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1 EXECUTIVE SUMMARY

1.1 Introduction

The projected economic growth in South Dakota and neighboring states is expected to generate
substantial increase in traffic on regional state highways. A significant portion of the increased
traffic will be heavy tractor-semitrailer vehicles that will carry equipment and goods to meet
the needs of a growing economy.

The increase in highway traffic, in general, and heavy truck traffic, in particular, could
ultimately lead to an increased number of traffic accidents on highways. Although not
commonly occurring, incidents of the collision of heavy vehicles with highway overpass bridge
columns have happened in the past and resulted in catastrophic structural failures that
interrupted traffic on both the overpass and the highway below. Failure of a critical bridge might
have significant adverse effects on local, state, and national economy and well-being.

1.2 Problem Description

AASHTO LRFD Bridge Design Specifications (2012) require bridge columns be designed for
collision loads to prevent bridge collapse under such extreme events. However, the majority of
overpass bridges on South Dakota Interstate and other major highways were designed and
constructed prior to the development of the collision load design requirements. South Dakota
is located in a non-seismic region where the lateral seismic loads on bridge columns are
negligible. In the absence of other significant lateral load requirements such as ice loads on
bridge piers, the majority of bridge columns on South Dakota highways were designed for low
lateral load demands that did not govern the design of the columns. Therefore, the
confinement/shear reinforcement in such columns was kept at or slightly above the minimum
transverse steel requirements specified in the prevailing codes at the time. In the case of a heavy
truck collision incident, columns that lack sufficient shear strength and ductility capacity due
to inadequate transverse reinforcement would be vulnerable to catastrophic failure and may,
consequently, lead to bridge collapse.

The South Dakota Department of Transportation (SDDOT) does not have in place risk
assessment and mitigation plans for collision loads to bridge columns. Therefore, a study was
needed to perform risk assessment for truck collisions with bridge columns, evaluate the
vulnerability of bridge columns to catastrophic failure under lateral collision forces, and
develop a risk mitigation strategy for critical bridges on the state’s Interstate system and other
critical highways.

1.3 Research Work

Factors that contribute to a risk of collision include average annual daily traffic (AADT),
average daily truck traffic (ADTT), posted speed limit, geometric characteristics in the vicinity
of the bridge, distance from the bridge column to the edge of the travel lane, proximity of the
bridge to highway ramps, highway winter conditions, protection barriers, and other factors that
were identified. After reviewing previous literature and available data, a methodology was
developed to assess the risk of collision of a truck with bridge columns and to rank the bridge
substructures based on their collision risk levels. The methodology is covered in Section 5.4 of
this report. Elastic structural analysis was performed on 175 overpass bridges on 1-29, 1-90, I-
229, 1-190, and other miscellaneous roads in South Dakota. The purpose for the analysis was to
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assess the vulnerability of those bridges to vehicular collision forces. The collision risk
assessment discussed in Chapter 5 and the vulnerability assessment were used to develop a
retrofit prioritization list for mitigating collapse of bridge bents of the bridges included in this
study.

Based upon collision risk assessment and collapse vulnerability under vehicular collision force
of 175 bridges in South Dakota, a high collision risk and vulnerable two-column bent prototype
was selected for an experimental study. The study was designed to examine the structural
performance of as-built and retrofitted cases under design collision loads. Two '5-scale bridge
bents were tested in the laboratory. One specimen represented the vulnerable prototype bent.
The other specimen was retrofitted with a MnDOT “crash strut” to prevent bridge collapse
under collision loads. The test results were analyzed and the effectiveness of the crash strut was
evaluated. The test results indicated that the as-built bent is severely inadequate if subjected to
the design collision force. The specimen failed at less than one-half the scaled design load and
the bent cap underwent excessive displacement that could cause unseating of the
superstructure’s girders. The addition of a concrete crash strut between the columns increased
the bent collision load capacity to at least 1.5 times the collision force demand. Thus, the
collision strut would be an effective retrofit measure for bent structures that are vulnerable to
collapse under the vehicular collision force.

1.4 Research Findings and Conclusions
Based on the results obtained from this study, the following findings were identified.

= The uncertainties involved in truck collision events lead to a range of outcomes for
calculating the hazard envelope, a physical exposure of a bridge to the collision.
Therefore, statistical models have been developed to identify statistically significant
collision contributing factors as well as their impacts. The model results show that high
truck traffic exposure, sharp horizontal curves, high annual snowfall precipitation, and
the concrete pavement surface all increase the truck ROR crash frequency. The hazard
envelope of each bridge bent was calculated based on measured bent dimensions and
default values recommended in NCHRP Report 492. Coupled with the unit crash counts,
the collision risk can be estimated for each bridge bent, and thereby, the collision risk
for a bridge can be determined by the maximum risk of all the bridge bents.

= The importance of a bridge reflects the severity of the socioeconomic impact that would
result from a bridge collapse. It is calculated as road user costs (RUC) because of the
additional distance that would need to be traveled.

= When the collision risk and the economic importance of a bridge were combined, a
decision analysis method was applied to rank the overpass bridges. The quartile
distribution, based on collision risk and RUC, resulted in 16 clusters of bridges that can
be used to form a prioritization policy for the implementation of risk mitigation
procedures. The highest risk cluster (quartile 4-4, i.e. RUC 4 and Collision Risk 4)
contained 24 bridge bents. Quartiles 3-4 and 4-3 contained 49 and 25 bridge bents,
respectively.

= AASHTO’s Standard Specifications for Highway Bridges did not include provisions for
truck collision with bridge columns and abutments. The vehicular collision force
requirements first appeared in AASHTO’s LRFD Bridge Design Specifications first
edition in 1994.
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= In the early editions of AASHTO-LRFD, the vehicular collision force requirements for
bridges without adequate protection for collision consisted of a 400-kip static force
applied horizontally to a bridge column at 4 feet above ground level. In 2012, the
vehicular collision force was increased to 600 kips and the point of application was
changed to 5 feet above ground level.

= The vast majority of the 175 bridges included in this study were designed and constructed
prior to the development and implementation of the vehicular collision force
requirements for unprotected bridge columns. Using elastic structural analysis and code
methods for determining structural capacity, the columns of 140 bridges were found to
be structurally inadequate in flexure, shear, or both.

= Bents with less than three columns were considered non-redundant. Of the 175 bridges
included in this study, 107 had non-redundant bents (61%).

= Bridges with circular columns represented the vast majority of the bridge inventory in
this study (77%). Flared column bridges were the second highest in number (14%).
Almost 40% of the bridges in the inventory were non-redundant two-column bents with
circular columns.

= Of the 98 bridge bents that fell in quartiles 4-4, 3-4, and 4-3, 59 bents were both non-
redundant and structurally inadequate for the design collision load.

= Laboratory testing of 1/3-scale of a vulnerable two-circular column bent indicated
structural failure at less than one-half of the design collision force and potential for
unseating of the edge girder. A similar specimen but with a crash strut retrofit was
capable of resisting 1.5 times the design collision force.

= The finite element dynamic analysis performed in this study showed that for the
prototype bridge considered in the analysis, the 600-kip vehicle collision force specified
by AASHTO is a reasonable estimate for the load demand induced by the collision with
the bridge column of an 80,000 Ib tractor-trailer travelling at 55 mph.

Based on the research findings, the following conclusions were made.

= Crashes are random events, as they may be affected by several factors that are
unknown or observable. The unobserved elements are the main contributor to data
dispersion. To account for data dispersion in the crash risk analysis of this study,
negative binomial count models can be employed. The model output reveals that high
truck traffic exposure, sharp horizontal curves, high annual snowfall precipitation as
well as the concrete pavement surface all increase the truck ROR crash frequency.

= By considering the vulnerable bents in the high collision risk pool, a priority list for
protection or retrofit can be generated by SDDOT engineers and planners. The
prioritization should take into consideration additional factors such as the remaining
useful life of the bridge, bridge replacement schedule, availability of resources, and
cost effectiveness of implementing the same retrofit method for a group of bents that
share the same features.

= The columns of the vast majority of two- and three-circular column bents are
inadequate in shear, flexure, or both under the 600-kip vehicular collision force.

Evaluation and Mitigation of Vehicle Impact Hazard 3 June 2017
for Overpasses



= The crash strut used in this study provides an effective measure for retrofitting high risk
and vulnerable bridge bents. The MnDOT method for designing the crash strut seemed
to yield adequate results.

1.5 Recommendations
The following recommendations are based on the findings of this study.

1.5.1 Recommendation 1

The prioritization list generated in this study, coupled with other factors such as the remaining
useful life of the bridge, bridge replacement schedule, availability of resources, and cost
effectiveness of using the same retrofit method for a group of bents that share the same features,
should be adopted by SDDOT for implementing protection or retrofit measures for vehicular
collision forces.

The collapse risk of inadequate bents that are vulnerable to vehicular collision forces could be
mitigated through implementing retrofit measures to enhance the strength of the bent. However,
retrofitting all inadequate bents is cost prohibitive. One strategy to prioritize bridge bents for
collapse mitigation retrofit would be to consider the pool of bridge bents that fall in the high
risk quartiles (4-4, 3-4, and 4-3) and are vulnerable to collapse under the vehicular collision
force. A priority list for retrofit can be generated by SDDOT engineers and planners considering
additional factors such as the remaining useful life of the bridge, bridge replacement schedule,
availability of resources, and cost effectiveness of implementing the same retrofit method for a
group of bents that share the same features.

1.5.2 Recommendation 2

A crash strut, similar to the one tested in this study, should be adopted for retrofit of two- and
three-column bents.

The test results of the 1/3-scaled two-column bent indicated that the as-built bent is severely
inadequate if subjected to the design collision force. The as-built specimen failed at less than
one-half the scaled design load and the bent cap underwent excessive displacement that could
cause unseating of the superstructure’s girders. The addition of a concrete crash strut between
the columns increased the bent collision load capacity to at least 1.5 times the collision force
demand. Thus, the collision strut provides an effective retrofit measure for bent structures that
are vulnerable to collapse under the vehicular collision force.
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2 PROBLEM DESCRIPTION

In a June 13, 2012 Wall Street Journal article, the state of South Dakota was named as one of
the top 10 “future booming states.” The article also named two bordering states, North Dakota
and Wyoming, in the top 10 list. The projected economic growth in the Dakotas and
neighboring states is expected to generate substantial increase in traffic on regional state
highways. A significant portion of the increased traffic will be heavy tractor-semitrailer
vehicles that will carry equipment and goods to meet the needs of a growing economy and the
booming oil and mining industries and their supporting infrastructure.

The increase in highway traffic in general and heavy truck traffic in particular could ultimately
lead to an increased number of traffic accidents on highways. Although not commonly
occurring, incidents of the collision of heavy vehicles with highway overpass bridge columns
have happened in the past and resulted in catastrophic structural failures that interrupted traffic
on both the overpass and the highway below. On July 27, 1994, a heavy tractor pulling a
propane tank semitrailer on Interstate 287 in White Plains, New York, drifted from the main
road, struck a guardrail next to a column bent, and then hit a concrete column of the Grant
Avenue overpass. Upon impact, propane vapor escaping from the tank ignited into a fireball
that caused injuries to individuals within a 400-foot radius from the location of the accident
(NTSB, 1995). On May 23, 2003, a tractor-semitrailer crashed into the column of an overpass
on 1-80 near Big Springs, Nebraska. The 1-80 accident resulted in a bridge collapse and halted
traffic on that section of the Interstate for three days (ENR, 2003). Similar incidents have
happened in other locations across the country (NTSB, 1993). This type of hazard can be
categorized as an extreme event that has a low probability of happening, but carries very
significant socio-economic consequences.

AASHTO LRFD Bridge Design Specifications (2012) require bridge columns be designed for
collision loads to prevent bridge collapse under such extreme events. However, the majority of
overpass bridges on South Dakota Interstate and other major highways were designed and
constructed prior to the development of the collision load design requirements. South Dakota
is located in a non-seismic region where the lateral seismic loads on bridge columns are
negligible. In the absence of other significant lateral load requirements such as ice loads on
bridge piers, the majority of bridge columns on South Dakota highways were designed for low
lateral load demands that did not govern the design of the columns. Therefore, the
confinement/shear reinforcement in such columns was kept at or slightly above the minimum
transverse steel requirements specified in the prevailing codes at the time. In the case of a heavy
truck collision incident, columns that lack sufficient shear strength and ductility capacity due
to inadequate transverse reinforcement would be vulnerable to catastrophic failure and may,
consequently, lead to bridge collapse.

The South Dakota Department of Transportation (SDDOT) does not have in place risk
assessment and mitigation plans for collision loads to bridge columns. Therefore, a study was
needed to perform risk assessment for truck collisions with bridge columns, evaluate the
vulnerability of bridge columns to catastrophic failure under lateral collision forces, and
develop a risk mitigation strategy for critical bridges on the state’s Interstate system and other
critical highways.
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3 RESEARCH OBJECTIVES

Three main objectives were addressed in this study. The following is a description of the
objectives.

3.1 Objective 1
Develop a risk assessment methodology for heavy truck collisions with columns of overpasses.

A methodology was developed to determine a safety performance metric identified in this study
as the Collision Risk Index. The Collision Risk Index is a tool to compare the relative risk of
different bridges to collision loads. The Collision Risk Index is dependent upon the risk of
collision and the bridge importance. The risk of collision reflects the factors that affect the risk
of a heavy vehicle colliding with a bridge column while the bridge importance measures the
economic impact as a consequence of bridge collapse.

3.2 Objective 2

Evaluate the risk of overhead bridge collapse caused by heavy truck collisions with columns on
the South Dakota Interstate system and other major roadways.

A risk assessment and mitigation strategy for protecting critical and economically essential
bridges against collapse under collision loads involves ranking bridges for crash risk and
identifying bridge structures that are vulnerable to collapse should a truck collision occurs.
Bridges that are found to be at a high crash risk and vulnerable to collapse would be the top
candidates for retrofit. The risk of a bridge collapse resulting from collision loads at the bridge
columns requires estimation of the load demand and structural capacity. In this study, elastic
structural analysis of 175 bridges was performed to identify bent structures that are vulnerable
to collapse.

3.3 Objective 3

Propose mitigation measures to the SDDOT to reduce the risk of collapse for existing and future
bridges.

A risk mitigation plan involves prioritizing bridges for retrofit according to their collision risk
level and implementing effective retrofit measures to high-risk bridges in the order of their risk
level. A retrofit method consisting of a “crash strut” that had been originally implemented by
MnDOT was tested in the laboratory. The test results indicated that the crash strut provides an
effective retrofit technique to prevent collapse under the design collision force.
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4 TASK DESCRIPTIONS

The research work presented in this report is comprised of 13 Tasks. The following is a
description of activities involved in each task.

41 Task1
Meet with the technical panel to review the project scope and work plan.

A kick-off meeting with the technical panel was held on September 27, 2012. The researchers
gave a presentation on the scope and work plan for the entire project. A copy of the presentation
handout is presented in Section A.1 of Appendix A.

4.2 Task 2
Perform a literature review specific to heavy truck impacts with bridge columns.

A comprehensive literature review on heavy truck collisions with bridge columns was
conducted. The review included accident reports, research reports, state and federal design
guidelines, and research papers. The review also covered literature related to structural
performance of concrete and reinforcing steel under impact loads, collision protective
measures, and retrofit methods for increased shear strength and ductility. The literature review
was summarized and presented in Section 5.1 and Section 6.2 of this report.

4.3 Task 3

Visit each of the overpass bridges along Interstate 29, Interstate 90, Interstate 190, Interstate
229, and other South Dakota highways recommended by the technical panel to identify risk
factors specific to each site.

The majority of freight and heavy vehicle traffic in South Dakota occurs along the Interstate
system which consists of 1-29, 1-229, 1-90, and 1-190. The entire inventory of overpasses along
the Interstate system, in addition to some overpasses along other routes that the SDDOT deem
critical, was visually inspected to document conditions that might contribute to the risk of
collision. A select number of Interstate underpasses were added to the study because they were
determined by the researchers and the technical panel to be critical.

This task commenced by obtaining the overpass inventory and the relevant bridge plans from
SDDOT. Before starting the site visits, the researchers compiled a list of site condition risk
factors to be assessed during the site visits and submitted the list to the technical panel for
review. Site conditions included highway geometric characteristics in the vicinity of the bridge,
distance from the bridge column to the edge of the travel lane including the paved shoulder,
proximity of the bridge to Interstate highway ramps, road hazards such as potential for snow
drift accumulation, presence of collision protection devices that may or may not be indicated
on the bridge drawings, and other factors identified by the researchers and the technical panel.
The researchers arranged road trips in late 2012 and early 2013 along the state highways and
made stops at every bridge listed in the inventory to perform visual inspection. The assistance
of SDDOT traffic control was needed at some locations. Written and photographic
documentation was kept for each overpass site. The bridge inventory is described in Section
5.3.1 and Section 6.3 of this report.

Evaluation and Mitigation of Vehicle Impact Hazard 7 June 2017
for Overpasses



44 Task4
Develop a risk assessment process based on the risk factors identified in Task 3.

A risk assessment methodology involves identification of factors that contribute to the risk of
a heavy vehicle collision with a bridge column and the consequences of a bridge collapse.

Factors that contribute to a risk of collision include average annual daily traffic (AADT),
average daily truck traffic (ADTT), posted speed limit, geometric characteristics in the vicinity
of the bridge, distance from the bridge column to the edge of the travel lane, proximity of the
bridge to highway ramps, highway winter conditions, protection barriers, and other factors that
were identified. After reviewing previous literature and available data, a methodology was
developed to assess the risk of collision of a truck with bridge columns and to rank the bridge
substructures based on their collision risk levels. The methodology is covered in Section 5.4 of
this report.

45 Task5

Meet with the technical panel to evaluate the risk assessment process and make changes as
recommended by the technical panel.

The results from Task 4 were compiled in a PowerPoint presentation and submitted to the
technical panel for review. The research team met with the technical panel on April 6, 2013 to
discuss and evaluate the proposed collision risk assessment methodology. The technical panel
approved the proposed risk assessment process. A copy of the presentation handout is attached
in Section A.2 of Appendix A.

46 Task6

Using the risk assessment process developed in Task 4, produce a list of high-risk bridges to be
considered for replacement or additional safety countermeasures.

An elastic structural analysis was performed to evaluate the shear and flexural demands
imposed by the collision force and to compare the demands to the capacities of the bridge
columns. The ratio of the capacity-to-demand determined the column’s susceptibility to failure.
Depending on the redundancy of the structural system, a column failure may not necessarily
lead to partial or total collapse of the superstructure. A superstructure may still be capable of
carrying partial traffic if the structural system allows for a load path and load redistribution
following the failure of a column. Therefore, the risk of a bridge superstructure collapse
depends upon the susceptibility of the column to failure and the redundancy of the structural
system. Based on the collision risk ranking that was developed under task 4 and the
susceptibility and redundancy of each bridge, a prioritization policy for implementing risk
mitigation procedures was formed. Detailed information is presented in Section 6.4 of this
report.

4.7 Task7

Meet with the technical panel to review the high-risk bridges. If extreme risk exists at locations
and is deemed necessary by the technical panel, select up to three bridge columns to replicate
for laboratory lateral load testing.

The results from Task 6 were compiled in a brief PowerPoint presentation and submitted to the
technical panel for review. The research team met with the technical panel on June 14, 2013 to
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discuss and evaluate the retrofit prioritization list of bridges that were deemed candidates for
collision mitigation retrofit. The research team proposed two candidate bridges (single-circular
column bent and two-circular column bent). The technical panel was interested in testing as-
built and retrofitted scaled specimens of the two-column bent, but wanted more time to discuss
the options with the technical panel members who were not present at the meeting. A copy of
the presentation is shown in Section A.3 of Appendix A.

4.8 Task 8

If columns are selected by the technical panel, construct columns based on original design and
any field modifications that were made.

To verify the capacity and failure mechanism of as-built and retrofitted bridge columns under
vehicular collision loads, the technical panel selected Bridge No. 51-065-150 (west bent) as the
prototype structure for designing the laboratory specimens. The prototype bridge carries
Highway 34 over 1-29 at milepost 109. The research team designed two s-scaled specimens
representing the as-built and the retrofitted conditions of the prototype bridge. The research
team met with the technical panel on August 13, 2013 and presented the proposed experimental
program including an overview of the test specimens, the test set up, and preliminary analysis
of the specimens under a vehicular collision lateral force. A copy of the presentation is shown
in Section A.4 of Appendix A. The technical panel approved the proposed plan for the
laboratory tests. Details of the design, construction, experimental set up, and load testing of the
scaled specimens are covered in Section 6.5 of this report.

49 Task?9

Perform lateral load testing with the constructed columns to determine ultimate load capacity
under impact.

