, Y., & Thrall, A. P. (2019). Assessment of bridges subjected to vehicular collision (Joint
Transportation Research Program Publication No. FHWA/IN/JTRP-2019/01). West
Lafayette, IN: Purdue University. https://doi.org/10.5703/1288284316870
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APPENDIX B. RECOMMENDATIONS FOR BRIDGE INSPECTORS FOR
EVALUATING STEEL GIRDER BRIDGES SUBJECTED TO
VEHICULAR DAMAGE

In SPR-4119: Assessment of Bridges Subjected to Vehicular Collision (Wang & Thrall, 2019),
the behavior of four steel girder bridges (one three-span continuous, three two-span continuous)
for which an exterior girder has sustained Category T damage (i.e., torsion about the longitudinal
direction, as shown for example in Figure B.1 and defined in Figure B.2 (Avent, 2008)) from a
vehicular collision were monitored under static live load (i.e., two heavily loaded dump trucks).
In SPR-4311: Evaluating Reserve Strength of Girder Bridges Due to Bridge Rail Load Shedding
(Wang et al., 2021), the behavior of one of the damaged bridges studied in SPR-4119 was
monitored, as well as the behavior of one undamaged steel girder bridge (two-span continuous)
and one undamaged prestressed concrete girder bridge (six-span continuous). These bridges were
studies under static live load (i.e., two heavily loaded dump trucks) as well as crawl and speed
tests. Both research studies also include numerical finite element (FE) modeling.

Based on both research projects, bridge inspectors can use the following recommendations to
evaluate two- or three-span continuous multi-girder steel bridges for which an exterior girder has
sustained Category T damage from a vehicular collision. Other categories of damage (e.g.,
highly localized damage or cracking) and other structural systems (e.g., girder floorbeam
systems) are excluded from these recommendations and should be evaluated separately. These
recommendations are limited to bridges with intact reinforced concrete rail integral with the
deck. Bridges with other rail types (e.g., metal rails) are excluded from these recommendations
and should be evaluated separately. These recommendations also do not apply in the
circumstance where a rail has been damaged. Research focused primarily on positive moment
behavior (i.e., compression on the top of the section, tension on the bottom) and the following
recommendations may be limited based on this.

1. Bridges should always be inspected after a vehicular collision.

2. Live load should always be redirected away from girders with Category T damage (e.g.,
lane or shoulder closures).

3. Generally, bridge rails participate in carrying live load and can provide a clear benefit to
the behavior of steel girder bridges for which an exterior girder has been damaged.
However, they should not be relied upon to carry live load.

4. Bridges with open rails, severely cracked or damaged rails, rails with discontinuities in
the damaged region, and/or less redundancy (related to number or spacing of girders)
require more detailed evaluation.

5. During inspection of composite bridges, special attention should be paid to the shear
connection between the girder and deck as this can be damaged during collision and
result in higher live load strains in the steel girders.

6. Category T damage in the center of a span with a large angle of deflection of the web,
results in the most severe loss of stiffness. Bridges with this type of damage should be
prioritized for repair.
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7. Girders adjacent to damaged girders may carry live load that is being redistributed away
from the damaged girder. While the expected strain in these adjacent girders is still small,
they should be inspected.

8. Inspectors should take into account prior heat straightening of damaged girders and its
effect on the material properties of the steel when evaluating a girder.

9. Live load amplification factors may be higher when a girder is damaged. Inspectors
should take this into consideration.

10. When inspecting a damaged girder, inspectors should measure the peak web rotation
angle, a, the location of the start of the damage along the span, D, the length of the
damage, [, and the relative location of the peak point of damage, x (Figure B.3). These
measurements would facilitate deeper evaluation through numerical analysis.

These recommendations are based on measured data and numerical FE model predictions from
SPR-4119 and SPR-4311. These recommendations may be limited to the specific bridges
monitored in this study.

Figure B.1 Examples of Category T damage (reprinted from Wang & Thrall, 2019).

B-2



R
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Category T Category L

Figure B.2 Categories of damage (adapted from Avent, 2008 and reprinted from Wang & Thrall,
2019), where Category S refers to strong axis bending, Category W refers to weak axis bending,

Category T refers to torsion about the longitudinal axis, and Category L refers to local damage
(shown for example for a flange deformation).
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Figure B.3 Category T damage profile in (a) cross-section and (b) elevation (reprinted from
Wang & Thrall, 2019).
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APPENDIX C. SUPPORTING DATA FOR PARAMETRIC STUDY

o o
(=R -1

4 ft 5.5 in.