Two 1/3-scale specimens of a vulnerable bridge bent were tested in the laboratory. One
specimen represented the as-built structure and the other represented the retrofitted structure.
Each specimen was tested under a constant axial load to represent the superstructure’s dead
load and subjected to a monotonic lateral increasing load at the potential point of impact. The
boundary conditions were consistent with the conditions present at the prototype bridge. The
specimens were instrumented to collect relevant data on strains, loads, and displacements. The
experimental data were analyzed and each specimen was evaluated with respect to its structural
performance under the vehicular collision force. Detailed description of the work performed to
satisfy Task 9 is covered in Section 6.5 of this report. In addition to the laboratory testing, a
finite element dynamic analysis was performed to determine the adequacy of the AASHTO
vehicle collision force for determining the load demand on the prototype bridge. The finite
element analysis and results are covered in Chapter 7 of this report.

410 Task 10

Meet with the technical panel to review test results and decide whether additional testing is
needed.

The results of the experimental work in Task 9 were summarized and reported to the technical
panel in a meeting on March 6, 2014. A copy of the PowerPoint presentation is presented in
Section A.5 of Appendix A. The results indicated that the proposed retrofit was successful in
mitigating collapse of the bridge bent under the code-prescribed vehicular collision force. The
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technical panel determined that the results of the experimental work were satisfactory and that
there was no need for conducting additional tests.
4.11 Task 11

Based on laboratory results and risk assessment, make recommendations to the SDDOT for
mitigation of existing bridges.

Two main recommendations regarding a risk mitigation plan were made. The first
recommendation is to adopt the retrofit priority list that was developed in this study. The second
recommendation is to implement the crash strut as a retrofit measure for vulnerable multi-
column bents. The recommendations are discusses in Chapter 8 of this report.

4.12 Task 12

Prepare a final report summarizing the research findings, conclusions, and
recommendations.

This task is satisfied through this report.

413 Task 13

Make an executive presentation to the SDDOT Research Review Board at the conclusion of the
project.

A final presentation was given to SDDOT Research Review Board on .
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5 COLLISION RISK ANALYSIS

This chapter covers the work done to develop a collision risk assessment methodology and the
results obtained from implementing the developed risk assessment method to overpass bridges
on

1-29, 1-90, 1-229, 1-190 and other miscellaneous roads selected by the technical panel. Detailed
information on the bridge structures is presented in Chapter 6.

This chapter starts with a review of previous research in the areas of crash risk analysis, crash
count models, roadside design elements, road user costs calculation, and multi-criteria decision
analysis. Next, the study design and the key elements of the study are presented. This is
followed by a description of data collection and processing. The methodology is presented in
two major modules; the first is the crash prediction module, including the truck Run-off-the-
Road (ROR) crash prediction models and collision risk analysis, and the second is the bridge
economic significance including road user cost evaluation. The weighted sum models
introduced as a multi-criteria decision-making (MCDA) ranking strategy to rank the bridges at
risk. The results of the truck ROR crash prediction model and the bridge ranking are presented
and analyzed. Finally, conclusions are drawn and future work is recommended.

5.1 Literature Review

This section introduces the definitions, procedures, methodologies, and applications of vehicle-
bridge collision risk from previous studies. The literature review includes risk analysis, crash
prediction models, hazard envelope definition, road user costs calculation, and multi-criteria
decision analysis.

5.1.1 Crash Risk Analysis

Risk analysis is the systematic use of available information to evaluate the likelihood for
negative events to occur, as well as their potential consequences. Risk analysis helps to uncover
and identify possible undesirable external and internal conditions or situations. According to
the National Cooperative Highway Research Program (NCHRP) Report 492 — Roadside Safety
Analysis Program (RSAP) (Mak and Sicking, 2003), roadside collision risk emerges from two
primary sources: the risk for a vehicle to encroach the roadside, and the location and dimension
of the hazardous object(s). By combining the two primary sources, collision risk can be
calculated as the product of the encroachment frequency and the probability of having an object
in its trajectory. The risk of vehicle run-off-road (ROR) can be a collective effect of roadway
features, weather and environmental conditions, as well as driver characteristics (Miaou, 1997;
Shankar et al., 1997; Zegeer et al., 1988). The hazard exposure to an erratic vehicle can be
defined as a function of the dimension and orientation of the vehicle, the vehicle encroachment
angle, and the size and lateral offset of the hazard. To assess the risk of a vehicle-bridge
collision, each component within the crash risk should be carefully examined.

In the previous studies, accident- and encroachment-based approaches were commonly used to
develop the relationships between roadside crashes and roadside conditions. A roadside
encroachment is defined as “an errant vehicle crosses the outside edges of the travel way and
encroaches on either the inside or outside shoulder” (Miaou, 1997). RSAP (Mak and Sicking,
2003) used the encroachment-based method to elaborate on the process of analyzing collision
risk and severity. Daily et al. (1997) applied a series of conditional probabilities to describe the
sequence of events that result in a ROR accident. As Miaou (2001) summarized, the sequence
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of events considered by the encroachment-based approach is: “(1) an errant vehicle leaves the
travel lane and encroaches on the shoulder; (2) the location of encroachment is such that the
path of travel is directed towards a potentially hazardous roadside object; (3) the hazardous
object is sufficiently close to the travel lanes, the control is not regained before encounter or
collision between vehicle and the object; and (4) the collision is severe enough to result in an
accident of some level of severity.” The advantages of the use of the encroachment-based
approach is that it is based on analytical and engineering concepts. However, this approach
makes several subjective assumptions that are difficult to validate, such as the travel path of the
errant vehicle. Additionally, the effort to validate these assumptions is difficult and cost
prohibitive (Miaou, 2001).

The accident-based approach is more prevalent than the encroachment-based approach because
crash data are more readily available. Zegeer et al. (1988) elaborated that the accident-based
approach is developed through the use of statistical regression models to determine the
relationship between ROR crash frequency and traffic conditions, roadway mainline designs,
roadside designs, and other explanatory variables. A ROR crash is the consequence of a
roadside encroachment event, but a roadside encroachment event might not necessarily lead to
a crash event. In other words, ROR crashes are just a small fraction of the multitude of roadside
encroachments.

5.1.2 Crash Count Models

Accident-based roadside collision models are usually developed through the use of negative
binomial (NB) regression models when the equality of the mean and the variance of the crash
count for a Poisson model is violated. Other model variations such as the zero-inflated Poisson
(ZIP) model and the zero-inflated negative binomial (ZINB) model have also been used when
crash count data have an excessive number of zero observations. According to a study
conducted in Washington State (Shankar et al., 1997), the NB model is the most appropriate
model for ROR crash frequency on urban roadway sections, whereas the zero-inflated negative
binomial model is the most appropriate model for rural roadway sections. In this study, crash
data were provided by SDDOT from SD Accident Records Systems (SDARS).

5.1.3 Roadside Design

Safe roadside design helps to mitigate the consequence of a roadway departure event. There are
two key elements in roadside design: the placement and dimension of an object within the clear
zone, and the protection systems, such as the barriers and guardrails.

A bridge collision occurs if the bridge bent happens to be located in the erratic vehicle’s
trajectory path. According to RSAP (Mak and Sicking, 2003), the hazard envelope is “along the
travel way wherein an encroaching vehicle would impact the roadside feature under
consideration.” The hazard envelope can be determined from a few parameters: the effective
width of a vehicle (We), encroachment angle 6, and orientation angle ¢. These parameters vary
from case to case and their distributions will determine the range and the mean of the hazard
envelope. As Miaou (2001) stated, “for a given vehicle of size w, encroachment angle 6, and
orientation ¢, a hazard collision will occur if, within the hazard envelope, the vehicle leaves the
roadway and is unable to stop.” In RSAP (Mak and Sicking, 2003), the hazard envelope is
formulated according to Equation 5-1.

— 1 We ) ]
HE = (5280) [Ln + (sine + Wy cot 6] (Eq. 5-1)
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where
HE = hazard envelope
Ly = length of hazard (ft)
W, = effective width of vehicle (ft) = L,, sin ¢+W,, cos ¢
L,,, W,,: length and width of vehicle (ft)
W, = width of hazard (ft)
6 = encroachment angle
@ = orientation angle

The placement of a bent determines its exposure to potential collisions. Figure 5-1 presents a
typical layout of a bridge with three bents (B1, B2, B3 represent Bent #1, #2, #3, respectively)
and the bridge hazard envelope.
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Figure 5-1: Bridge Hazard Envelope

The overpass bridge bents on the Interstate highways in South Dakota are protected by different
types of bridge barrier systems. In NCHRP Report 500 (Neuman et al., 2003), bridge railings
are classified into six test levels based on the results of testing the impact of different types of
vehicles on the bridge railings at different speeds and angles. AASHTO MASH (Bligh et al.,
2013) updates and supersedes NCHRP Report 500 for the purpose of evaluating new safety
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hardware devices. Table 1, from Roadside Design Guide (AASHTO, 2011), shows approved
test levels of roadside barriers installed on South Dakota Interstate highways.

Table 1: Roadside Barriers and NCHRP Report 500 Approved Test Levels

Containment

Roadside Barrier System Test Level Vehicle Capacity (kJ)
W-Beam (Weak Post) 2 2270P 70.5
Three-Strand Cable (Weak Post) 3 2270P 144
Thrie-Beam (Strong Post) 3 2270P 144
Concrete Barrier 5 36000V 548

5.1.4 Road User Costs

According to Daniels et al. (1999), road user costs (RUC) are composed of vehicle operating
costs (VOC), value of time (VOT), accident costs (AC) and other indirect costs, such as vehicle
emission costs and noise. To improve work zone management, the Federal Highway
Administration (FHWA) did a study (Jiang and Adeli, 2003) to evaluate the economic impact
of road work to the road users. In the FHWA study, the input needs and the key components of
work zone RUC are discussed in detail and the step-by-step procedures as well as the models
have been provided to state DOTS.

A variety of methods have been used by state DOTSs to calculate RUC for their own purposes
(Jiang, 1999; Colluraet al., 2010; Chan et al., 2008). The majority of state DOTs used simplified
calculations and spreadsheets. The components included in the calculations range from only
vehicle operation costs (VOC) to VOC, value of time (VOT), accident costs (AC) and additional
specific components to address safety or emergency relief situations. With respect to South
Dakota, Qin and Cutler (2013) conducted a research project for SDDOT to develop the
procedure for RUC estimation in South Dakota. In their study, the RUC was calculated as the
summation of VOC, VOT and AC. VOT is estimated based on the relationship between wage
rates and delays caused by taking a detour route. VOC refers to the costs associated with
operating and owning the vehicle over the analysis period. AC is used to measure the monetary
impacts of possible crashes due to roadway construction or maintenance projects. The unit costs
of VOC, VOT and AC were estimated based on South Dakota data (Qin and Cutler, 2013).

5.1.5 Multi-Criteria Decision Analysis

To prioritize, select, and recommend bridges for different levels of repair and maintenance
budget limitations, a feasible approach is needed to evaluate the multiple criteria involved.
Multi-Criteria Decision Analysis (MCDA) is a valuable tool to solve such problems as a choice
among alternatives. There are various MCDA methods such as the weighted sum mode (WSM),
aggregated indices randomization method (AIRM), inner product of vectors (IPV), and the
analytic hierarchy process (AHP). Among these methods, the weighted sum model is the
simplest.

5.2 Study Design

Bridge ranking can be determined by combining the results from two modules, the truck-bridge
collision risk module and the additional road user costs module. The truck-bridge collision risk
module aims to develop methods for assessing the risk for collisions between trucks and
Interstate highway overpass bridge bents and can be calculated in two steps: (a) build truck
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ROR crash prediction models to calculated the truck ROR crash frequency, and (b) estimate the
bridge hazard envelope on the basis of the bridge dimension, vehicle configuration, vehicle
orientation angle and encroachment angle.

The road user costs module estimates the additional RUC after a bridge has collapsed. The
purpose for introducing this module is to account for the critical location of a bridge. Extra
protection may be needed when a bridge is located in an economically vital area, even if the
calculated collision risk is low. On the other hand, if the overpass bridge is less important to the
community, the bridge may not be considered as high a priority even if the collision risk is
higher.

After combining the information from the two modules, a composite ranking is provided
through the use of a comprehensive ranking strategy. The procedure and factors used to develop
a bridge collision risk index are illustrated in Figure 5-2. The rest of this section describes the
key components in Figure 5-2.

| Truck ROR Crash Counts }—

| Roadway Features }— Track ROR
mc

Crash Frequency

| Weather Conditions }—

| Traffic Volumes }—

Truck-Bridge
N Collision Risk
| Bridge Configuration }—
| Vehicle Size }7
Bridge Hazard | | Bridge Collision
| Vehicle Orientation Angle }7 Envelope Risk Index

Vehicle Encroachment
Angle

| Additional Road | |
| Detour Distances | User Costs

Figure 5-2: Bridge Collision Risk Index Flowchart

5.2.1 Method for Ranking Bridges for Collision Risk
The method used in this study for ranking bridges for collision risk involves the following steps.

5.2.1.1 Quantifying Crash Risk

This step estimates the probability of truck run-off-the-road (ROR) crashes by using the crash
count models. The five-year history of truck ROR crash data, highway geometric data, weather
condition data, and traffic information were collected to predict the truck ROR crash frequency
for each highway segment. The negative binomial NB model was considered in light of data
dispersion. The estimation results are analyzed and compared in Section 5.5.
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5.2.1.2 Measuring Impact Area

This step estimates the Hazard Envelope (HE) for each bridge bent. The probability for a truck
departing the roadway is only related to segment-specific features and environmental factors
such as weather and light conditions, and, therefore, is independent of the bridge dimension and
location.

5.2.1.3 Determining Collision Risk

The collision risk is specified in Equation 5-2 as the product of hazard envelop of bridge i and
the crash density probability. Crash density probability is defined as the probability of having
n crashes at highway segment i normalized by the segment length.

P(N=n;)
segment length

P(collision risk) = HE (Eq. 5-2)

5.2.1.4 Evaluating Bridge Economic Significance

In the event of a bridge collapse, local road users must take a longer detour route to their
destination. In this study, all vehicles are assumed to take the shortest available route. The
detour costs were measured as the additional RUC from the increased travel distance and
increased travel time resulting from the collapse of a bridge. The value of additional RUC can
represent the economic significance of a bridge to the local users. The monetary impacts to road
users because of new construction, reconstruction, rehabilitation, restoration, resurfacing, and
other miscellaneous highway maintenance activities can be estimated from vehicle operating
costs, value of road users’ time, and accident costs.

5.3 Data Collection and Processing

To develop a bridge collision risk index, the truck ROR crash frequency, bridge hazard
envelope dimension, and road user costs need to be calculated. Six types of data—bridge
dimensions, roadway characteristics, traffic volume, weather conditions, crash counts, and
detour distance—were collected in this study. This section is focused on the field survey, data
sources, and features as well as the procedures of data processing.

5.3.1 Bridge Survey

The research team conducted three field surveys to collect data on the overpass bridges and site
characteristics. The first survey was conducted on November 4, 2012 and included overpass
bridges on 1-29 between Brookings, SD and North Dakota state line. The second survey was
conducted on November 18, 2012 and included overpass bridges on 1-29 between Brookings
and the lowa state line at Sioux City, 1-90 between Sioux Falls and Minnesota state line, and
select bridges on 1-229, Highway 50 near Vermillion, and Madison Street and 12" Street in
Sioux Falls. The third survey was conducted on January 5 and 6, 2013 and included overpass
bridges on 1-90 between Sioux Falls and the Wyoming state line and select bridges on Mt.
Rushmore Road and Haines Avenue in Rapid City. The research team focused on the bridge
super- and sub-structure types, roadside barrier types, rumble strip condition, clear zones, and
the distance between the roadside barrier and the bridge columns. Since this part of the study
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assesses vehicle-bridge collision risk, only the dimension and configuration of a bridge and the
site characteristics are of primary interest, as described in the next section.

In general, three types of barrier systems are installed on the state highways in South Dakota:
W-Beam (weak post), Three-Strand Cable (weak post), and Thrie-Beam (strong post). Most of
the W-Beams on 1-29 and 1-90 are 27.7 in. high and are supported by wood or steel posts. Three-
Strand Cables are composed of three cables and supported by steel posts. Three-Strand Cables
are commonly used as median barriers as they can effectively reduce the number of median
crossover crashes. Thrie-Beams consist of two pieces of W-Beams that are formed into one
single shape and are supported by wood or steel posts. In general, Thrie-Beams have better
performance than W-Beams in terms of preventing vehicles from running off the road. Figure
5-3 shows the three barrier systems.

(a) W-Beam (b) Three-Strand Cable (c) Thrie Beam

Figure 5-3: Crash Barrier Systems on 1-29 and 1-90 in South Dakota

Some combinations of these barrier systems are in place, such as transition from Three-Strand
Cable to W-Beam, from W-Beam to Thrie-Beam, or from Three-Strand Cable to W-Beam and
to Thrie-Beam. Figure 5-4 shows combined barrier systems.
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(a) Cable to W-Beam (b) W-to Thrie Beam (c) Three-Strand Cable to
W-Beam to Thrie Beam

Figure 5-4: Crash Barrier Combined Systems on Highways in South Dakota

According to Table 1, only the barrier systems passing Test Level 4 or above (such as a concrete
barrier) can stop trucks heavier than 10,000 kg from penetrating the barrier system. However,
most of the current bridge barrier systems on 1-29 and 1-90 in South Dakota are below Test
Level 4 and, consequently, are unable to protect bridge columns from being hit by heavy trucks.
In most cases, the observed clear spacing between the bridge barrier and the column ranges
from three inches to five inches. In a few cases, the bridge barrier is located very close to or
very far away from the bridge column.

Most of the highway segments under the overpass bridges have continuous or intermittent
rumble strips on the roadside shoulders. A few highway segments located in the proximity of
urban areas such as Sioux Falls and Rapid City have no rumble strips on the highway shoulders.
According to the Road Design Guide (AASHTO, 2011), a clear zone is “an unobstructed,
traversable roadside area that allows a driver to stop safely, or regain control of a vehicle that
has left the roadway.” Except for a few roadway segments located in the urban areas that have
light posts on the roadsides, most of the roadway segments have clear zones in good condition,
which means that the edge of roadway is free of obstacles such as trees, light posts, utility poles,
rocks, and signs.

5.3.2 Data Sources

5.3.2.1 Bridge Dimension and Configuration

The overpass bridge dimension data were collected from “Bridge Construction Plan Sets”
provided by SDDOT. There is a detailed description about the configuration of each bridge and
the roadway features under the bridge. In this study, the deck width and the column width of
each bridge were collected for the estimation of the bridge hazard envelope. Deck width is the
outside-to-outside width that includes road width, shoulder width and individual elements, such
as bridge rails that are required to make up the desired bridge cross-section. Column width is
measured as width of the column’s cross section. The widths of the columns for multi-column
bridges are almost identical. Therefore, a single value was used to represent the column width
for those bridges. The bridge deck width was measured in feet while the column width was
measured in inches.
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5.3.2.2 Roadway Characteristics

The roadway characteristics data were collected from the “State Road” shape file provided by
SDDOT. This database was set up in 2008 and provides a comprehensive description about the
roadway and roadside cross-sectional features of all state highways in South Dakota. The
roadway characteristics include, but are not limited to, mile marker, number of lanes, lane
width, shoulder width, median width, surface type, shoulder type, rumble strips, and vertical
and horizontal alignment.

5.3.2.3 Traffic Volume

The traffic volume data were collected from the Highway Needs and Project Analysis Report
(SDDOT, 2012) recorded by SDDOT in 2011. This report recorded the surface condition index,
roughness index, asphalt and concrete index, three-year average maintenance costs, traffic
volume (including the annual average daily traffic (ADT)), average daily truck traffic (ADTT),
and crash information including crash rate and the number of fatal/injury/property damage
crashes for the major highways in South Dakota. In this study, the traffic volume information
was extracted to help develop the truck ROR crash prediction models. The five-year (2004-
2008) million truck vehicle miles traveled (VMT) was estimated as:

Truck VMT = (ADTT * 365 % 5 x segment length)/1,000,000 (Eq. 5-3)

5.3.2.4 Weather Conditions

The weather condition data were provided by Dr. Dennis Todey, a professor from the SDSU
Agriculture and Biosystems Engineering department. The data were collected from 21 weather
stations located in South Dakota as shown in Figure 5-5.
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Figure 5-5: Weather Station Locations

The weather conditions provided by weather stations include the annual average rainfall,
snowfall, and days of frost (days in which the temperature was equal to or less than 32 °F) for
the last 30 years. In this study, five years (2004-2008) of annual average rainfall, snowfall and
days of frost data were used. Both annual average rainfall and snowfall precipitation were
measured in inches.
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5.3.2.5 Crash Data

Crash data were collected from the “South Dakota Accident Records System Files” provided
by the South Dakota Department of Public Safety (SDDPS). These files recorded detailed
information for each crash that happened on all public roads in South Dakota from 2004 to
2008, including the crash location, occurrence time, crash type and severity, vehicle and driver
information, and environmental condition.

Considerable care was given to identifying the ROR crashes. The key leads to such information
can be found from the first harmful event (FHEvent) or the most harmful event (MHEvent) of
a crash. The first harmful event refers to the first injury or damage-producing event that
characterizes the crash type. The most harmful event refers to the event that resulted in the most
severe injury or, if no injury, the greatest property damage involving this motor vehicle. Any
harmful event involving a rollover accident or a roadside object (e.g., approaches, bridge piers
or supports, bridge rails, concrete traffic barriers, culverts, delineator posts, ditches,
embankments, fences, guardrail ends, guardrail faces, traffic signs, luminary supports, other
posts, poles or supports, other traffic barriers, utility poles or snow banks) was considered an
ROR crash. The crash data also included further descriptions such as “run off road right,” “run
off road left,” “hit bridge rail,” and “hit fence.”

A vehicle was identified as a truck if the “vehicle configuration description” was light truck (2
axles, 4 tires), single-unit truck (2 axles, 6 tires and gross vehicle weight rating 10,000 Ibs or
less), single-unit truck (2 axles, 6 tires and gross vehicle weight rating 10,000 Ibs or more),
single-unit truck (3 or more axles), tractor/doubles, tractor/semitrailer, truck pulling trailer(s),
and gross vehicle weight rating 10,000 Ibs or more, or truck tractor only (bobtail).

5.3.3 Data Processing

Considerable effort was made to integrate the data from different data sources. ArcGIS software
was used to join bridge dimension and configuration information to the corresponding highway
segments by using the “Spatial Join” feature after setting the buffer as 100 feet. Note that
crashes can be located on or near a highway due to the accuracy of their coordinates. Therefore,
a buffer of certain distance along the highway is needed to spatially join all the crashes to the
highway segment. Similarly, each year’s crash data were joined to the corresponding highway
segments by using “Spatial Join” after setting the buffer as 30 feet. Then, the “Merge” function
was used to combine five years (2004-2008) of crash data into each highway segment. Note
that the highway segments were chosen from the places where an overpass bridge is located.
These segments were predefined in SDDOT RIS. From 2004 to 2008, there were a total of 887
ROR crashes involving trucks that occurred on 1,342 miles of roadway on 1-29, 1-90, 1-229, I-
190, and other miscellaneous roads in South Dakota. The truck ROR crash frequency is listed
in Table 2.
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Table 2: Truck ROR Crash Frequency

Crash ‘ ‘ Cumulative Cumulative
Count Frequency Percent Frequency Percent

0 742 58.79 742 58.79

1 326 25.84 1068 84.62

2 103 8.16 171 92.79

3 54 4.28 1225 97.07

4 22 1.74 1247 98.81

5 7 0.55 1254 99.36

>5 8 0.64 1262 100

In addition to the roadway characteristics data, for the roadway segments not associated with
any weather station, the weather information needed to be interpolated. The Inverse Distance
Weighting (IDW) method was used to interpolate the weather data for the corresponding
highway segments. IDW is a deterministic spatial interpolation method that computes the value
for unknown points as the weighted mean of known points. The statistical software R
(https://www.r-project.org) was used to do the IDW interpolation (see Section 1.1 of Appendix
). The equation is as follows:

X wijzi

Z: =
m o
J i=1 Wij

and Wij = L (Eq 5'4)

where:
zj, z; = the value for unknown point j and known point i, respectively
w;; = the weight for the influence of point i on point j
d;; = distance between point i and point j

In this study, the weather conditions for each segment were interpolated using the data from all
21 weather stations, i.e., m = 21. In the Inverse Distance Weighting (IDW) method, the
information from the remote weather stations has limited effects as the distance increases. The
power parameter k (k=0.8) was determined based on the minimum root mean square error
(RMSE) of the values predicted by the IDW model where the error means the difference
between the observation and the prediction.

The additional road user costs were calculated from the increased distance caused by the detour
route that vehicles had to travel after the bridge collapsed. ArcGIS was used to obtain the detour
distance by setting “Point Barriers” in the “Network Analyst” to locate the shortest detour route.
Figure 5-6 shows an example of the shortest detour route using ArcGIS.

,.7 Directions (Route) = 8 &
[-]1 Route: Graphic Pick 1 - Graphic Pick 2 3.2 mi Map
1: Start at Graphic Pick 1 Map
2: Go south on 472 AVE 1 mi Map
3: Turn right on 258 ST 1.1 mi Map
4:  Turn right on 471 AVE 1 mi Map
5:  Turn left on 257 ST <0.1mi Map
6: Finish at Graphic Pick 2, on the left Map

Driving distance: 3.2 mi
Options... ] [ Print Preview... l l Save As.. | Print | Close
L. vy
Evaluation and Mitigation of Vehicle Impact Hazard 21 June 2017

for Overpasses



Figure 5-6: The Shortest Detour Route Using ArcGIS

5.3.4 Summary

According to the literature review, crash frequency is mainly influenced by traffic exposure,
roadway and roadside characteristics, and weather conditions. Therefore, in this study, data
collection focused mainly on bridge dimension and configuration, roadway characteristics,
traffic volume, weather conditions, crash count, and detour distance. Table 3 shows the
descriptive statistics for key variables used in the estimation of crash frequency.

Traffic volume, weather conditions, and the majority of the roadway characteristics data were
collected from SDDOT. Staffs and students from the SDSU Civil and Environmental
Engineering Department conducted field surveys to verify the bridge, roadway and roadside
conditions, including the clear zone. Some information collected in the survey or from other
data sources was not used for further analysis because these parameters are difficult to define
and verify. For instance, the distance between the bridge barrier and the bridge column cannot
be completely and correctly collected through a windshield survey. The guardrail system type
was not included in the analysis because most of the current bridge barrier systems on highways
in South Dakota are unable to protect bridge bents from being hit by heavy trucks. The clear
zone conditions are generally good, which means the trucks are unlikely to collide with the
roadside obstacles. The statistical significance of the variables according to the crash prediction
model results is presented and analyzed in Section 5.5.

Evaluation and Mitigation of Vehicle Impact Hazard 22 June 2017
for Overpasses



Table 3: Summary Statistics of Explanatory Variables of Freeway Segments

Continuous
VELEL Description Range CET Std. Dev.
Crash counts Number of ROR crashes during 2004-2008 [0,8] 0.70 1.09
Median shoulder Width of shoulder on the left of the travel [4,10] 4.61 1.08
width direction (in feet)
Right shoulder Width of shoulder on the right of the travel [4,10] 9.60 0.80
width direction (in feet)
Median width Width of median grass or sod (in feet) [16,75] 26.31 9.26
Length Length of segment (in miles) [0.06,38.11] 213 348
Truck ADT Annual average daily truck traffic [78,5603] 2373.10 868.84
Horizontal Curve Degree of horizontal curve of segment [0,36.9] 5.17 427
Vertical Curve K value of vertical curve of segment [0,110000] 1722.11 7631.68
Annual rainfall Average annually rainfall 2004-2008 (in [17.56,27.02] 23.45 25
inches)
Annual snowfall Average annually snowfall 2004-2008 (in [29.32,52.93] 38.67 3.35
inches)
Number of frost Average number of annual frost days 2004- [168,175] 171 115
days 2008
Categorical Occurrence of
Variable Description Category Segments Percent
2 1150 91.13%
Number of lanes Total number of lanes in segment 3 100 7.92%
4 12 0.95%
12 926 73.38%
Lane width Average width of each lane (in feet) 13 336 26.62%
Asphalt 240 19.02%
Surface type Pavement type of lanes Concrete 1022 80.98%
Asphalt 1012 80.19%
Shoulder type Pavement type of shoulders Concrete 250 1981%
Exist 694 54.99%
Rumble strips Presence of rumble strips None 568 45.01%

5.4 Methodology

The procedure of developing a bridge collision risk index has been described in the Study
Design section. Detailed information about the development of the truck ROR crash prediction
model, the truck-bridge collision risk analysis, the calculation of road user costs, and the
ranking strategies will be introduced in this section.

Different regression models were applied to explore the relationship between the truck ROR
crash frequency and various risk factors. The road user costs were calculated by estimating
vehicle operating costs, the value of road users’ time, and accident costs. Finally, multi-criteria
decision analysis methods were used to prioritize the overpass bridges included in this study.

5.4.1 Truck Run-Off-the-Road Crash Prediction Model

The dependent variable in the crash prediction model is the number of crashes, which is a non-
negative integer. Probabilistic distributions for a discrete variable are usually considered for
such count models. Assuming crash data have equal mean value and variance, the probability
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of having yi truck ROR crashes for a highway segment i can be estimated by a Poisson
distribution shown in Equation 5-5.

P(y;) =

where A; is the Poisson mean that can be canonically specified by a log-normal function in
Equation 5-6.

Ai = exp(BX;) (Eq. 5-6)
where Xi denotes a vector of geometric, weather and traffic-related variables on segment i and
p is the vector of unknown coefficients for Xi. The probability that a vehicle will run off the
road can be attributed to various factors, including the driver’s experience, attentiveness, and
reaction time. Buth et al (2010) stated that the complexity of the transportation network may
also influence crash probabilities. These unobserved or unmeasured factors can easily lead to
data overdispersion, or extra variability (statistical dispersion) in a data set than would be
expected. Overdispersion is commonly encountered in crash count data. Overdispersion is the
presence of greater variability (statistical dispersion) in a data set than would be expected based
on a given statistical model. In a Poisson distribution, its mean A is equal to its variance.
However, crash dataset often presents greater variability from site to site, causing a violation of
Poisson assumption. When the equality of the mean and variance of the crash data for a Poisson
distribution is violated, a negative binomial (NB) distribution is preferred by defining Ai as:

A =exp(BX; + &) (Eq. 5-7)

where exp(¢;) is a gamma-distributed error term with mean 1 and variance a. The variance-
mean function for the NB distribution becomes:

Var(y;) = E(y;) + aE(y;)? (Eq. 5-8)

In Eq. 5-8, E is a statistical expression of “expected value of a random variable”. Thus, when «
equals zero, the NB model collapses to a Poisson model. If the value of «a is statistically
different from zero, the NB model is more appropriate for estimating crash counts.

exp(=21;))A;7t

" (Eq. 5-5)

5.4.2 Bridge Hazard Envelope Estimation

According to RSAP (Mak and Sicking, 2003), at a vehicle speed of 70 miles per hour, the
extreme values and the most likely values of vehicle encroachment angle ¢ and vehicle
orientation angle ¢ can be determined, as shown in Table 4.

Table 4: Distribution of Vehicle Encroachment Angle and Orientation Angle
25 10 32.5
-180 0 180

Vehicle encroachment angle (degrees) ‘

Vehicle orientation angle (degrees)

Due to limited data, all the encroachment angles 6 were assumed to be 10 degrees and the
orientation angles ¢ were assumed to be 7.5 degrees based on the impact speed and angle
distributions provided by NCHRP Report 492. In terms of the size and lateral offset of the
hazard, the length of hazard, Ln, was assumed to be equal to the bridge deck width. The width
of hazard, Wi, was assumed to be equal to the bridge bent width. Obviously, the bridge hazard
envelope is linearly related to the size of the vehicle and bridge structure.
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5.4.3 Road User Costs Evaluation

RUCs quantify the impacts that road construction activities have on the mobility and safety of
travelers as well as economics and environment within the local community. The components
that are included are value of time (VOT), vehicle operating costs (VOC), and accident costs
(AC) (Qin and Cutler, 2013). RUC is formulated as:

RUC =VOT +VOC + AC (Eq. 5-9)

where:
VOT = value of road user’s time
VOC = vehicle operating costs
AV = accident costs

VOT is estimated on the basis of wage rates and delays because of the length of a trip on a
detour route or an alternative route(s). The formulation is as follows:

detour distance

VoT = ( ) * 60 * volume * unit cost = vehicle occupancy factor ~ (EQ. 5-10)

speed

The calculation of the detour distance has been introduced previously. The default values used
were as follows: the speed for local roads was 55 mph, the unit cost was $0.19/min, and the
vehicle occupancy factor was 1.67 (Qin and Cutler, 2013).

VOC is a composite of the costs associated with operation and ownership of the vehicle over
the analysis period. Vehicle operating costs include the costs associated with fuel, oil, tire wear,
vehicle maintenance and repairs. Ownership costs include the costs of insurance, license and
registration fee and taxes, economic depreciation, and finance charges. The default value of the
unit cost was $0.6 per automobile per mile (Qin and Cutler, 2013). The formulation is as
follows:

VOC = detour distance * unit cost * volume (Eq. 5-11)

AC is measured from changes in the total annual cost of crashes as a result of a highway project.
It takes potential accidents on the detour route into consideration. The formulation is as follows:

AC = (detour distance * volume * accident rate * unit cost)/1,000,000(Eq. 5-12)

The accident rate for South Dakota local roads was 1.9 accidents per million vehicle miles of
travel (SDDOT, 2012), and the default value of the unit cost was $7,400 per accident (Qin and
Cutler, 2013). The ADT volume traveled on a specific bridge was collected from the SDDOT.
A summary of the calculated RUC for the overpass bridges on 1-90, 1-29, 1-229, 1-190, and other
miscellaneous roads is presented in Appendix C (Qin and Cutler, 2013).

5.4.4 Ranking Strategies

The multi-criteria decision analysis ranking strategy was used to prioritize the overpass bridges.
In most cases, the MCDA divides the decision into smaller components, analyzes each
component, and finally integrates the components to produce a meaningful solution. The
MCDA method used in this study is the weighted sum model that calculates the sum of weighted
Z-scores of collision risk and bridge RUC.

5.4.4.1 Weighted Sum Model

The bridges need to be prioritized for protection and maintenance after evaluating the collision
risk and the economic significance of each bridge. Multi-criteria decision analysis (MCDA)
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was used to prioritize the overpass bridges on 1-29, 1-90, 1-229, 1-190, and other miscellaneous
roads in South Dakota. MCDA is widely used to help decision-makers deal with multiple
criteria associated with objects and make their decisions in a technical and systematic manner.
The first MCDA method used in this study was a weighted sum of two criteria: bridge collision
risk and additional RUC due to the overpass out of service. Because the two criteria have
different units and magnitudes, Z-scores were used to represent the significance of the
observation. A Z-score measures the standard deviations of an observation away from the mean.
This approach can effectively combine the two most important criteria, i.e., bridge collision risk
and economic significance.

The weighted sum model is one of the simplest MCDA. Suppose that a given MCDA problem
is defined on m alternatives and n decision criteria. Then the weighted sum score (WSS) of
alternative A;, denoted as A% is defined as follows:

AVSS =30 wia;,fori=1,2,3,...m (Eq. 5-13)

where
w; ;= the relative weight of importance of the criteria ¢;

a;;j= the performance value of alternative A; when it is evaluated in terms of criteria ¢;

The method of ranking was by the calculation of the sum of weighted Z-scores of the bridge
collision risk (CR) and the additional RUC for the collapse of a bridge. The collision risk for a
bridge bent is the truck ROR crash density multiplying by the bridge hazard envelope. In this
study, crash density is calculated as annual crash count divided by segment length. The
collision risk for a bridge was calculated as the largest (maximum) risk value of individual bents
used. The Z-score is an effective way to compare a sample to a standard normal deviate. The
Z-scores were calculated as follows.

CR;j—mean value

Z(CR;) = (Eq. 5-14)

standard deviation
RUC;—mean value

Z(RUC;) =

(Eq. 5-15)

standard deviation

Transportation agencies may weigh CR and RUC differently. Three different weights were
considered to calculate the sum of weighted Z-scores for bridge collision risk and bridge RUC,
i.e., 1:1, 1:3, 3:1. Pier redundancy was not considered in the collision risk section.

5.5 Analysis of Results

Truck ROR crashes were evaluated by the aforementioned methodologies. It was assumed that
the probability that a truck will run off a homogeneous segment is uniform. A ranking of
collision indexes for overpass bridges in South Dakota was created.

5.5.1 Truck ROR Crash Prediction Model Results

As stated in section 5.2, the Poisson and NB models were considered in this study. The results
showed that the dispersion parameter « is statistically different from zero, indicating that the
crash data have unequal mean value and standard deviation. Therefore, the NB model is
preferred. SAS statistical software was used (see Section 1.2 of Appendix 1) to calculate the
coefficients of the NB model. The results are presented in Table 5.
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Table 5: Negative Binomial Estimation

Variable | Coefficient P-value
Intercept -13.2392 <.0001
Truck ADT 1.3696 <.0001
Surface type (0 if asphalt, 1 if concrete) 0.3670 0.0011
Rumble strips (0 if exist, 1 if none) 0.2355 0.0042
Horizontal curve 0.0602 <.0001
Snowfall 0.0370 0.0027
Dispersion 0.2475

The independent variables in the NB model can be either continuous variable such as ADT or
categorical variables such as surface type, the presence of rumble strips. In addition, a number
of variables such as the number of lanes, lane width, median width, shoulder width, annual
rainfall, and number of frost days are not listed in Table 5 because they were not statistically
significant (P-value > 0.05). This indicates that those factors do not significantly influence the
truck ROR crash frequency on the Interstate highway system.

According to the NB model results, the truck ADT coefficient is positive, which is consistent
with the expectation of higher crash frequencies with higher truck ADTs. Additionally, a higher
degree of horizontal curve results in an increased number of ROR crashes. Therefore, vehicles
are more likely to run off the road on the segments with sharp horizontal curves, especially for
trucks that have a higher center of gravity and off-tracking problems (Miaou et al., 2001).
Similarly, increased annual snowfall is found to increase ROR crashes as well. It is obvious that
inclement weather conditions have adverse effects on trucks and that the installation of rumble
strips can effectively reduce the probability of vehicle running off the roads. Most variables
seem to behave as expected except for the pavement type. It is difficult to explain why the
concrete surface type is positively correlated with truck ROR crashes.

5.5.2 Ranking Results

Figure 5-7 presents the results ranked by the quartile value. In this Figure, the X-axis represents
the collision risk between trucks and overpass bridges and the unit is the number of crashes per
year. The Y-axis represents the additional RUC caused by the collision with a bridge. Different
symbols represent the right-side, left-side and median bents of a bridge. The three horizontal
lines denote the 25%, 50%, and 75% values for RUCs and the three vertical lines denote the
25%, 50%, and 75% values for bridge collision risk, respectively. Thus, the bridge bents are
distributed over 16 clusters. Figure 5-8 shows a schematic of those clusters.
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Bridge bents located in Cluster 1-1 have the lowest 25% collision risk and the lowest 25%
additional RUCs, while the bridge bents located in Cluster 1-2 have 25%-50% mean values
for collision risk and the lowest 25% additional RUCs. Following this pattern, the bridge
bents located in Cluster 4-4 have the top 25% collision risk and the top 25% additional RUCs
among all the bridge bents being considered in the bridge inventory included in this study. A
summary of the quartile values ranking is shown in Appendix D.

Figure 5-9 through Figure 5-11 show the bridge ranking by the sum of weighted Z-scores
(2:1, 1:3, and 3:1) of collision risk and bridge RUC for the overpass bridges considered in this
study. The length of the bar chart denotes the value of the sum of weighted Z-scores and the
size of the bridge symbol denotes the total collision cost, which is calculated as the
product of the truck-bridge collision risk and the bridge RUC.
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According to the above figures, the ranking results by the sum of different weighted Z-scores
are similar. As mentioned earlier, a larger number of high collision risk bridges are located in
urban areas, which is logical because of the high truck volume and additional RUC resulting
from a bridge collapse. Thus, the pattern shows a higher concentration of high collision risk
bridges around Rapid City and Sioux Falls. Furthermore, the overpass bridges located on 1-29
between Brookings and Sioux City show higher collision risk compared to the bridges located
in other sections.

5.6 Summary

Accelerated economic development has substantially increased freight activities on South
Dakota highway system. A large amount of increased traffic is from heavy vehicles, which
escalates the probability of a collision between trucks and bridges. In spite of the extremely low
odds, this type of collision can be catastrophic because many overpass bridges on South
Dakota’s Interstate highways were designed and constructed prior to the development of the
collision load design requirements. A collision of this kind can cause partial or total collapse of
a highway bridge, and can potentially lead to major road closure. If such an event were to take
place, the social and economic impacts could be enormous. Therefore, it is crucial to identify
vulnerable highway infrastructure to the transportation agencies that are charged with
preventing these accidents.

Crashes are random events, as they may be affected by several factors that are unknown or
observable. The unobserved elements are the main contributor to data heterogeneity. To factor
the data heterogeneities into the crash risk analysis of this study, random parameter count
models were employed. The model output reveals that high truck traffic exposure, sharp
horizontal curves, high annual snowfall precipitation, and concrete pavement increase truck
ROR crash frequency. The effects vary across highway segments, due to varying roadway
conditions and other factors.