(=]

Vertical Location (in.)
N w B W DN 3
oS o O (=]

—
(=]

Girder

-100 0 100 16 in.
Microstrain 2 ft2in.

(=]

x FE - Continuous X FE - Discontinuous
—— Linear Fit: FE - Continuous —— Linear Fit: FE - Discontinuous
————— Neutral Axis Prediction - Deck & Rail
Figure C.1 Effect of rail discontinuity for two-span continuous steel girder bridge with FT rail:
FE predictions for strains at peak positive moment location. Cross-section shows the FT rail as
an example.
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Figure C.2 Effect of rail discontinuity for two-span continuous steel girder bridge with PS-1 rail:
FE predictions for strains at peak positive moment location.
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Figure C.3 Effect of rail discontinuity for two-span continuous steel girder bridge with PS-2 rail:
FE predictions for strains at peak positive moment location.
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Figure C.4 Effect of 30-degree skew angle for two-span continuous steel girder bridge with FT
rail: FE predictions for strains at peak positive moment location.
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Figure C.5 Effect of 30-degree skew angle for two-span continuous steel girder bridge with PS-1
rail: FE predictions for strains at peak positive moment location.
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Figure C.6 Effect of 30-degree skew angle for two-span continuous steel girder bridge with PS-2
rail: FE predictions for strains at peak positive moment location.
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Figure C.7 Effect of rail discontinuity for three-span continuous steel girder bridge with FT rail:
FE predictions for strains at peak positive moment location.

80 1 B
701
2 E
£ 60 o
g =
§ 501 -
o
= 401
8 B
£ 307 o L2
> =
204 °
10 =
ol Girder 1
-100 0 100 12 in,
Microstrain 2 ft3.6in.
X FE - Continuous X FE - Discontinuous
—— Linear Fit: FE - Continuous —— Linear Fit: FE - Discontinuous

————— Neutral Axis Prediction - Deck & Rail
Figure C.8 Effect of rail discontinuity for three-span continuous steel girder bridge with PS-1
rail: FE predictions for strains at peak positive moment location.
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Figure C.9 Effect of rail discontinuity for three-span continuous steel girder bridge with PS-2
rail: FE predictions for strains at peak positive moment location.
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Figure C.10 Effect of 30-degree skew angle for three-span continuous steel girder bridge with FT
rail: FE predictions for strains at peak positive moment location.
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Figure C.11 Effect of 30-degree skew angle for three-span continuous steel girder bridge with
PS-1 rail: FE predictions for strains at peak positive moment location.
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Figure C.12 Effect of 30-degree skew angle for three-span continuous steel girder bridge with
PS-2 rail: FE predictions for strains at peak positive moment location.
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Figure C.13 Effect of rail discontinuity for two-span continuous prestressed concrete girder
bridge with FT rail: FE predictions for strains at peak positive moment location.
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Figure C.14 Effect of rail discontinuity for two-span continuous prestressed concrete girder
bridge with PS-1 rail: FE predictions for strains at peak positive moment location.
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Figure C.15 Effect of rail discontinuity for two-span continuous prestressed concrete girder
bridge with PS-2 rail: FE predictions for strains at peak positive moment location.
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Figure C.16 Effect of 30-degree skew angle for two-span continuous prestressed concrete girder
bridge with FT rail: FE predictions for strains at peak positive moment location.
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Figure C.17 Effect of 30-degree skew angle for two-span continuous prestressed concrete girder
bridge with PS-1 rail: FE predictions for strains at peak positive moment location.
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Figure C.18 Effect of 30-degree skew angle for two-span continuous prestressed concrete girder
bridge with PS-2 rail: FE predictions for strains at peak positive moment location.
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Figure C.19 Effect of rail discontinuity for three-span continuous prestressed concrete girder
bridge with FT rail: FE predictions for strains at peak positive moment location.
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Figure C.20 Effect of rail discontinuity for three-span continuous prestressed concrete girder
bridge with PS-1 rail: FE predictions for strains at peak positive moment location.
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Figure C.21 Effect of rail discontinuity for three-span continuous prestressed concrete girder
bridge with PS-2 rail: FE predictions for strains at peak positive moment location.
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Figure C.22 Effect of 30-degree skew angle for three-span continuous prestressed concrete girder
bridge with FT rail: FE predictions for strains at peak positive moment location.
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Figure C.23 Effect of 30-degree skew angle for three-span continuous prestressed concrete girder
bridge with PS-1 rail: FE predictions for strains at peak positive moment location.
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Figure C.24 Effect of 30-degree skew angle for three-span continuous prestressed concrete girder
bridge with PS-1 rail: FE predictions for strains at peak positive moment location.
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