A bridge collision occurs if the bridge bent happens to be located in the erratic vehicle’s
trajectory path. This physical exposure of a bridge to the collision can be measured by the
hazard envelope which is determined by the bridge size, vehicle dimension, encroachment
angle, and orientation angle (Mak and Sicking, 2003). In this study, the hazard envelope of each
bridge bent has been calculated. Coupled with the unit crash counts, the collision risk can be
estimated for each bridge bent, and thereby, the collision risk for a bridge can be determined by
the maximum risk of all the bridge bents.

The importance of a bridge reflects the socioeconomic impact that would result from a bridge
collapse. It is calculated as the RUC because of the additional distance that would need to be
traveled. When both collision risk and the economic importance of a bridge were combined,
two multi-criteria decision analysis methods were applied to create a bridge collision risk index
and to rank the overpass bridges on 1-29 and 1-90 in South Dakota. The method can be
transferred and applied to other state DOTs with similar concerns about their bridges. It is
expected that the calculated collision risk index can be used to form a prioritization policy for
risk mitigation.
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6 EVALUATION AND COLLAPSE MITIGATION OF VULNERABLE
OVERPASSES

This chapter covers structural evaluation of bridge columns supporting all overpass bridges on
[-90 and 1-29 in South Dakota in addition to a few other highway bridges selected by SDDOT.
Literature review on cases of bridge collapse under truck collision forces, development of code
specifications, and previous studies on vehicle collision loads was conducted and is reported in
this chapter. Elastic structural analysis was performed using the AASHTO-LRFD Extreme
Event Il load combination (AASHTO, 2012), which includes the vehicular collision force (CT),
to determine shear and flexural demands in the bridge bents. Shear and flexural capacities were
determined using the AASHTO-LRFD specifications (2012). Thus, columns having inadequate
shear and/or flexural capacities were identified.

This chapter also covers experimental and analytical work on two scaled specimens
representing an as-built and a retrofitted bent of an overpass that was identified as high risk for
collision and vulnerable to collapse under the AASHTO vehicular collision force. A lateral load
representing the AASHTO prescribed vehicular collision force was applied to the column of
each specimen until failure. Conclusions and recommendations for retrofitting vulnerable
bridges are presented at the end of this chapter.

6.1 Introduction

According to AASHTO-LRFD Bridge Design Specifications (2012), a bridge column that (1)
is within 30.0 ft of the edge of the roadway, (2) lacks adequate protection for collision, and (3)
does not qualify for exemption based on the annual frequency of impact must be designed for
a collision load of 600 kips applied laterally at 5 ft above ground. This requirement is set to
prevent bridge collapse under the extreme event of a tractor-semitrailer collision with the bridge
column. The majority of overpass bridges on the Interstate system and other major highways in
the United States were designed and constructed prior to the development of the collision force
design requirements. In non-seismic regions where the lateral seismic loads on bridge columns
are negligible, and in the absence of other significant lateral load requirements such as ice or
collision loads on bridge piers, bridge columns were designed for low lateral load demands that
did not govern the design of the columns. Therefore, the confinement and shear reinforcement
in such columns was kept close to the minimum transverse steel requirements specified in the
prevailing codes at the time. In the case of a heavy truck collision incident, columns that lack
sufficient shear strength and ductility due to inadequate transverse reinforcement would be
vulnerable to catastrophic failure and could consequently lead to bridge collapse.

A risk assessment and mitigation strategy for protecting critical and economically essential
bridges against collapse under collision loads involves ranking the bridge inventory for crash
risk and identifying bridge structures that are vulnerable to collapse should a truck collision
occurs. Bridges that are considered at high crash risk and vulnerable to collapse would be the
top candidates for retrofit as shown in Figure 6-1. Ranking the bridge inventory covered in this
study for crash risk was covered in Chapter 5 of this report.

A retrofit measure may be accomplished by either adding a protective device against collision
as described in AASHTO (2012) or strengthening the bent structure to increase its capacity and
meet the demand imposed by the design collision force. Protective devices can be installed only
where there is adequate space around a bent such as in wide medians. The majority of existing
bridges have bents located close to the roadway and do not permit for the installation of
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protective devices. Therefore, this study was limited to investigating retrofit measures that
enhance the structural capacity of inadequate bents.

Bridge
Inventory

High Crash Vulnerable to

Risk Collapse

Candidates for Retrofit

Figure 6-1: Collision Risk Assessment and Mitigation Strategy

6.2 Literature Review

The literature review covered in this section includes notable cases of truck collisions with
bridge columns, progression of code specifications for collision loads, previous analytical work
on collision loads, and design of a crash strut for mitigating bridge collapse under collision
loads.

6.2.1 Recent Cases of Bridge Collapse under Truck Collision Loads

Although tractor-trailer collisions with bridge columns are rare, some have led to collapse of or
severe damage to bridges. Three notable cases occurred near Big Springs, NE (May 23, 2003),
near Big Springs, TX (November 6, 2013), and near Worthington, MN (June 2, 2003).

The collision near Big Springs, NE occurred on 1-80 with an overpass bridge that did not have
any access to the Interstate and was only used by local traffic. The impact speed and the ensuing
explosion resulting from the collision caused a complete collapse of the two interior spans of
the bridge (NDOR, 2013). A second truck travelling in the opposite direction was also hit by
the falling bridge.

Since there were no on/off ramps to detour traffic around the collapsed bridge, traffic on 1-80
was detoured on a 10-mile route around the crash site (AP News, 2003). In addition to the
expected socio-economic issues involved with the bridge being out of operation during the
reconstruction phase, this accident occurred Friday evening of Memorial Day weekend. Crews
were forced to work through the night in an effort to reopen 1-80 as quickly as possible to reduce
the effect on Memorial Day weekend traffic. Traffic on 1-80 resumed on Sunday morning for
the westbound lanes and late Sunday night for the eastbound lanes (NDOR, 2013). Figure 6-2
shows photos of the collapsed bridge. A second truck travelling in the opposite direction was
also hit by the falling bridge.
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(a) Arial View (b) Fallen Span on Passing Truck

Figure 6-2: 1-80 Bridge Collapse near Big Springs, NE (NDOR, 2013)

The Big Springs, TX, bridge collapse occurred on 1-20 when a westbound 18-wheeler loaded
with pipes for the West Texas oil fields collided with a bridge column. The collision occurred
close to midnight when the truck driver overcorrected after hitting the guardrail, causing the
trailer to swing around and hit a column. The collision caused two spans of the bridge to
collapse. Additionally, a second 18-wheeler crashed into the collapsed superstructure.
According to Texas DOT (Waltrip, 2013), the cleanup of the collapsed bridge took
approximately 24 hours to get the westbound lanes of 1-20 reopened to traffic. The estimated
cost to repair the bridge was in the range of 5-8 million dollars. Figure 6-3 shows the collapsed
bridge near Big Springs, TX.

Figure 6-3: 1-80 Bridge Collapse near Big Springs, TX (Midland Reporter Telegram, 2013)

On June 2, 2003 a truck collided with a bridge column on 1-90 near Worthington, MN. The
collision occurred in rainy weather conditions at approximately 3:00 a.m. and was the result of
a blown tire which steered the truck towards the column (Haltvick, 2013). This collision bears
particular relevance to the state of South Dakota as the bridge design and traffic conditions are
similar to those on the South Dakota Interstate system. Although this accident did not result in
collapse of the bridge deck, the impacted column failed in shear at the bent cap and a total bent
replacement was needed. An item of interest is that the truck appears to have hit the guardrail
and ridden along the top of the rail into the column, as can be observed in Figure 6-4.
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Figure 6-4: 1-90 Bridge Collision near Worthington, MN (Courtesy MnDOT)

6.2.2 Progression of Code Specifications on Vehicular Collision Force

The majority of the bridges investigated in this study were built between the 1950s and the
1970s. The governing design code during that time was the Standard Specifications for
Highway Bridges, which went through several updates over the years. The last edition was
published in 2002 (AASHTO, 2002). The Standard Specifications did not specify any vehicular
collision forces. Therefore, bridge columns built according to the Standard Specifications were
not required to be designed for vehicular collision load.

In 1994, AASHTO published the first edition of the LRFD Bridge Design Specifications
(AASHTO, 1994) where vehicular collision force was first introduced. Section 3.6.5.2 of the
1994 AASHTO LRFD Bridge Design Specifications (AASHTO, 1994) stated that bridge
columns should be designed for “an equivalent static force of 400 kips, assumed to act in any
direction in a horizontal plane, at a distance of 4 ft above ground.” The vehicular collision force
is applied to the column as a point load. The 400-kip equivalent static force represented the
collision force resulting from an 80,000 Ib tractor-trailer travelling at 50 mph. The equivalent
static force was based on experimental results from full-scale crash tests on barriers impacted
by 80,000 Ib tractor-trailers (AASHTO, 1994).

According to the 1994 Bridge Design Specifications, columns need not be considered at risk of
collision if they are protected by “a structurally independent, crashworthy ground-mounted 54-
in. high barrier, located within 10 feet from the component being protected” or “a 42 in. high
barrier located at more than 10 feet from the component being protected” (AASHTO, 1994).
The barrier must be capable of withstanding a Performance Test Level 3 impact in order for the
risk of collision to be neglected. In the 2003 interims for the second edition of the Bridge Design
Specifications (AASHTO, 1998), the requirement for the loading capacity of the crash barrier
was increased so that the barrier must be capable of withstanding a Performance Test Level 5
impact. This requirement was still in effect in the 2012 version of the code (AASHTO, 2012).
Test Level 3 incorporates three crash tests of two small-size passenger cars and a 2,000 kg
(4,400 Ib) pickup truck travelling at 100 km/h (63 mph) and impacting the crash barrier at
approach angles of 20 and 25 degrees, respectively. Test Level 5 incorporates all three crash
tests in Test Level 3 in addition to a crash test of a 36,000 kg (79,400 Ib) tractor-trailer vehicle
travelling at 80 km/h (50 mph) and an approach angle of 15 degrees (Ross et al., 1993). The
bridges included in this study were not protected by any such crash barriers.
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Apart from the increase in the barrier requirements, no changes were made in the vehicular
collision load requirements until the sixth edition of AASHTO-LRFD (AASHTO, 2012). In the
sixth edition, the vehicular collision equivalent static load was increased to 600 kips and the
height of impact was increased to 5 feet above the ground. Additionally, the direction of loading
was changed from “any direction” to “zero to 15 degrees with the edge of the pavement.” This
increase to 600 Kips is based on a study performed by Buth et al. (2010) which found that a 600
kip load applied at 5 feet above the ground surface was a more appropriate load. Buth et al.
(2011) performed full-scale testing of 80,000 Ib tractor-trailers crashing with bridge columns
to determine the impact force and location.

6.2.3 Previous Analytical Work on Vehicular Collision Loads

6.2.3.1 Tsang and Lam (2008)

The AASHTO code (AASHTO, 2012) specifies a 600 Kip static load to be used in lieu of the
dynamic impact load resulting from an 80,000 Ib tractor-semitrailer traveling at 50 mph. Tsang
and Lam (2008) analyzed concrete columns using quasi-static and dynamic analysis to evaluate
collision forces at failure. Dynamic loading is time-dependent, where the inertial effects must
be accounted for. Quasi-static loading is time dependent but occurs slowly enough that inertial
effects can be neglected. Tsang and Lam described collapse of the column as the displacement
of the column at the point of instability under imposed dead loads. Using a non-linear static
(push-over) analysis, the force-displacement (P-6) relationship was determined to calculate the
column’s energy absorption capacity. The total energy resulting from the impact is represented
in Equation 6-1.

KE :%sz (Eq. 6-1)
where KE is kinetic energy, G is the mass of the vehicle, and V is the initial frontal impact
velocity. Initially, all of the energy is absorbed by the vehicle (approximately the first 1-2 ms)
as the front of the vehicle starts to crush. After this initial phase, the impact energy is partially
absorbed by the column and partially by the vehicle. The absorption of energy by the vehicle,
particularly at the beginning of the impact, reduces the force that is imparted to the column.
Tsang and Lam found that the velocity required to cause collapse using dynamic analysis was
approximately 40% higher than the velocity that would cause collapse based on quasi-static
analysis. Thus, Lam et al. concluded that quasi-static analysis underestimates the energy
absorbed by the column.

6.2.3.2 El-Tawil et al. (2005)

El-Tawil et al. (2005) used finite element analysis to evaluate the validity of using an equivalent
static load rather than using dynamic analysis to analyze concrete columns for impact. Finite
element models were created for a circular and rectangular column bridge pier and analysis was
performed using a 14 kN (3147 Ib) and a 66 kN (14,837 Ib) truck (note that both of these trucks
are significantly smaller than the 80,000 Ib truck on which the AASHTO code is based).
Analyses were performed on the vehicles for a range of impact velocities from 55-135 km/h
(approximately 35-85 mph). EI-Tawil et al. used the equivalent static force (ESF) to compare
the results to the code requirements. The ESF was the static force that resulted in the same
deflection as dynamic impact force. It was found that at an impact velocity of 90 km/h (56.25
mph, which is approximately the basis of the AASHTO code requirement), the ESF for the 66
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kN truck was more than 5000 kN (1125 Kips). The tractor-trailers specified in the code are
almost six times heavier than the 66 kN truck but the code only specifies a 600 Kip static load.
This indicates that current code specifications might significantly underestimate the imposed
load in the event of a tractor-semitrailer collision with a bridge column.

6.2.4 MnDOT Crash Strut Retrofit

To mitigate column or bent failure due to truck collision loads, the Minnesota Department of
Transportation (MnDOT) developed a retrofitting technique that can be applied to bridges not
designed for collision loads. This retrofit technique, referred to as a “crash strut,” involves the
construction of a partial-height wall that spans between and is attached to the bent columns.
The crash strut acts as a shear wall at the portion below the point of impact and couples the
columns to which it is attached.

MnDOT’s preferred method of protection is to provide sufficient barriers to prevent collision.
For newly constructed one- and two-column bents where collision protection cannot be
provided, the individual columns are designed to withstand a 400 Kip collision load. For bents
with three or more columns where collision protection cannot be provided, the preferred method
IS to design the structure for the 400 kip collision load using the crash strut (MnDOT, 2007).
The philosophy behind this design approach is that one- and two-column bents are non-
redundant and, consequently, the columns in those bents should be designed for the full
collision force. At the time this study was started, AASHTO’s vehicular collision force had not
yet been increased to 600 Kips.

Per MnDOT Memo to Designers (2007), the strut is to extend a minimum of 4'-6” above the
ground surface while extending into the ground all the way to the top of the footing. The strut
thickness should be a minimum of 3 feet and should extend at least 2 inches on each side wider
than the column. The strut should be doweled to the footing using a minimum of #6 bars and
should be designed as a horizontal beam able to resist a 400 kip collision load between the
columns. A summary of the steps for the MnDOT design of a crash strut can be found in
Appendix E.

In response to AASHTO’s increased vehicular collision force from 400 kips to 600 kips,
MnDOT changed in 2016 the design collision load of the crash strut to 600 kips (MnDOT,
2017).

6.3 Description of the Bridge Inventory
This section presents a description of the bridges were included in this study.

6.3.1 Introduction

A total of 175 overpass bridges from the South Dakota Interstate system and several other
SDDOT-selected bridges throughout the state were analyzed. Table 6 shows the distribution of
these bridges based on the roads they cross. A detailed inventory showing the bridge
identification number, location, and other bridge-specific details is provided in Appendix B.
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Table 6: Distribution of Bridges by Road

-90 81
-29 72
-229 1
-190 1
Hwy 14 (Near Brookings) 1
Hwy 50 (Near Vermillion) 2
Madison St. (Sioux Falls) 2
12t St. (Sioux Falls) 2
Mt. Rushmore Rd. (Rapid City) 1
Haines Ave. (Rapid City) 2

The overpass bridges analyzed were mostly two- and four-span bridges, with a small number
of three- and five-span bridges. The bent can be either integral with the bridge deck or non-
integral. An integral bent is one where the columns of that bent are monolithic with the bridge
deck. For bridges that do not have bent caps, the girders rest directly on the columns. In integral
abutments, the bridge girders are considered to have fixed support at the abutments. In non-
integral abutments, the bridge girders are simply supported at the abutment sill. Most of the
bridges analyzed in this study were simply supported at the abutments. Figure 6-5 shows a
typical four-span bridge with simple supports at the abutments.

| Girder Bridge Deck Sill
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Figure 6-5: 1-90 Diagram of Typical Four-Span Bridge

Evaluation and Mitigation of Vehicle Impact Hazard 40 June 2017

for Overpasses



(@) Single Circular Column (b) Multi-Circular Columns (¢) Square Columns

with Integral Cap
/4

(d) Flared Columns (e) Tee Column ) Hammerhea(; Column

(g) Octagonal Column (h) Rectangular Column
Figure 6-6: Column Types

6.3.2 Column Types

The columns of the analyzed bridges can be grouped into seven different types: circular, square,
flared, hammerhead, tee, rectangular, and octagonal. Figure 6-6 shows the different column
types. The bridge type distribution is shown in Figure 6-7. Bridges with circular columns
represented the vast majority of the bridges in this study (77%). Flared column bridges were
the second highest in number (14%).
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Figure 6-7: Number of Bridges by Column Type

The circular columns can be split into two groups, single-column and multi-column bents. The
single-circular columns were much larger in diameter than the multi-circular columns. The
single- circular columns were either 60 in. or 72 in. in diameter and were integral with the
bridge deck or with box girders. Bents with multiple-circular columns had smaller diameter
columns ranging between 27 in. and 42 in. Except for two bridges where the girders were
supported directly by the columns, the multi-circular column bridges had bent caps that
supported the girders. Of the multi-circular column bridges, 69 had two-column bents. Figure
6-8 shows the distribution of bridges with circular columns based on the number of columns
per bent.

m Single Circular Columns
m 2 Circular Columns

¥ 3+ Circular Columns

Figure 6-8: Number of Bridges with Circular Columns

All of the square-column bridges had at least three columns per bent. The cross-sectional
dimensions of the columns ranged between 28 in. and 36 in. square.

The majority of the flared columns had a rectangular cross section widened in the direction
perpendicular to the bridge longitudinal axis. The flares were either partial over the top segment
of the column or full over the entire column height. Figure 6-9 shows partially-flared and fully-
flared columns. There were five bridges with flared columns that also had varying depth
perpendicular and parallel to the bridge longitudinal axis. All of the five bridges were located
on 1-29 and had no bent caps. Figure 6-10 shows flared columns with no bent caps.

Evaluation and Mitigation of Vehicle Impact Hazard 42 June 2017
for Overpasses



(a) Partially-Flared Columns (b) Fully-Flared Columns

Figure 6-9: Partially- and Fully-Flared Columns

Figure 6-10: Flared Columns with No Bent Cap

Two of the bridges in this study were fitted with tee columns. These bridges spanned over
Haines Avenue in Rapid City and carried the westbound and eastbound traffic on 1-90.

The hammerhead columns were similar to the tee columns except that there were two
hammerhead columns per bent. The four bridges with hammerhead columns spanned Madison
Street and 12" Street in Sioux Falls and carried northbound and southbound traffic on 1-29.

One bridge in this study had octagonal columns. The bridge was located west of Rapid City on
1-90 and consisted of a four-span bridge with one-column bents. The column was 72 in. wide
and had a 36 in. diameter hollow core that extended over the entire column height.

Only one bridge had rectangular columns with inverted flares. The cross section at the top of
the column was 36 in. square. The section flared outward perpendicular to the bridge along the
column length. This flare was different from the flared columns discussed earlier where the
column’s section flares outward towards the top of the column. The bridge with rectangular
columns is a two-span bridge with a two-column bent.

6.3.3 Bridge Types

In general, there were five types of bridge superstructures on the Interstate system in South
Dakota: plate girder, prestressed concrete girder, slab, square-haunch, and concrete box girder.
Figure 6-11 shows the different bridge types. At the time the bridge inventory was inspected by
the researchers, the most common type was the plate girder bridge (62%), followed by the
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prestressed girder bridge (23%). Figure 6-12 shows a chart of bridge distribution by
superstructure type.

| il

(a) Parabolic Plate Girder (b) Unit Plate Girder (¢) Prestressed Concrete
Girder

(d) Slab (e) Square Haunch (f) Box Girder

Figure 6-11: Bridge Superstructure Types
3

m Steel Girder
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m Slab

W Square Haunched
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Figure 6-12: Number of Bridges by Superstructure Type

The plate girders were either “unit” or “parabolic.” A unit plate girder has a constant depth over
the entire length of the girder. A parabolic plate girder is deeper at the bents and shallower at
mid-span.

Evaluation and Mitigation of Vehicle Impact Hazard 44 June 2017
for Overpasses



For the prestressed concrete girder bridge type, individual prestressed concrete girders spanned
between the supports. At the interior supports, the girders were made continuous for live load.

In slab bridges, the superstructure was a slab without any supporting girders. All of the slab
bridges were four spans with single circular column at the interior supports. The columns were
integral with the superstructure. Therefore, upon collision the entire bridge would be engaged
in resisting the impact.

A square haunch bridge superstructure consisted of a continuous slab that was supported by
multi-column bents with integral bent caps. Slab thickening was provided in the vicinity of the
bent cap. The bent cap connection to the deck slab was detailed so as to provide only
translational restraint to the superstructure; therefore, the entire bridge would be engaged in the
event of a collision, but no moment could be transmitted between the superstructure (deck) and
the substructure (bent). One of the square haunch bridges had integral abutments, while the
other two were simply supported at the abutments. Upon inspection, the middle bent of the
square haunch bridges was deemed not to be in danger of collision due to the elevated concrete
median which prevents a direct hit to the bent columns (see Figure 6-11 (e)). Therefore, the
middle bent on the square haunch bridges was not analyzed for collision forces.

The box girder bridges were multi-cell reinforced concrete box girders with integral bent caps.
Of the ten box girder bridges included in this study, seven were four-cell and three were three-
cell box girders. All of the box girder bridges were four-span bridges with single circular
column bents. The columns were 6 feet in diameter.

6.3.4 Foundation Types

Except for two bridges that were supported by drilled pier foundations, all of the bridge columns
in this study were supported by spread footings or pile caps. Figure 6-13 shows the bridge
distribution by foundation type.

m Spread Footing with
Driven Piles

m Spread Footing without
Driven Piles

W Drilled Piers

Figure 6-13: Number of Bridges by Foundation Type

6.3.5 Redundancy

A bent structure was considered redundant if it provided a path for load redistribution without
losing stability in the event of a column collapse under a vehicular collision force. In this study,
a bent was assumed to be redundant if it had three-or-more columns. Of the bridges included in
this study, only 38% were redundant. Almost 40% of the bridges in the inventory were non-
redundant two-column bents with circular columns. Figure 6-14 shows the bridge distribution
by redundancy classification.
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Figure 6-14: Number of Bridges by Redundancy Classification

6.4 Evaluation of South Dakota Bridge Structures for Vehicular Collision
Force

Elastic structural analysis was performed to determine the flexural and shear demands in the
bridge columns when subjected to the vehicular collision force. The flexural and shear
capacities were determined from code equations and compared to the demands to identify the
structures that did not have adequate capacity to carry the vehicular collision force specified by
AASHTO (2012). No strength reduction factors were applied to the nominal capacities since
the analysis was performed for the purpose of identifying deficient bridge columns and
prioritizing mitigation needs.

6.4.1 Dead Load Carried by the Columns

The shear and flexural capacities of columns are dependent on the axial load carried by the
columns. Since the shear and flexural capacities of bridge columns increase with an increase in
the axial load, the live load was neglected to obtain conservative lower-bound estimates for the
shear and flexural capacities as described in Section 6.4.4. Thus, the analysis was performed
under an axial load that accounted for the dead load only. The axial loads in the columns were
determined using the self-weight of the superstructure tributary to the columns. The unit
weights were assumed to be 150 pcf for normal weight reinforced concrete, 115 pcf for light-
weight concrete, and 490 pcf for structural steel. The weight of any railing along the bridge
roadway was neglected due to the absence of sufficient information on the sets of plans that
were available to the research team. Neglecting the railing weight reduced the axial loads in the
columns and, consequently, resulted in conservative estimates for the shear and flexural
capacities. A spreadsheet was created to perform the necessary calculations using input values
given in the construction plan sets. A summary of the axial dead loads in the columns is given
Appendix F.

6.4.2 Column Shear Capacity

The shear capacity of the columns was calculated based on AASHTO Guide Specifications for
LRFD Seismic Bridge Design, 2nd Ed. (2011). A column’s overall shear capacity is the result
of the shear capacity of the concrete and the shear capacity of the reinforcement steel. The
overall shear capacity is the summation of both shear capacity components, as shown in
Equation 6-2.

V, =V, +V, (Eq. 6-2)
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where Vi, is the nominal shear capacity, V¢ is the concrete shear capacity, and Vs is the
reinforcing steel shear capacity. In design, a reduction factor, ¢, would be applied to the nominal
shear capacity to obtain the design shear strength. Since the purpose of this study was to identify
critical bridges that may require retrofitting rather than design new bridges, a strength reduction
factor was not applied to the calculated nominal strengths.

The concrete shear capacity was determined using Equation 6-3:

V.=V, A, (Eq. 6-3)
where V¢ is the unit shear strength and Ae is the effective shear area.
The unit shear strength is determined using Equation 6-4:

P . 011, f'
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where ' is a concrete shear stress adjustment factor which accounts for concrete deterioration
due to plastic hinging, Py is the factored compressive force in kips acting on the section, Ag is
the gross area of the member cross-section in in?, and f'c is the nominal concrete compressive
strength in ksi. The concrete shear stress adjustment factor should not be greater than 3 and
need not be less than 0.3 (AASHTO, 2011). The structural demand and capacity approach used
in this analysis was based on a strength design approach without consideration of plastic
response. Therefore, no shear capacity reduction for plastic hinging was adopted. Thus, the
concrete shear stress adjustment factor was taken as the maximum allowable value of 3. The
concrete compressive strength specified in the plan sets was used. All of the bridges included
in this study had concrete compressive strength of either 4.0 or 4.5 ksi.

The flared, hammerhead, tee, and rectangular columns had dimensions that varied with height.
Except for the rectangular columns, the reinforced core concrete area was constant throughout
the column. The concrete area outside of the core was for architectural purposes only.
Therefore, the concrete gross area was taken equal to the core area. The reinforcement in the
rectangular columns flared with the columns outer dimensions. As a result, the concrete gross
area varied with height; thus, the shear capacity also varied with height. Since the imposed
shear on the column was constant below the impact point, as demonstrated in Section 6.5.6, the
shear capacity at the most critical section was used. The critical section was at the point of
application of the collision force. The effective shear area was calculated using Equation 6-5:

A, = 0.8A, (Eq. 6-5)

For columns with spiral reinforcement, the shear capacity of the shear reinforcement was
determined using Equation 6-6:

v :ZLMJ (Eq. 6-6)
* 2 S

where n is the number of interlocking spirals or hoops, Asp is the area of the spiral or hoop
reinforcing bar (in?), f,n is the yield stress of reinforcing bar (ksi), D' is the core diameter of the
column (in.), and s is the pitch of the spiral or the spacing of the hoop reinforcement (in.). None
of the columns had interlocking spirals or hoops, so n was taken as 1. For columns with
rectilinear shear reinforcement, the shear capacity of the shear reinforcement was determined
using Equation 6-7:
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v, = Atwd (Eq. 6-7)

S
where Ay is the cross-sectional area of shear reinforcement in the direction of the shear force
(in.2), d is the effective depth of section (in.), and s is the spacing of the tie sets (in.). The yield
strength of the reinforcing bar was given in the plan set specifications.

The shear capacity of all of the columns included in this study is summarized in Section G.1 of
Appendix G.

6.4.3 Column Flexural Capacity

The flexural capacity of a column is dependent upon the column geometry, reinforcement,
material properties, and axial load carried by the column. The flexural capacity of a column
section corresponds to an ultimate concrete compressive strain, ey, of 0.003 as required by
AASHTO (2012). Bridge columns are seldom slender. Therefore, the slenderness effect was
not considered in determining the flexural capacity of the columns.

The circular and square columns were prismatic and were reinforced with uniform main
reinforcement along their entire length; thus, the flexural capacity was the same throughout the
length of a column. As a result, the critical section was at the bottom of the columns where the
flexural demand is highest. Except for the rectangular columns with inverted flares, the critical
section of non-prismatic columns was located at the bottom of the column where the flexural
demand is highest and the cross section is smallest. For the rectangular columns with inverted
flares, the flexural capacity and demand were both highest at the bottom of the column and
decreased with height. However, the critical section happened to be at the bottom of the column
because the flexural demand decreased at a rate higher than that for the flexural capacity.
Therefore, the maximum bending moment controlled the critical section.

The analytical flexural capacity was determined using the computer program spColumn
(StructurePoint, 2011). The strength reduction factor was not applied to the nominal flexural
capacity since the purpose of this exercise was to assess the capacity of existing rather than
design new bridges.

The flexural capacity of all of the columns included in this study is summarized in Section G.1
of Appendix G.

6.4.4 Shear and Flexural Demands

Elastic structural analysis was performed on all 175 bridge structures included in this study in
order to identify bridge columns that would be deficient under collision loads. The structural
analysis was performed to determine the flexural and shear demands in the columns under
AASHTO’s Extreme Event II load combination (AASHTO, 2012). This load case provides the
factored load combination for dead load (DL), live load (LL) plus impact (I) due to the dynamic
motion of the live load, and vehicular collision force (CV) as follows:

Factored Load = yp (DL) + 0.5 (LL + 1) + 1.0 (CV) (Eq. 6-8)

where yp is a dead load multiplier that can be varied between 0.90 and 1.25. Bridge columns are
normally subjected to relatively low axial loads and are designed for axial load and bending
combinations that fall below the balance points of the respective axial load-moment interaction
diagrams. Thus, as the axial load increases, the column’s flexural capacity increases. An
increase in the axial load also increases the shear capacity of the column. The structural analysis
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in this study was performed assuming absence of the live load and impact since such an
assumption would correspond to the most critical loading combination. Although the lowest
dead load multiplier of 0.90 would be the most critical case, y, was taken as 1.00 since the self-
weight of the columns was not added to the dead load in the analysis.

The analysis was done using SAP2000 finite element software (CSI 2012). The following
assumptions were adopted to simplify the analysis: (1) under the vehicular collision force the
soil was assumed to provide sufficient resistance against footing translation, (2) the column-
footing connection was assumed to be a moment-resisting connection, and (3) the soil lateral
pressure on the buried portion of the column was neglected. Neglecting the lateral soil pressure
yielded conservative estimates for the shear and moment demands.

For the two bridges that had drilled pier foundations, the Equivalent Cantilever Method (PoLam
etal., 1998) was used to model the soil-structure interaction. The Equivalent Cantilever Method
replaces the drilled pier with a fictitious cantilever beam that is fixed at its lower end and has a
flexural stiffness equivalent to that of the combined pile and surrounding soil. The depth of the
fixed end of the equivalent cantilever can be determined using Equation 6-8.

LC = N0 D (Eq' 6-8)

where L. is the equivalent cantilever length (or depth below the ground surface of the equivalent
cantilever), No is the number of diameter lengths to effective fixity, and D is the diameter of the
drilled pier. The number of diameter lengths to effective fixity can be determined from the
Standard Penetration Index (SPT) of the soil as shown in Figure 6-15. The soil at the bridge
sites was a brown silt-clay as described in the construction plans. In the absence of a graph for
silty-clays in Figure 6-15, the graph for clay soils was used. The SPT blow count was given in
the plan sets and was greater than 50 blows per foot throughout the soil profile.
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Figure 6-15: SPT Blow Count vs. Depth to Effective Fixity in Clay (Caltrans, 1990)

Prismatic columns with uniform cross-sectional reinforcement were modeled with the overall
dimensions and material properties given in the plan sets. For columns that did not have
constant cross-sections, average cross sectional properties were used. For example, a flared
column was modeled as a prismatic column with a rectangular section based on averaging the
properties of the sections at the top and the bottom of the column. A more accurate model could
have been obtained by dividing the column into multiple segments and using the average cross
sectional properties of each segment. Because the difference in the results of the two models
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was minimal, it was decided to model the columns as single elements with uniform cross
sections.

The superstructure of a bridge with integral bent caps would be mobilized under a vehicular
collision load applied to one of the bent columns. However, the superstructure provides little or
no resistance to a vehicular collision force when the bent caps are non-integral. Therefore, when
performing structural analysis, the entire bridge (superstructure and substructure) was modeled
for integral bent cap bridges, while only the bent structure was modeled for non-integral bent
cap bridges. Extruded views and line element models for a non-integral and integral bent cap
bridges are shown in Figure 6-16 and Figure 6-17, respectively.

(a) Extruded View (b) Line Element Model

Figure 6-16: Model of a Non-Integral Bent Bridge

(a) Extruded View (b) Line Element Model

Figure 6-17: Model of an Integral Bent Bridge

A 600 kip load was applied horizontally at a height of 5 feet above the ground surface, as
specified by AASHTO (2012). For each bridge, two different loading patterns were used in the
analysis, one where the load was applied parallel to the roadway and the other where the load
was applied at an angle 15° to the roadway. The higher shear and bending moment demands
were selected to assess the adequacy of the columns for the vehicular impact force. A summary
of shear and flexural demands is presented in Section G.2 of Appendix G.

6.4.5 Assessment of Bridge Vulnerability under a Vehicular Collision Force

The shear and flexural demand-to-capacity ratios (D/C) for the columns were calculated using
the analytical shear and flexural capacity and demand values as determined in Sections 6.4.2,
6.4.3 and 6.4.4. Thus, a D/C ratio of greater than one indicates that a column is inadequate
(insufficient) under the applied 600 kip vehicle collision force. A summary of the D/C values
is presented in Section G.3 of Appendix G. Only 35 bridges had columns that were classified
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as “Sufficient” in shear and flexure. The columns of the remaining bridges were classifies as
“Insufficient.”

Of the 175 bridges considered in this study, the columns of 140 bridges were found to be
structurally inadequate in flexure, shear, or both. In the event that a bridge has “Insufficient”
columns, the redundancy of the structure becomes an important factor when considering
potential collapse of the superstructure. If a bridge column fails under a collision force and the
gravity load from the superstructure gets safely redistributed to the remaining columns, then
collapse of the superstructure will not occur. Therefore, bridges that are non-redundant and
have columns that are “Insufficient” would be considered most vulnerable to collapse under a
vehicular collision force. Of the 140 “Insufficient” bridges, 87 bridges were found to be also
non-redundant. The bridge distribution based on sufficiency and redundancy is shown in Figure
6-18.

m Sufficient & Redundant

m Sufficient & Non-
Redundant

Insufficient & Redundant

53

W Insufficient & Non-
Redundant

Figure 6-18: Number of Bridges Based on Sufficiency and Redundancy

All of the two-column bents with circular columns were non-redundant and had “Insufficient”
columns. The square haunch bridge was considered “Sufficient” because of the collision
protection provided by the concrete median wall. The circular columns of the single-column
bents were “Sufficient” in shear, but half of these columns were “Insufficient” in flexure. Of
the 25 flared-column bridges, 15 were “Sufficient”, and one-half of the “Insufficient” flared
column bridges were bridges without bent caps.

6.4.6 Prioritization of Vulnerable Bridge Bents for Collapse Mitigation

The collision risk and the collapse vulnerability analyses were combined to identify high-risk
deficient bridge bents and prioritize mitigation needs. The results are presented in Appendix D.
Each bent listed in the 16 clusters of the quartile risk ranking is labeled with a string of alpha-
numeric characters to indicate bridge identification, road crossed by the bridge (I-90, I-29, etc.),
mile marker, bent location (Left, Median, Right) relative to the bridge, bent redundancy
(Redundant: R; Non-Redundant: NR), and column strength adequacy (Sufficient; Insufficient).
The bent location identification (L, M, R) is based on bent location on the construction plans.
Bent structures with inadequate column strength are labeled with red font.

The collapse of inadequate bents that are vulnerable to vehicular collision forces could be
mitigated through installing protective devices or implementing retrofit measures to enhance
the strength of the bent. However, retrofitting all inadequate bents is cost prohibitive. One
strategy to prioritize bridge bents for collapse mitigation retrofit would be to consider the pool
of bridge bents that fall in clusters 4-4, 3-4, and 4-3. This pool of bridge bents includes 35
single- circular column bents, 35 two-circular column bents, 22 three-or-more-circular column
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bents, and 16 two-or-more-flared column bents. Of those bents, almost all of the two-or-more-
circular column bents, 8 of the single-circular column bents, and 5 of the flared-column bents
were inadequate under a vehicular collision force. Table 7 presents a summary of the bridge
bent types in the high-risk collision pool (clusters 4-4, 3-4, and 4-3). Figure 6-19 shows pictures
of typical bridge bents in the high collision risk pool. By considering the vulnerable bents in
the high collision risk pool, a priority list for protection or retrofit can be generated by SDDOT
engineers and planners, depending on additional factors including the remaining useful life of
the bridge, availability of resources, and cost effectiveness of implementing the same retrofit
method for a group of bents that share the same features.

Table 7: High Collision Risk Bents

Bent Type
Single-Circular Two-Circular  Three+-Circular Flared

Total Number of Bents in Collision Risk ‘ 16
Clusters 4-4, 3-4, and 4-3
Number of Inadequate Bents in Collision Risk ‘ 8 %5 o1 5
Clusters 4-4, 3-4, and 4-3

jovsep >

(a) Single-Circular Column Bent (b) Two-Circular Column Bent

(¢) Three-Circular Column Bent (d) Flared-Column Bent
Figure 6-19: Typical Bridge Bents in Collision Risk Quadrants 4-4, 3-4, and 4-3

6.5 Proof Tests of As-Built and Retrofitted Two-Circular Column Bents

This section presents the experimental work that was conducted in this study to evaluate the
structural performance of an as-built bent and a retrofitted bent when subjected to AASHTO’s
vehicular collision force. The experimental work involved load tests of two 1/3-scale specimens
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at the Lohr Structures Laboratory at South Dakota State University. One specimen represented
a two-circular column bent of a prototype 1-29 overpass that was determined by analysis to be
inadequate for the vehicular collision force. The other specimen represented a similar bent but
retrofitted with a crash strut to resist the collision force. The main objectives for the laboratory
tests were to evaluate the performance of the as-built condition of the bent and verify the
effectiveness of the crash strut when the bent specimen is subjected to combined gravity loads
at the bent cap and in-plane lateral force at the middle of one column.

6.5.1 Selection and Description of the Prototype Bridge

The prioritization analysis presented in Section 6.4.6 indicated that the two-circular column
bent type represented the vast majority of the structurally inadequate bents in the high-risk
collision pool (clusters 4-4, 3-4, and 4-3) and all of the 35 two-circular bents in the high-risk
collision pool were also structurally inadequate. Moreover, two-column bents are non-
redundant and represent worst case scenario for catastrophic collapse under a vehicular collision
force. In a meeting that was held on June 14, 2013, the research team and the technical panel
agreed to select one of the high-risk two-circular column bents as the prototype structure for
experimental investigation. The selected prototype overpass was Structure No. 51-065-150
which carries Highway 34 over 1-29 at milepost 109. The outer bents of this bridge fell within
collision risk cluster 4-4. The west bent was selected for modeling the laboratory specimens. A
view of the prototype bridge is shown in Figure 6-20 and the details of the bent are shown in
Figure 6-21.

\{

Figure 6-20: The Prototype Bridge
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Figure 6-21: Details of the Prototype Bridge Bent (Courtesy SDDOT)

The bridge superstructure consisted of a concrete deck supported by four steel plate girders.
The girders were supported at the bent cap by roller supports, with two girders located between
the columns and one girder located at each bent cap overhang. Each column was 27 in. in
diameter and was reinforced with 10 #11 longitudinal bars and #4 spiral at 2 in. pitch. The bent
cap was 36 in. deep, 30 in. wide, and 372 in. long, and was reinforced with six #11 top and six
#11 bottom bars. The shear reinforcement consisted of two #5 overlapping ties spaced at 9 in.
in the column region and at 12 in. elsewhere as is shown in Figure 6-21. The clear cover for the
columns and the bent cap was 2 in. Each column was supported by a 36 in. deep by 99 in. square
footing supported by nine piles. The footing was reinforced with eight #8 bottom bars in each
direction. The specified yield strength of the steel reinforcement was 50 ksi and the specified
concrete strength was 4000 psi. Following the completion of the study, the technical panel
reported that the yield strength of the steel used to construct the bridge was 40 ksi.

6.5.2 Selection and Description of the Retrofit Method

The research team and the technical panel agreed to test the effectiveness of the MnDOT crash
strut as a retrofit measure for the inadequate bridge bents in South Dakota. The design and
detailing of the MnDOT crash strut was described in Section 6.2.4. The crash strut is simply a
partial height wall that spans between the bent columns and is anchored to the top of the
footings. The crash strut would resist the collision load through development of shear stresses
in the strut wall. A crash strut retrofit is shown in Figure 6-22. A slightly modified version of
the MnDOT crash strut was adopted for the retrofitted test specimen as described in Section
6.5.3.
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Figure 6-22: Crash Strut Retrofit (Courtesy MnDOT)

6.5.3 Design and Construction of the Test Specimens

The two test specimens were identical except for the addition of a crash strut to the retrofitted
specimen. The as-built specimen was labeled NCS (No Crash Strut) and the retrofitted specimen
was labeled CSR (Crash Strut Retrofit).

The columns were 9 in. in diameter and were reinforced with 8-#4 longitudinal bars and W5
smooth wire spiral at 1.75 in. pitch. The column clear height between the top of the footing and
the bent cap soffit was 80 in. The clear concrete cover was 5/8 in. Since the only steel
reinforcement available for the construction of the specimens was Grade 60, the provided steel
reinforcement was slightly lower than what would be required based on Grade 50. The reduced
steel amount was selected to maintain the target flexural and shear strengths of the scaled
specimens. Figure 6-23 shows details of the columns of the test specimens. The bent cap was
10 in. wide by 12 in. deep and was reinforced with 3-#3 top and bottom bars. The shear
reinforcement consisted of #3 ties spaced at 5.25 in. in zone Z1 and 7.25 in. in zone Z2 as shown
in Figure 6-24. The longitudinal and transverse steel were fitted with strain gages at the
column’s mid-height and the column-footing interface.

# Bent Cap

/—Column 5
WS Splral
1-3/4° Pltch

4 8-#4 bars

3cL.

SECTION A—A

% Footing

ELEVATION

Figure 6-23: Details of the Test Specimen Columns
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Figure 6-24: Details of the Test Specimen Bent Cap

Minnesota DOT crash strut design requires the strut to be extend vertically from the top of the
footing to a minimum distance of 4.5 ft above the ground level. In this study, the crash strut of
the prototype was considered to extend to 5 ft above ground level to match the collision force
application point specified by AASHTO. MnDOT also specifies that the crash strut should
extend horizontally a minimum of 6 in. past each column in the longitudinal direction and a
minimum of 2 in. on each side of each column in the transverse direction. The 6 in. extension
on the prototype would be a 2 in. extension on the '4-scaled specimen. However, 4 in. extension
was provided in the specimen to allow for placement of the strut reinforcement.

The MnDOT design method for the crash strut is based on assuming the strut to behave as a
flexural member subjected to a collision force between the column supports. Based upon the
design of the prototype crash strut, the specimen crash strut was 12 in. wide by 41.5 in. high.
The length of the strut was 92 in. on one side and 95.25 in. on the other side as shown in Figure
6-25. The different lengths were needed to form a chamfered vertical face that would allow for
lateral load application at 15° to the bent plane. The longitudinal reinforcement consisted of 10-
#3 bars and the shear reinforcement consisted of #3 stirrups placed at a spacing of 9.75 in. on
center. The crash strut was anchored to the footing at each column by means of 7-#3 dowel bars
on each side of the column. The dowel bar was 11.5 in. long with 4.5 in embedment length into
the footing.

i 953 i
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Figure 6-25: Details of the Test Specimen Crash Strut
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The design of the test specimen footing did not follow the prototype footing. Instead of a
single footing under each column, one continuous footing was designed to support both
columns of each specimen. The continuous footing was needed to facilitate moving the
test specimens inside the laboratory. Since uplift of the footing during the test was retrained
by tie-downs, the footing needed to be designed for both a positive and negative bending
moment. To simplify the construction of the footing, identical reinforcement was used in the
top and bottom of the footing. Five #9 longitudinal bars and seven #5 bars in both the top and
bottom of the footing were used to provide the flexural reinforcement. The concrete clear
cover was 2 inches on all sides. Figure 6-26 shows the details of the footing.

Footing <{C°‘“’"’ S5-#9 Stirrups
7-8#5 Stlrrups

A 76* 124 /_
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e k12#~e12 %=1 271 2% =1 2]
(a) Plan View (b) Transverse Section

Figure 6-26: Details of the Test Specimen Footing

The specimens were cast using ready-mixed concrete. The measured concrete strengths on the
day of testing were 4890 psi and 5450 psi for the NCS specimen and the CSR specimen
columns, respectively, and 5700 psi for the crash strut. Figure 6-27 shows the test specimens
during construction.

(a) Specimen NCS (b) Specimen CSR

Figure 6-27: Test Specimens during Construction
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6.5.4 Instrumentation

The specimens were instrumented using a combination of strain gages to determine the stress
in the reinforcement and cable-extension transducers to measure the displacement of the bent
cap. A total of sixteen strain gages and four cable-extension transducers were used in each test.

All of the strain gages were installed in the front (South) column. Twelve strain gages were
installed on the longitudinal bars—six on the front (South) bar and six on the back (North) bar
as shown in Figure 6-28. The gages were placed at the base of the column and at the location
of the lateral load. The longitudinal bar gages were labeled N for North (back bar) or S for
South (front bar), followed by a number (1 to 6) that corresponded to the vertical location of
the gage. Four strain gages were installed on the spiral reinforcement at approximately 9.25 in.
above and 9.25 in. below the point of application of the lateral load. The gages were placed at
15° to the plane of the bent to align with the direction of the lateral load. Figure 6-28 shows a
schematic of the spiral reinforcement strain gage locations. The spiral bar gages were labeled
E or W, followed by a number (1 or 2) that corresponded to the vertical location of the gage.

Two cable-extension transducers were attached to each end of the bent cap to measure the end
displacement in two directions. This allowed for determining the displaced location of the bent
cap under the applied out-of-plane lateral load and the potential for unseating of the outer
girders. A schematic view of the transducers arrangement is shown in Figure 6-28.
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(c¢) Cable-Extension Transducers
Figure 6-28: Instrumentation of the Test Specimens

6.5.5 Test Set Up

Each specimen was subjected to four static vertical loads along the bent cap length and an
increasing lateral load. The lateral load was applied to the column at 39.5 in. above the footing
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and at an angle of 15° to the bent plane since the out-of-plane lateral load was determined to be
more critical than the in-plane load. The vertical loads represented the dead load from the
superstructure while the horizontal load represented the vehicular collision force. Figure 6-29
shows the test set up.
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Figure 6-29: Test Set Up

The vertical loads were applied by means of four concrete blocks that were mounted on top of
the bent cap. The horizontal load was applied by means of a 146 kip hydraulic actuator that
reacted against a steel frame anchored to the strong floor. To prevent overturning and sliding
of the specimen, the footing was tied down to the floor by means of four post tensioning rods
and was held in place by means of steel beams that were anchored to the floor. The lateral
loading was applied under displacement-controlled protocol. The loading was quasi-static with
displacement increments ranging between 0.02 in. during the initial elastic response and 0.1 in.
after significant yielding had occurred. Figure 6-30 shows specimen NCS in place prior to the
test.

(b) Actuator Set Up (15° Out-of-Plane)

(a) Specimen NCS Set Up
Figure 6-30: Specimen NCS after Set Up

Evaluation and Mitigation of Vehicle Impact 59 June 2017

Hazard for Overpasses



6.5.6 Experimental Results

Prior to testing, an elastic structural analysis was performed for the test specimens to compare
the internal forces during the elastic response phase. The analysis was performed using the
structural analysis software SAP2000 (CSI, 2012). Figure 6-31 shows plots of the shear and
bending moments for the two specimens. All of the bending moment values are shown relative
to the maximum bending moment M for a given lateral load. The maximum bending moment
occurs at the bottom of the loaded column and the bending moment values in the retrofitted

bent are negligible.

Bending Moment Shear Bending Moment Shear

— T

—— —

(a) Specimen NCR (b) Specimen CSR
Figure 6-31: Elastic Analysis Shear and Bending Moment Diagrams

6.5.6.1 Specimen NCS

Specimen NCS was tested first. The measured actuator load versus the actuator displacement
is shown in Figure 3-32.

35 Specimen NCS

30 -

Load (kips)
= [ [ =] o]
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Actuator Displacement (in.)

Figure 6-32: Measured Actuator Load-Displacement — Specimen NCS

The first flexural cracks started to form at the bottom of the loaded column at a lateral load of
7.97 kips and a corresponding actuator displacement of 0.13 in. At a displacement of 0.25 in.
and a corresponding lateral of 12.14 kips, flexural cracks were visible at the mid-height of the
loaded column and at the top and bottom ends of the unloaded column (back column). As the

Evaluation and Mitigation of Vehicle Impact Hazard 60 June 2017
for Overpasses



load increased, the loaded column started to exhibit inclined shear cracks at its base and
distributed flexural cracks along its height. At approximately 30 kips and a corresponding
displacement of 2.30 in., the lateral load started to plateau. The maximum recorded lateral load
was 31.3 kips at a displacement of 6.06 in. At a displacement of 9.33 in. two longitudinal bars
ruptured in tension at the base of the loaded column. The bar rupture was followed immediately
by a drop in the lateral load to 20 kips. At this stage, the specimen was considered to have
failed. Figure 6-33 shows specimen NCS at different stages of the test. The 600 kip vehicular
collision force specified by AASHTO is equivalent to 66.7 kips for the scaled specimen. Thus,
specimen NCS was able to sustain only 47% of the required design collision load.

The strain measurements obtained from the strain gauges attached to the reinforcing steel
showed that yielding of the tension steel in the loaded column started at the base at
approximately 15 kips and at the mid-height of the column at approximately 20 kips. The
transverse reinforcement remained essentially elastic throughout the test. Plots of the strain
measurements are presented in Appendix H. At the end of the test, it was visually observed that
significant inelastic deformations had also occurred at the top and bottom of the back column.
Thus, the development of four plastic hinges (two hinges in each column) resulted in the
formation of a frame mechanism. Figure 6-34 shows the locations of the plastic hinges in
specimen NCS after the test was completed.
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(a) Start of Testing (b) Cracking in the Loaded Column

(¢) Cracking in the Back Column (d) Plastic Deformation in the Loaded
Column

Figure 6-33: Specimen NCS at Different Stages of the Test
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Figure 6-34: Plastic Hinging in Specimen NCS

Figure 6-35 shows the displaced location of the bent cap at the end of the test. The displaced
location was determined from the measured displacements at the bent cap ends. The rotation
experienced by the bent was the result of the out-of-plane lateral load. Excessive out-of-plane
displacement of the bent cap could result in unseating of the edge girder at the collision force
side. The maximum out-of-plane displacement at the edge girder location (on the loaded
columns side) of specimen NCS was 8.5 in. This displacement is equivalent to 25.5 in. on the
prototype. The girder seat in the prototype structure was 24 in. long in the longitudinal direction
by 18 in. wide in the transverse direction. A 25.5 in. transverse displacement of the cap
centerline would result in unseating of the edge girder.
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Figure 6-35: Displacement of the Bent Cap — Specimen NCS

6.5.6.2 Specimen CSR

Specimen CSR was tested under the same conditions that were applied to specimen NCS.
However, the actuator head was aligned with the top of the crash strut. Thus, the load was
applied to the top of strut instead of the column. The measured actuator load versus the actuator
displacement is shown in Figure 6-36.
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Figure 6-36: Measured Actuator Load-Displacement — Specimen CSR

The crash strut increased the elastic stiffness of specimen CSR by approximately 7.5 times that
of specimen NCS. The response was essentially elastic throughout the test. At a load of 71.2
kips and a corresponding displacement of 0.38 in., a horizontal crack initiated at the top of the
crash strut. It was observed that the crack had formed in the cover concrete as a result of the
direct horizontal loading at the top of the strut. Failure occurred in the footing at a load of 100
kips and a corresponding displacement of 0.56 in. The failure was the result of an inclined crack
that formed at the bottom corner of the footing and extended between front vertical surface and
the bottom side of the footing. Figure 6-37 and Figure 6-38 show specimen CSR at different
stages of the test and at footing failure, respectively. A 100 kip force on the specimen is
equivalent to 900 kips on the prototype. Thus, the retrofitted specimen was capable of carrying
1.5 times the AASHTO vehicular collision force before a failure occurred in the footing.

Horizontal Crack in
the Cover Concrete
(a) Specimen CSR at the Start of the (b) Horizontal Crack at the Top of the
Test Strut

Figure 6-37: Specimen CSR Different Stages of the Test
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Figure 6-38: Footing Failure in Specimen CSR
The strain measurements obtained from the steel strain gages indicated that the strains remained

significantly below yield throughout the entire test. Plots of the measured strains are shown in
Appendix H. Strain gages S3 and W2 malfunctioned during the test.

Figure 6-39 shows the displacement of the bent at the end of the test. The maximum
displacement at the locations of the girders was 0.5 in. or less. On the full-scale prototype, the
corresponding displacement would be less than 1.5 in. Therefore none of the girders in the
prototype structure would be at risk of unseating.

. Displaced Bent Cap
0.25"—>: l— (At End of Test) 0.50"1

Bent Cap Before Loading Loaded Column

SCHEMATIC PLAN VIEW

Figure 6-39: Displacement of the Bent Cap — Specimen CSR

6.6 Summary

Elastic structural analysis was performed on 175 overpass bridges on 1-29, 1-90, 1-229, 1-190,
and other roads in South Dakota. The purpose for the analysis was to assess the vulnerability
of those bridges to vehicular collision forces. The collision risk assessment discussed in Chapter
5 and the vulnerability assessment were used to develop a retrofit prioritization list for
mitigating collapse of bridge bents of the bridges included in this study.

Based upon collision risk assessment and collapse vulnerability under vehicular collision force
of 175 bridges in South Dakota, a high collision risk and vulnerable two-column bent prototype
was selected for an experimental study. The study was designed to examine the structural
performance under design collision loads of as-built and retrofitted cases. Two 4-scale bridge
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bents were tested in the laboratory. One specimen represented the vulnerable prototype bent.
The other specimen was retrofitted with a MnDOT “crash strut” to prevent bridge collapse
under collision loads. The test results were analyzed and the effectiveness of the crash strut was
evaluated. The test results indicated that the as-built bent is severely inadequate if subjected to
the design collision force. The specimen failed at less than one-half the scaled design load and
the bent cap underwent excessive displacement that could cause unseating of the
superstructure’s girders. The addition of a concrete crash strut between the columns increased
the bent collision load capacity to at least 1.5 times the collision force demand. Thus, the
collision strut would be an effective retrofit measure for bent structures that are vulnerable to
collapse under the vehicular collision force.
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7 ESTIMATION OF THE COLLISION FORCE USING COMPUTATIONAL
MODELS

This chapter covers the finite element analysis performed in this study to simulate trucks
crashing into the column of the prototype bent that was discussed in Chapter 6. Comparison
between the analytical results and the AASHTO vehicular collision force are also presented.

7.1 Introduction

Many researchers have used finite element (FE) simulation to determine collision forces on
bridge piers and crash barriers resulting from truck crashes (Buth et al., 2010; EI-Tawil et al.,
2005; Sharma et al., 2011; Itoh et al., 2007). The 600 kip vehicular collision force specified by
AASHTO (2012) was based on recommendations by Buth et al (2010, 2011) who performed
FE simulation and full-scale testing of an 80 kip tractor-semitrailer crashing into a concrete
column. Since the collision force is dependent upon the stiffness of the structure and the
approach speed of the crashing truck, FE analysis was performed in this study to evaluate the
collision forces resulting from two different truck sizes crashing into the prototype bridge bent
(described in Chapter 6) at three different approach speeds (55 mph, 65 mph, 75 mph). The FE
simulation was performed using the computer software LS-DYNA (LSTC, 2013).

7.2 Vehicle Finite Element Models

Two vehicle models were used in the FE analysis, the 15,000 Ib Single Unit Truck (SUT) and
the 80,000 Ib Tractor-Trailer (TT). The FE models for the two vehicles were developed at
George Washington University and were downloaded from the National Crash Analysis Center
website (www.ncac.gwu.edu). Figure 7.1 and Figure 7.2 show the FE models for the SUT and
the TT vehicles, respectively. The models take into account the stiffness of the engine block
and drive train parts. The SUT model represents a medium-weight vehicle, while the TT model
corresponds to the truck size for which the AASHTO vehicle collision force was developed.
Although the impact load resulting from an SUT model is less critical than that of a TT model,
the SUT model was included in the FE analysis to assess the response of the bent elements
when a light vehicle collides with the bent column.

Figure 7-1: 15,000 Ib Single Unit Truck FE Model
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Figure 7-2: 80,000 Ib Truck-Trailer FE Model

7.3 Structure Finite Element Model

The FE model for the structure was based on the two-column bent of the prototype bridge
described in Section 6.5.1.

LS-DYNA provides a variety of material types that can be used to represent the concrete
behavior. In this study, MAT_CSCM_CONC (MAT 159 in LS-DYNA) was selected to model
the concrete material since it factors in the effect of strain rate on the performance of the
concrete and can model concrete in tension and compression based on strain limits. The failure
criteria were set to eliminate a concrete element from the FE model at 6% compressive strain.
The unconfined compressive strength was set at 4000 psi. The strain at concrete strength was
set at 0.0022 in/in and the crushing strain was set at 0.0047 in/in. Figure 7-3 shows the stress-
strain model for the 4-ksi strength concrete.
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Figure 7-3: Concrete Stress-Strain Model
The reinforcing steel material was modeled using

MAT_PIECEWISE_LINEAR_PLASTICITY (MAT 24 in LS-DYNA). This material
incorporates the effects of the strain rate and can model the inelastic behavior of steel after
yielding. Steel grade 50 with modulus of elasticity of 29,000 ksi and ultimate stress of 64 ksi
was used to model the material for all of steel reinforcement. The strain at the beginning of
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strain hardening and at ultimate strain were set at 0.0017 in./in. and 0.17 in./in., respectively.
Figure 7-4 shows the stress-strain model for the grade 50 steel.
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Figure 7-4: Reinforcing Steel Stress-Strain Model

Fully integrated solid elements were used to model all concrete members. An
AUTOMATIC_SURFACE_TO_SURFACE contact was assigned between all of the concrete
elements. The Lagrangian coupling method was used to model the contact between the steel
bars and the concrete. The translational and rotational degrees of freedom at the footings were
restrained since the footings were supported by piles. Figure 7-5 shows the FE model for the
bent.

(a) Concrete Elements Mesh (b) Reinforcing Steel Elements Mesh
Figure 7-5: FE Model of the Bent Structure

7.4 Simulation Cases and Results

Finite element dynamic analysis was performed for the SUT and the TT truck models. The
approach angle was set at 15° and the truck placement was configured such that the impact with
the column was at 5 feet above ground level. For each truck, dynamic analysis was conducted
at speeds of 55 mph, 65 mph, and 75 mph. Figure 7-6 shows computer-generated images of the
trucks at impact. The total simulation time was set to 200 ms for the SUT model and 300 ms
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for the TT model to capture the significant collision events and optimize the computer program
run time. Figure 7-7 shows the trucks and the bent after impact for the 55 mph run.

SR | 2132 <<4Br 0>

(a) SUT at Impact (b) TT at Impact
Figure 7-6: Isometric Views of the Trucks at Impact

<4B>Opl

(a) SUT after Impact (b) TT after Impact
Figure 7-7: Isometric Views after Impact — 55 mph Approach Speed

For each run, the collision dynamic force was plotted versus the time after initial contact. The
collision dynamic force is defined as the force corresponding to 1 ms moving average. Figure
7-8 and Figure 7-9 show the collision dynamic force at approach speeds of 55 mph, 65 mph,
and 75 mph versus time after initial impact for the SUT and the TT models, respectively.
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Figure 7-8: Collision Dynamic Force — SUT Simulation
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Figure 7-9: Collision Dynamic Force — TT Simulation

The peaks in Figure 7-8 and 7-9 correspond to the impact of the engine block with the column.
For the SUT simulation, the peak collision dynamic forces were 1,229 Kips, 1,988 kips, and
2,312 kips at approach speeds of 55 mph, 65 mph, and 75 mph, respectively. For the TT
simulation, the peak collision dynamic forces were 2,359 Kips, 3,384 kips, and 3,433 kips at
approach speeds of 55 mph, 65 mph, and 75 mph, respectively. The results indicate that higher
approach speeds result in higher peak collision dynamic forces but the rate of increase in the
peak collision dynamic force reduces with increased speed. The results also indicate that the
TT vehicle induced significantly higher peak collision dynamic forces than the SUT vehicle.
At 55 mph approach speed, the peak dynamic collision force induced by the TT vehicle was
almost twice that of the SUT vehicle.

The simulation results also revealed the effects of the approach speed and vehicle size on the
damage caused to the bent structure. Figure 7-10 and 7-11 show computer-generated images of
the damage to the bent structure inflicted by the SUT and TT vehicles, respectively. The SUT
collision events resulted in localized damage to the impacted column and did not lead to global
failure of the bent structure. On the other hand, the TT collision events resulted in severe
damage to the substructure (columns, footings, and bent cap) which could cause loss of stability
and subsequent failure of the superstructure.
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(a) Speed =55 mph (b) Speed = 65 mph (c) Speed =75 mph
Figure 7-10: Damaged Bent after Collision — SUT Simulation

(a) Speed =55 mph (b) Speed = 65 mph (c) Speed =75 mph
Figure 7-11: Damaged Bent after Collision — TT Simulation

7.5 Analysis of the Simulation Results

The peak collision dynamic force is a short-duration event that does not allow sufficient time
for the structure to respond in proportion to the magnitude of the applied force. Thus, the peak
collision dynamic force should not be used for determining the load demand on a structure. In
this study the collision force was determined at 1 ms, 10 ms, and 50 ms moving averages. Figure
7-12 and Figure 7-13 show the results for the SUT and TT vehicles, respectively. A summary
of the peak forces at the 1ms, 10 ms, and 50 ms moving averages are summarized in Table 8.
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Figure 7-12: 1 ms, 10 ms, and 50 ms Moving Average Collision Force — SUT Simulation
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Table 8: Peak Collision Force at 1 ms, 10 ms, and 50 ms Moving Average
Peak Load (Kip)

Case

1ms 10 ms
Moving Average Moving Average

50 ms
Moving Average

SUT 1229 512 335
V =55 mph
SUT 1988 593 402
V =65 mph
SUT 2312 680 475
V =75mph
TT 2359 949 585
V =55 mph
TT 3384 1091 751
V =65 mph
T 3433 1145 853
V=75mph
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It is customary in the automotive industry to use the collision force obtained from the 50 ms
moving average for determining the equivalent static design force (EI-Tawil et al., 2005). The
50 ms moving average method also has been evaluated by researchers for determining
equivalent static collision forces on bridge piers (Buth et al., 2010; EI-Tawil et al., 2005). The
peak forces at 1 ms and 50 ms moving averages are plotted in Figure 7-14 and Figure 7-15 for
the SUT and TT vehicles. Also shown on the plots are lines representing the AASHTO 600 kip
vehicle collision force and the lateral load capacity obtained from the experimental work
presented in Chapter 6. Based on the 50 ms peak force, the results indicate that the AASHTO
600 kip design force would be adequate for the SUT vehicle at all approach speeds, but would
be adequate for the TT vehicle only at or below an approach speed of 55 mph. At 55 mph, the
50 ms peak force is 585 kips, or 97.5% of the AASHTO vehicular collision force. For speeds
higher than 55 mph, the 50 ms peak load exceeds the AASHTO vehicular collision force. Since
the AASHTO vehicular collision force was based on the load imparted by an 80,000 Ib tractor-
semitrailer traveling at an approach speed of 50 mph, it can be concluded that a collision static
design load of 600 Kips is reasonable for the prototype bent considered in this study.
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Figure 7-14: 1 ms and 50 ms Moving Average Peak Forces — SUT Simulation
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Figure 7-15: 1 ms and 50 ms Moving Average Peak Forces — TT Simulation
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8 FINDINGS AND CONCLUSIONS

Crashes of heavy trucks with bridge columns are random events with low probability of
occurrence. In spite of the low odds, previous collision events in other states have resulted in
catastrophic partial or full collapse of bridges. Increased truck traffic on South Dakota highways
escalates the probability of collision. Collapse of an important bridge may result in significant
negative socioeconomic impact at the local, state, and national levels. Therefore, a risk
evaluation and mitigation plan is needed to reduce the risk of bridge collapse below a threshold that
would be acceptable to stakeholders in South Dakota. This study was performed to develop a risk
evaluation and mitigation plan for truck collision with columns of 175 overpasses located on 1-29,
1-90, 1-229, 1-190, and a few other roads in South Dakota.

11

8.1 Findings
Based on the results obtained from this study, the following findings were identified.

The uncertainties involved in truck collision events lead to a range of outcomes for
calculating the hazard envelope, a physical exposure of a bridge to the collision.
Therefore, statistical models have been developed to identify statistically significant
collision contributing factors as well as their impacts. The model results show that high truck
traffic exposure, sharp horizontal curves, high annual snowfall precipitation, and concrete
pavement surfaces all increase the truck ROR crash frequency. The hazard envelope of
each bridge bent was calculated based on measured bent dimensions and default values
recommended in NCHRP Report 492. Coupled with the unit crash counts, the collision risk
can be estimated for each bridge bent, and thereby, the collision risk for a bridge can be
determined by the maximum risk of all the bridge bents.

The importance of a bridge reflects the severity of the socioeconomic impact that would result
from a bridge collapse. It is calculated as the RUC because of the additional distance that
would need to be traveled.

When the collision risk and the economic importance of a bridge were combined, a
decision analysis method was applied to rank the overpass bridges. The quartile
distribution, based on collision risk and RUC, resulted in 16 clusters of bridges that can be
used to form a prioritization policy for the implementation of risk mitigation
procedures. The highest risk cluster (quartile 4-4, i.e. RUC 4 and Collision Risk 4)
contained 24 bridge bents. Quartiles 3-4 and 4-3 contained 49 and 25 bridge bents,
respectively.

AASHTO’s Standard Specifications for Highway Bridges did not include provisions for truck
collision with bridge columns and abutments. The vehicular collision force
requirements first appeared in AASHTO’s LRFD Bridge Design Specifications first
edition in 1994,

In the early editions of AASHTO-LRFD, the vehicular collision force requirements for
bridges without adequate protection for collision consisted of a 400 kip static force
applied horizontally to a bridge column at 4 feet above ground level. In 2012, the
vehicular collision force was increased to 600 kips and the point of application was
changed to 5 feet above ground level.
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= The vast majority of the 175 bridges included in this study were designed and constructed prior to
the development and implementation of the vehicular collision force requirements for
unprotected bridge columns. Using elastic structural analysis and code methods for determining
structural capacity, the columns of 140 bridges were found to be structurally inadequate in flexure,
shear, or both.

= Bents with less than three columns were considered non-redundant. Of the 175 bridges included in
this study, 107 had non-redundant bents (61%).

= Bridges with circular columns represented the vast majority of the bridge inventory in this study
(77%). Flared column bridges were the second highest in number (14%). Almost 40% of the
bridges in the inventory were non-redundant two-column bents with circular columns.

= Of the 98 bridge bents that fell in quartiles 4-4, 3-4, and 4-3, 59 bents were both non-redundant
and structurally inadequate for the design collision load.

= Laboratory testing of 1/3-scale of a vulnerable two-circular column bent indicated structural
failure at less than one-half the design collision force and potential for unseating of the edge
girder. A similar specimen but with a crash strut retrofit was capable of resisting 1.5 times the
design collision force.

» The finite element dynamic analysis performed in this study showed that for the prototype
bridge considered in the analysis, the 600 kip vehicle collision force specified by AASHTO is a
reasonable estimate for the load demand induced by the collision with the bridge column of an
80,000 Ib tractor-trailer travelling at 55 mph.

22 8.2 Conclusions
Following are the conclusions of this study.

= Crashes are random events, as they may be affected by several factors that are unknown or
observable. Unobserved elements are the main contributor to data dispersion. To account for
data dispersion in the crash risk analysis of this study, the NB count models can be employed.
The model output reveals that high truck traffic exposure, sharp horizontal curves, high
annual snowfall precipitation as well as the concrete pavement surface all increase the truck ROR
crash frequency.

= By considering the vulnerable bents in the high collision risk pool, a priority list for protection
or retrofit can be generated by SDDOT engineers and planners. The prioritization should
take into consideration additional factors such as the remaining useful life of the bridge, bridge
replacement schedule, availability of resources, and cost effectiveness of implementing the same
retrofit method for a group of bents that share the same features.

= The columns of the vast majority of two- and three-circular column bents are inadequate in shear,
flexure, or both under the 600 kip vehicular collision force.

= The crash strut used in this study provides an effective measure for retrofitting high risk and
vulnerable bridge bents. The MnDOT method for designing the crash strut yielded adequate
results.
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9 RECOMMENDATIONS
Based on the findings of this study, the research team offer the following recommendations.

9.1 Recommendation 1

The South Dakota Department of Transportation should adopt the prioritization list generated in this
study, coupled with other factors such as the remaining useful life of the bridge, bridge replacement
schedule, availability of resources, and cost effectiveness of using the same retrofit method for a group
of bents that share the same features, for implementing protection or retrofit measures for vehicular
collision forces.

The collapse risk of inadequate bents that are vulnerable to vehicular collision forces could be
mitigated through implementing retrofit measures to enhance the strength of the bent. However,
retrofitting all inadequate bents is cost prohibitive. One strategy to prioritize bridge bents for collapse
mitigation retrofit would be to consider the pool of bridge bents that fall in the high risk quartiles 4-4,
3-4, and 4-3 (listed in Appendix D) and are vulnerable to collapse under the vehicular collision force. A
priority list for retrofit can be generated by SDDOT engineers and planners considering additional
factors such as the remaining useful life of the bridge, bridge replacement schedule, availability of
resources, and cost effectiveness of implementing the same retrofit method for a group of bents that
share the same features.

9.2 Recommendation 2

The South Dakota Department of Transportation should adopt a crash strut, similar to the one tested in
this study, for retrofit of two- and three-column bents.

The test results of the 1/3-scaled two-column bent indicated that the as-built bent is severely
inadequate if subjected to the design collision force. The as-built specimen failed at less than one-half
the scaled design load and the bent cap underwent excessive displacement that could cause unseating of
the superstructure’s girders. The addition of a concrete crash strut between the columns increased the
bent collision load capacity to at least 1.5 times the collision force demand. Thus, the collision strut
provides an effective retrofit measure for bent structures that are vulnerable to collapse under the
vehicular collision force.
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10 RESEARCH BENEFITS

Collapse of critical bridges due to truck collision loads may result in significant negative
socioeconomic impact at the local, state, and national levels. SDDOT currently does not have
a method to evaluate the risk of heavy truck collisions to bridge columns. Mitigation measures
to prevent collapse of bridge piers under truck collisions have not been explored before this
study. Currently, bridge column protection on South Dakota highways consists of guardrails to
redirect passenger vehicles and protect the passengers from hitting the columns. Therefore, a
risk evaluation and mitigation plan was needed to reduce the risk of bridge collapse to levels
below a threshold that would be acceptable to stakeholders in South Dakota.

This study provides SDDOT with a risk assessment and mitigation procedures. The
recommendations provided in this report would enable SDDOT to implement a relatively
inexpensive retrofit technique to manage the risk of truck collision with bridge columns.

In addition, this study provides a compilation of critical geographic, safety, and structural data
on 175 bridges on 1-29, 1-90, 1-229, 1-190, and other roads in South Dakota. This data can be
used by SDDOT and other researchers in future studies related to overpasses on major highways
in South Dakota.

*
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APPENDIX A: MEETING NOTES

A.1: Kickoff Meeting (Task 1)

Kickoff Meeting
- Pierre — September 27,2012

Evaluation and Mitigation of Vehicle Impact
Hazards for Overpasses

2 Motivation

+ Economic growth in the upper mid-western
states will result in increased heavy truck
traffic on SD highways

+ Increased potential for truck collision with
bridge columns — Extreme Event (low
probability, high impact)

Nadim Wehbe
Shiling Pei + Majority of bridges in SD were designed
ingsrel prior to current AASHTO truck collision load
Xiao Qin requirements
+ Need to develop risk assessment and
management
Sepember 2, 2012 Eualiatbs 3nd Mgath s ofVed bk Impact Hazards wroue passe s
2 Objectives 2 Research Plan

1. Develop risk assessment method for truck
collision with highway overpass columns

2. Evaluate risk of overpass collapse under
truck impact

3. Develop mitigation measures for locations
of high risk
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+ Task 1. Kick-off meeting; review scope and plan

+ Task 2. Literature review on related studies
» Collision risk
» Collapse analysis

+ Task 3. Site visit and data collection (risk factors)
» 866 Bridges identified by SDDOT,; 402 bridges are

overcrossings, 220 overcrossings are on 130, 129, and 1229

» Data collection method (will discuss in detail later)

« Task 4. Develop collision risk assessment process

+ Task 5. Meeting to review risk assessment

« Task 6. Develop collision risk index and identify
critical bridges
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« Task 7. Meeting to review high risk bridges, select
columns for testing

« Task 8. Construction of the specimen
+ Task 9. Lateral load testing
+ Task 10. Meeting to review test results

+ Task 11. Develop recommendations hased on
analysis and test results

« Task 12. Final report
« Task 13. Executive presentation to RRB

SepEmbe (27, 2012 Eualiator 3vd MIBgEth s of W kick Impact Hazards forOue passes

Pl Schedule

Sepember 27, A2 Eualiaths 3vd MIBGEtD otk bk M pact Hazards HrOue passes

Evaluation and Mitigation of Vehicle Impact Hazard
for Overpasses

82

June 2017




# . s g 3 . 5
a Risk Assessment and Mitigation 4 Collision Risk
Rk Factor Important Literature:
Significance: 5 5
= >mwcmm 1.NCHRP £00: Volume 6: A Guide for Addressing
G y [ Run-Off-Road Collisions
Collsion Risk . . "
Index \ 2.AASHTO Roadside Design Guide, 2002
Bridge - Evalustion and X
e L ptod 3.Highway Safety Manual
} 4.More...
Total Risk Index.
Load Demand O (
| Susceptibilityto
' Faie . =
Column Load ’
Capcity Cotapse Risk
Redundancy of
the Structural
System
September 27, 2012 Evaluation and M tigation of Vehicle Im pact Hazards for Overpasses September 27,2012 Mitigation of for Overpasses
M _— " 0 " .
& Collision Risk & lllustration of Data Collection
Brief Summary for Risk Factors: Nuanler of Bridge Cobumns
+ Shoulder Width
The beneficial effect of allowing for the safe recovery of stray vehicles,
and the detrimental tendencies of inviting some voluntary shoulder stops, Cotamn ¢
faster travel, the possibility of steeper roadside slopes, and shoulder use \‘J“u\mwnu\\ ,
fortravel (NCHRP 17-27 project team, 2009) e Bridge raily
+ Roadside Hazard Rating (RHR) Runble Srip
The Roadside Hazard Rating (RHR) system considers the clear zone in g W
conjunction with the roadside slope, roadside surface roughness, 8 ‘ug\\‘ﬁ\w\\\l
recoverability of the roadside, and other elements beyond the clear zone Median Cab i Barriers
such as barriers ortrees. {NCHRP 17-27 project team, 2009) -
+  Sight Distance on Honzontal Curves
A minimum sight distance, and anything less may restrict the safe
operation of the intersection at the intended design speed (Mark A.
Marek, 2010)
September 27, 2012 Evelusti fion of. =
l" 2 vols. . iﬂ 2 .
a Collision Risk - Bridge Inventory
Court of bridge id on_under
Grand
facility 2 A B c Total
1029 P 1 1
1029 L 1 1
1029 N 25 4 3 2 34
10298 25 4 3 2 34
1090 1 1
109 P 1 1
1090 E i3 3 1 1 2
1090 W b3 3 1 1 E2]
1090 WB OFF RAMP 1 1 2
1090 WB ON RAMP 1 1
1090 WF 1 1
1190 1 1
190 N 1 1
190 5 1 1
1229 1 1
120N 2 2 4
12298 2 2 4
Grand Total 20 20 3 6 254
September 27, 2012 Evaluation and Mitigation of Vehice Im pact Hazards for Overpasses September 27,2012 Mitigation of for Overpasses
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e Crash Data

Crmbes

"

a Collapse Risk

« Evaluation of column Capacity
« Shear capacity
« Flexural capacity
« Ductility

 Structural Redundancy

2 Collapse Risk

« Evaluation of collision load

» AASHTO LRFD Bridge Design Specifications, Sth
Ed., 2010, § 3.6.5.1: Protection of Structures

= Equivalent static force of 400 kip assumed to be
acting at a distance of 4.0 ft above ground.

= Based off of crash tests of 80 kip tractor-trailers
» AASHTO LRFD BDS 6% Ed., 20127

» Research articles in the literature

Septerrher 27 3017 Swzluzncn and Mitigatizn of Yshicle Impact Hazads for Jverpessss

a Mitigation Strategies

« Shear capacity

* Ductility capacity

* Majority of bridges in SD were designed
prior to current AASHTO truck collision load
requirements

« Need to develop risk assessment and

= Laboratory testing of scaled columns management
Swplenbsr 27, 2012 Svaushen and MRGENae ot Vet ele masct Hararas foe Quarasess Suptenber 27 2012 Sualuzren anc Minganzn of Vshicle | rpser Hazas or Dvarpassas
Evaluation and Mitigation of Vehicle Impact Hazard 84 June 2017
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A.2: Evaluation of the Risk Assessment Process (Task 5)

& Task 5: Evaluate Risk Assessment Process i-d Outline
Evaluation and Mitigation of Vehicle Impact + Development of the Bridge Collision Index (BCI)
Hazards for Overpasses « Case Study

Nadim Wehbe, Shiling Pei, Xiao Qin, Zhao Shen, and Brett Tigges + Results
= - » Bridges ranked by total risk-significance
» Bridges ranked by sum of Z-scores of collision risk and
significance
» Bridge grouped by quartiles of collision risk and
significance

« Structural Analysis

Ewiadon and Migation of Vshicls Mpact Hzards fr Owpaniss

Apris, 13 Euahatbs and MIBGEth s ofvieh Bk M pact Hazards b rOue passes ApiilS, 2013
n 2 s .
P8 Bridge Collision Index #. Collision Risk Index Flow Chart

—_—

+ Encroachment Module BenoRmsieean) ',=

Estimate the average truck roadside encroachment frequency based on T {50 Ennhpe(EEE)

truck volume and roadway geometric characteristics. |—|—|

« Crash Prediction Module Brifge Cokmn Collgin Exposu I:;n:“x:xtm;’ﬁ;;"l’m

Given the occurrence of an encroachment, what is the risk for an erratic
vehicle to hit bridge substructure?

+ Bridge Significance Module

What is the additional road user cost (RUC) due to the detour after the
bridge collapses.

+ Bridge collision index

The Index is determined by both collision risk and significance.

ollisia

Bl Barrier ptens
(b o2, 3, d d)

5 Eifl
(FEnigemumn (RbR L)

Brip Colleion RER(CE) | = —
Collzon Inpect(CT) i

Eridge nkng methods

Ewladon and MAgation of Vshicls MEact Hazands tr Owpal1ss

spnis, 13 Euaitation and MG Of & hick M pact Hazards TorOue passes Apiis, 2013

P Reference

Figure 1. Probability of Run-Off-
Road (ROR) Crashes at Horizontal

Figure 2. Bridge Hazard Envelope

(NCHRP Ropartes2: Fo) dde Bavt: analydc

Ve

Reference (cont.)

P

Table1. E

Arugram(REAF)—Enginver’ ¢ Man ual)
Curve
(TT1: an ¥z dco flarge fuok oollidonc i bridge plers)

Cand Grfia
&Y
| Table 2. Vehicle Gross Static Mass Upper and Lower Limits®
O () Test Vick Denigubaand | Dot Vhale Vet | Accatbl: wrnhm
i 7 ) 3 bjg) big)
3 1100C (Pasomgpr Car) 2420 (1100} £5525)
Hiaspa, - 1500 (Prsserg Cor) 300 (150} +220100)
P ol g 2270 (Pidrup Truck) 5000 (270) +110(50)
P i 100003 (Sirgle- it Truck) 22000 {10000) 560300
H 6000V {Tractor-Wim Traler) 79300 (36000) +1100(500)
H 36000T { Trartor- Tank Traikr) 79300 (26000) 100300
spris, 013 Evaluaton and Mg don of yehicls mpact Ha ards brOwrpat s Apiis, 2013 Exalundon and MAgation of Vehicls mpact Hzarda br Owpai 1t
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Reference (cont.)

Table 3. Roadside Bamriers and NCHRP Report 350 Approved Test Levels*®

2 < Cortaivoners.
Roadside Barrier System | Test Lewvel CapacityD)
Wibe am( Weak Post) 2 705
Thuee- Qrand Cablk Buxiers | 3 144
Hgr Brein CaK 31 1441103
Burriers
Thrie -Beam(Strong Post) 3 144
Concrete Burrier 5 543

sp11s, 13 Evaluaon snd Wi g fon of Whicls mpact Ha @rdi Hrowrpa i

Table 4. Test ices for L Bamiers®
Tt TR : T Tpel Topct gk, Foapnth I8 Fagn

Linal ks ke zghiimh) 8ag AT
TIoe W0 0] 5 23042)

4 o ) 2NP {0 25 25203
B TI00E {0} 5 EHIE

i AP H{M0) 25 252005

Ti00e (1000 5} T (97

i Tongh-of uad 27F 21000} 2 106 44
» Tiooe TT(1000) 5} S157)

Loty 2P £20100) 2 2106044

TI00C 7 1000) 5} L6
Tagof el 2P 20001 25 10604)

5 Lowos 3600} 13 24209
TI0ie TR000) ] SL(67)
Toeiton 1P 2000 2 106044)
100008 360900} 15 2142093}
TI0ie TR0 = D167
Tazghrofued e 20000 2 10604)
: 34000V 303800 10 404 (348)
Ti00e (1000 3} FY)
Toion zme 201000 2 100H)
S0 T 12 ShlE
pr15,2013 Evalaon and Mgation of Vehicle Mpact Razands Br Owrpan 1t

Case Study

Table 5. Basic information of bridge 64020220

EYr) Tionas il Hais B b Lo D3 Widb()
HRED i) 24 Bam 2w
Righa Bl Pgh Shaka
Sudpe Vobiar | Lone Db 14, 5.545) Curvegdeped) Wb NENTD (1)
2 s o o
T umbra of Th sy of
Hahon WdbIi)[38) AADT]E) AADT[SE) bl uucd58)
S e 150 150
i Coble ade) i) Dbty
W brompee ey | ThicoSu o CoblogWo Posy) Biomum Cououauy s

Lk Poachway

—

Ty S e ——

spris, 13 Evalus don snd Wi g don of Wshicls mpact e ards BroOwmar e

Case Stud

ApiIS, 2013 Eualaths and MIBEED » ofteh bk Inpact Hazards hroue passes

i

& Case Study (cont.)

Base E ncroachment Rate (BER: collision per mile per year)
i = e £y e TADT o o5 O
Base Encroachment Rate (BER_NE)
(= e o 7D v 0B} 0= gm24 180 25004 g -U02 Z-0 SN 0 g7y
Ly ¥
Base Encroachment Rate (BER_SE)
@y = g, TADT-F' v ol T 0 D2 g -84 10k 2000 M 34, -0024 12007621020 0579
T
Encroachment Rate(ER: collision per mile per year)
Enroachment Rate= Buse Encroachment Rate *SD € aliration Facter *[JCMF:

ER,=BER_}NB* Caliation Factar * CHEF{Hoxizxtal Curve ) *Baway}*CHF{Rumble Strip_right)
=0 06704 855 °1 (340 S1°0.73= 00222

ER,=BER_SE*Calbmtion Factor *CHE{Horiartal Curve)*Baway) CHE{Rabl: Strp rigt)
=00679% £55°1 (3 %1- 0.51)%0.73= 0.021¢

Metian

ER,=BER_NB * Calibration Factar * ChF| Horizatal
400579’0155'103'(1 051)*0.73= 00214

ER,=BER_SE *Calbration Factor *CHF(Horzzortal
=0067940 £55°1.0540.51%0.73= 0222

Curve J*Pitorard)* CHMEF{Rumble Strp_left)
Curve)* Pitoward ) *CHF Rumbl Strip_kft)

2pr1S, 13 Evalaon and MH g don of ehicle mpact He arde or Owrpar ter

Case Study (cont.)

Bridge Hazard Envelope (BHE: mile)

P=(L/S2800 Ly + (mis] + Wy cot6]

Forsix@.e it track(length 21 f width: 878

= L, wsing + 18, «:ns)}l—2l*s\n75+8?“ms 756428

P—(uszaums + c ‘) + 9 cor10]=0.022%(nile)

For semitrailor tmck{loreth: St widtl 8.78)

W, = L, wsiny + I, «cosy=SI¥sin 7.5+8 P ms 7.5-88 F68(R)
P=(1/52807(28 + Eoay g cot10]=0.0274(xile)

in 10

Lateral Encroachment Probability
In¥=52350161X

whewe X=(519-5/233

T=31.84% (normalized)

fpiis, 200 Evalum don and MAgstion of Vshicls Mpact Hazards Hr Owpanss
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i P

& Case Study (cont.) = Bridge Ranking

Bridge Column Collision Risk (CR=ER*BHE*Y) Table 6. Bridges

CE(NB_sight side)= ER,* 0.0229=0.051% listed as top 30 in
CE(NB_left_side)= ER,#0022%+3]1 8398% = 0.016% both ranking
CH(SB_xight side)= ER#0.0229= 0.049% methods
CH(SB_left side)= ER¢H0.0229431.8398% =0.016%

Collision Risk for Bridge 64020220= FCR= 0.131% R1:Bridges ranked
by total risk-
significance

Bridge Significance(B_RUC) ($ per day)

VOT = (distance/speed *80*vobme*unit cost*vehicle occupancy factor R2: Bridges

= (HSSHEDFTNESM.19%1.67 = $7,336.55 ranked by sum of

VOC = distance™urit costhvolume = F0.67065 = $12,717 Z-scores of

AC = distance*vohume*aorident rate*urit cost/],000,000 = F7065¢1.9+7400/1,000,000 = $298 bridge collision

RUC = VOT+VOC+AC= $20352 risk and bridge

significance

2prls, D3 Eval don snd M gaton of vehicle mpact Ha @rds Bor Owrpst sen apMs, 2013 EvalLe fon and Migation of vehicls mpact Hezrds br Owrpan sy

1 n

o Bridge Ranking (cont.) a Bridge Ranking (cont.)

Scatter Plot by collision risk (CR) and significance (B_RUC) Table 7. Bridges listed astop 25% by collision risk (CR) and
atecc. significance (B_RUC)
19 om0 \Q F= =5n nER i
G e
o T =1 Iz T3 fT) T
e > 290} 198
o — |Teal(® |Dwléh IDel) ey |
g 0T HOE) 108 (5 p o] HOGY
E o Sl 1] 12D L 1r-] HRID
] - Totsl () ol Tasl Tt (19
= o o R0 e oy 00 oM
=g ¥ =) =W ) =@
o Totd 5 Tebed T Tl
o) ® % weE 1) e )
e x M) 1208 288 Gy
-] o Toud (9 nelq  |ne@ |
T T S o *AlLuight bl s abo i1k €
Cavien i
2pis, 013 Eualtaton v d MIBgath s of W& bick mpact Hazards forOue pass: s ApilS, 2013 Eualiatbs 31 d MIBJAtD s ofveh bl M pact Hazands Hroue passe s

Rapid City

Winner Trtal CoMianan Cout

Yankton o
B -
wo- Bridge Collision Risk Maps Wi L
A S o e Zacores
s v  — P

lapris, a0 Evalatbs ard IMBgEtD ok c‘: mpact Hazards mroueﬁ;u Apmsjz;:;:'i ananz‘m.z-'-i:lmw%mlé;m—mﬁm mouutu
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s ow

£pris, 013

o o s
EUalath s 313 MIJSTON o vk b M pact Hazards mmj;uu

I

e Structural Analysis

» All columns are being analyzed using
linear elastic analysis to determine the
Demand/Capacity (D/C) Ratio.

»D/C Ratio = 22224
Capacity

« A D/C Ratio greater than 1 indicates that
the column is insufficient.

* Inelastic pushover analysis may be
performed if deemed necessary.

4pilS, 2013

EUaaths 31 d D) OFvel bk oot HEZ3s 1 rOUe Fasse s

il

& Column Capacity

« Shear Capacity

»Determined as per AASHTO Guide
Specifications for LRFD Seismic Bridge
Design, 2" Ed., 2011, Section 8.6.

* Flexural Capacity
»Determined from the software spColumn

"
Py

& Collision Load

+ Structural analysis was performed using
program SAP200

+ Load Application:

¥ In accordance with AASHTO LRFD Bridge Design
Specifications, B* Ed., 2012, Section 3.6 5-Vehicular
Collision Force: CT

» A B0O0 kip lateral force applied to the column at 5 feet
above the ground surface

¥ Load was applied at 0° and 15° from the plane of the
hent

Spris, 13 Eualeation and MIBgaths of W& hick mpact Hazards YorOue passe s ApiilS, 2013 Euahatbs avd MIBStb s of'vieh Bl mpact Hazards wroue passes
# Ee
: Bridge Types
Bridge Types
fpris, 013 Eualvatior 31d MIBED» OF W& bk M pact Hazards forOue pass: & Apiils, 2013

Eualtaths and It ofveh bl M pact Hazards Hr0us passes
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s Bridge Types

Redundancy of Structures

 Redundant
W NamRedundant

fpr1s, A3 Eualtator 3nd MIgath s of e hick I pact Hazards TorOue [pass: s

. Preliminary Results

* The Single Circular Column, 2 Circular
Column Bents, and Square Column
bridges have been analyzed so far.

Structural Sufficiency

BSullisent
® Inzulficient

fpris, 13 Eualt3tor 3nd MIBgath s of i hick Impact Hazards TorOue pass: s

i
b

Moving Forward

» Further pushover analysis on high risk
bridges will be done to determine if
mitigation is required.

* High risk bridges may be:

»Bridges with a high collision risk
»Bridges with non-redundant structures

#pris, M3 Eualtator and MIBgaths of v hick Impact Hazards TorOue pass: s

e

s Bridge Redundancy Distribution

* 3 of these bndges have adequate capactty

Collslon
Risk
<25% 25-50% 50-75% >T5%
RUC

S75% ant 11| Jundant (4] dundant |11 161
Non-Fed. || |Won-Red. 101 |Mon-Red. 161 |nMon-Red. 2|
Total 12| |total 1l |retal 171 |retal 181
50-75% dund: 151 du 11 101 dundant 12|
Non-Red. 12| |Mon-Red. 121 |MonRed. |51 | mMon-Red 1131*
Total 171 |rotal 16l |total 151 | total 1151
25-50% 131 dund 121 101 dund: ]
Non-fed. 12| Non-fed. 19| Non-fed. 12| Non-Red. Bl
Total 151 |Total 281} Total 2] Total 16l
<25% 131 3] ] 101
Non-fed. 15| |Non-Red. 91 |Mon-Red. |11l |Non-Red. 3|
Total 181 |rotal 110 frotal 111 Jrotal 131

Apils, 2013 Eualatba ard MIBgath s of'viel Bl Impact Hazands HrOue passe s
& Preliminary Results

» The Single Circular Column, 2 Circular
Column Bents, and Square Column
bridges have been analyzed so far.

Sufficiency vs. Redundancy

Apills, 2013

Eualiaths aid MBSty ofved Bl M pact Hazards HrOue passes
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A.3: Review of High Risk Bridges (Task 7)

P Task 7: Review of High Risk Bridges

Evaluation and Mitigation of Vehicle Impact
Hazards for Overpasses
Nadim Wehbe, Shiling Pei, Xiao Qin, Zhao Shen, and Brett Tigges

Jue 14,2013 Euakator 3vd MI3tos o' h Bl mpact Hazaws for Oue passes
M . 41 . . .
& Outline P Review of Previous Meeting
+ Review of Previous Meeting « Meeting held April 5, 2013
» Presentation of Final Analysis Results = SDSU Research Team presented the methodology used in
: 3 calculating the Risk of Collision and the Road-User-Cost
* Select Bridge Columns for Testing (RUC]. s
= The methodologywas approved by the Technical Panel and
the Research Team was told to complete analysis of all
bridges.
= Overview of how the structural analysis was being performed.
Ine 14,203 Evaluation and M Agation of vehicla mpact Hazands for Owrpar 11 e tean Evalusticn and Witigation of vehicle mpact Ha zands for Overparan
FiY - # ) .
Pl Structural Analysis Results = RUC vs. Collision Risk
Sufficiency vs. Redundancy
® safficient & Redundant _""
 Sufficient & Non- E I o0
Redundant
B insullicen! & Redundant
| iInsullicent & Non- s
Redundant
Jue 14,2013 Evaluation and Migation of wshicls Inpact Hazards for Owrpal s e 4@ Ewluaticn and Mitigation of wshlcls Inpact Ha zarda for Overpattes
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Critical Bridges

RUC vs. Collision Risk

4.4
A7111580-190-48 b4
LHRS  52424295190-59

A265050-129-7 - L-HR-|
50173235-128-76.5 L-k-|
51065150-123-109- L-HR-1
50216220-1229-5 LR |
50240165- 10-402- R-HR-S.
50280165- B0-405- R-HR-S.
A2065050-129-7 1 R-HR-|
50173235-129-76.5 R-R-|
51065150-129- 109- R-HR-|
5021622012295 R-Re|

52500275 190-67-W-R-5.
50240165 190-402-M-NR-S
ANE5050-123-71-M-HR-5
50172240-129-76 M- R |
50173235 128-765-M-R-|
50175230-128-77- M- R |
50175222-128- 7% MR-
50180170-129-33 M-R-S
501912381229-2M-R-5
50219190-1229-3- M- HR-S.

Jue 14,2013

Evalustion and M Agation of Vehicle mpact Hazards for Owrpat e

[ ]
Bemt Single Circular | 2 Circuler | B+ Circular | Flared
18 o
s E
Single Circular 2 Circular 3+ Circular Flared Colurms
Column Columns Columns
Ine 14,2013 Evaluation and MAgstion of Vehlcls mpact Hazards for Owrpanisn Jne 16 Evalusticn and Mitigationof Wehicls mpact Hs ards for Overpantes
i e . 1 . .
& Critical Bridges & Demand/Capacity Ratio

%Hgthlill II‘IIIIIILILIIIIIII

due 14,2013

Ewmluation and Mitigation of wehicle mpact Ha zards for Ovsrpa

2 Recommendations for Testing

-~ 73"Dia.

- 20411 Long. Bars

- #4Transvers Spiral
Bar @ 2" Pitch

+ Bridges Recommended for Column Testing
= 51-065-150 (2 Circular Columns)
= 42-065-050 (Single Circular Colurmn)

Bridge #51-065-150

Jue 14,2013 Evaluation and M1gation of vehicls mpact Hazards for Owrpas st

Evaluation and Mitigation of Vehicle Impact Hazard
for Overpasses

91

June 2017



A.4: Proposed Test Specimens

(e

Review of Testing Design and Procedure

Evaluation and Mitigation of Vehicle Impact
Hazards for Overpasses
Nadim Wehbe , Shiling Pei, Xiao Qin, Zhao Shen, and Brett Tigges

B o

Jue 14,2013 Euahatbs and MgItor ofved bk Impact Hazards B roue passes
L) . . i .
S Meeting Outline FiA Specimen - Prototype
* Specimens + Selected Bridge:
= Prototype = Bridge#51-065-150 (Bent #1)
= MnDOT Crash Strut = Exit 103 {Madison Exit)
* Model « Geometry
+ Testing setup » Diameter Column=2-3"=27"
+ Gaging = Column Height =20-0"
« Factors we're ohserving = Footing Depth =410 2" below ground surface
: = Impact Height =910 2" above footing
SAP2000 Analysis « Longtudinal Reinf, = 20- #1 bars
= Transverse Reinf. =#4 spiral bar @ 2" pitch
Joe 14,213 Evaladon and Mg don of Vshicls mpact He @rds br Owmpan ten eie@na Evaluzdon and MAgation of Yehicle mpact Hzrd for Owrpan st
it .
P Specimen - Prototype

Jue 14,2013 Ewladon and Mg don of velilcle Mpact K @rdi brOwpat sy Jue 14,213 Evaluadon and MAgation of shicls mpact Hazards or Owrpan st
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] MnDOT Crash Strut a MnDOT Crash Strut

+ Height = Minimum of 4'-8" above ground surface

= 2012 AASHTO Specifications increased impact height from + Design Procedure (Design strut region hetween the

4'to 5" above ground surface. columns as a horizontal beam)
= Thus,we recommend increasing minimum height to 56" - g
Y Y P, = 400 kips

+ Width = Minimum of 3' » 2012 Specifications increased this load to 600 kips

+ Length = Typically extend strut to 8" from outside of ¢ 0. =30°
footing
+ Reinforcement Sy N
= Horizontal Bars = Minimum #6 bars at 12" spacing T\\

» Transverse = No specifications (Design | reviewed used Ere
#5 stirrups at 12" spacing between columns and spaced
with dowels on end region)

= Dowels = #5 bars at 6" spacing over minimurm distance of
7' per column/footing

Jue 14,2009 Evaluation and MAgstion of Wehicls mpact Hazard for Owrpan ist Jue 14,213 Evaluation and Mitigation ot vehicle mpact Ha zarde for Ovarpanes
= Test Specimen - Model a Test Specimen — Column
Prototype | Model | Seale
» Test specimen is to be a one-third scale model of D {in} 27 9 3.0
the prototype. Seomairy A Q) 5726 €3.6 3.0
= Linear Dimensions = 1/3{Prototype) H{in} 240 &0 3.0
= Area Dimensions = 1/9(Prototype) | & of Bars | 0 8
= Loads = 18(Prototype) IIWMMEIIIIIIII Bar Size 1 A
+ One specimen will be a scaled model of the as-built A (%) | 156 16
prototype and the other will include the crash strut M WS
retrofit. | & ng 0z 00498
S fin} F 175
¢, {in}* 2 0.657 |* Claer to transvarse bars
ShewrCmpaclty | V() | 26808 | 2007
Moment Capacity | M et} | 607.3 23.2
Jue 14,2013 Evaluation and MAgation of Vehicls mpact Hazards for Owrpan sy Joe 4@ Evaluation and Mitigation of Vehicls mpact Ha zarda for Ovsrparer
Test Specimen — Bent Cap & Test Specimen — Strut
Proteles | Riovel | Ml | Sesls
lu -1 10 b} L 13
| bpn) | 56 12 | b | s | as
[ ] Oowmary
Awn | wee | 1o osets | a0
L = 13d Lie) kr, S . ]
8 of Bars 12 [ IoagBudiel | SoiBms | 20 3
Usngpietond 1 | Sarshamm [ 3
e S Iy o e e
P . N e BT L S
Mm | 3 | g | ==
Spacing Raglex 3 = P Estalorram et | suml | L 315
g, omz | oy z caan
Dur Siow 3 er Shoa s 3
s ] Dowmbiiad | 308 | & 2
o h 3d2 Bgus} [ Puheagel | w2z | 7
 {in® 2 LEET | [ 45
Jue 14,2013 Evalugtion and M gation of vshicls mpact Hazards for Owrpai 1 Jue14@ma Ewlusticn and Miigation ot shicls mpact Ha zard1 for Overpaniss
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P43 Test Specimen - Model

Jue 14,2013 Ewlmion and Wi g fon of Wehicle mpact Ha @ardr or Owrpanien

-5 Test Setup

e Evaladon and M gadon of Vehicls mpact Ha @rds for Owrpar tex
2 Factors to Evaluate

« During the experimental testing, we will be looking
at and evaluating the:

Imposed Shear

Imposed Moment

Stress in the Column Longitudinal Bars

Stress in the Column Shear Reinforcement

Displacement

Jue 14,2013 Evaluaton and M gadon of Wehicle mpact Ha@rds for Owrpanter

2 Test Setup

« Alateral load of 66.7 kips will he applied at a height
of 39.5" from the top of the footing using the 146 kip
capacity actuator.

+ Dead |oads representing the weight of the
superstructure will be applied

= Exterior Girders = 1.44 kips
« Interior Girders =161 kips

= This will be applied using yet to be determined steel beams
or weights of some kind

Jue 14,2013 Evalua fon and MAgation of Vehicle mpact Hazards or Owrpan ien

& Gaging

+ Strain gages will be applied on the longitudinal
hars at:
= The base of the column (top of the footing)
= The point of load application/top of strut

+ Strain gages will be applied on the transverse
(spiral) bars:
= Above the strut
= Just below the point of loading

T 14,m0 EvalLadon and MAgation of Vehicls mpactHazards Hr Owrpar e

& SAP2000 Analysis

« A finite element analysis was performed using
SAP2000 to determine predicted results for the
experimental testing.

+ Model was created assuming fixed connections at
the hottom of the columns.

+ Strut modeled as beam element and divided into
multiple elements to increase accuracy.

Jue 14,2013 Evalua fon and MAgation of Vehicle mpact Hazards br Owrpan ser
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+

P SAP2000 Analysis — Current

Berding Momert Shear

= =

= SAP2000 Analysis - Retrofit

+ Crash strut modeled using shell elements
+ Bending Moment = 94 9% decrease
+ Shear = 26.0% decrease

Bending Momert Shear

-

§53km I 1k | Itk
\ ik l |
S17kn B 28k £5kn b A sikn 24k 4 1 -195x
T — Evaltadon and Mg on of Veicls mpact K @rds brOW3L 168 . Ewladon and MAgation of Vehicle Mot KRN br OWIP31 141
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A.5: Report on Test Results

ft

3 Task 10: Review of Test Results

Evaluation and Mitigation of Vehicle Impact
Hazards for Overpasses
Nadim Wehbe, Xiao Qin, and Brett Tigges

e Outline

* Review of Tasks 7. Selection of Test Specimens
» Task8: Construction of Test Specimens
+ Task8: Perform Load Testing

+ Task 10: Meet with Technical Pane Ito Review test

Results
March 6, 214 Buahaths ard MIBgEths ofved Bl mpact Hazands 1 rOue passes WMarch 6, 2014 Evalaths 3nd MILgatba or'iieh b Impact Hazards HrOue passes
it e pit .
s Review of Tasks 7 P Review of Tasks 7

Task 7: Meet with technical panei and finalize
selection of test specimens
= Completed onJune 14,2013

= Selected prototype: Bridge #51-065-150 (Bent #1); 1-29
Exit 109 (Madison Exit)

= Twao specimens: as-built and retrofitted with crash strut
o

» Diameter Column = 2-3"= 27"

» Column Height = 20-0"

» Footing Depth = 4'-10 %" below
ground surface

» Impact Height = 9'-10 %" above
footing

» Longitudinal Reinf. = 20 #11 bars

» Transverse Reinf. = #4 spiral bar
@ 2" pitch

1erc 6, 2014 Eualeaton 3nd MIBgEth » Of 1 hick Impact Hazards forOue passes

MnDOT Crash Strut:

» Height = Minimum of 4'-6" above ground surface

» 2012 AASHTO Spedfications changed location of collision load
from 4' to 5' above ground surface

» We recommended increasing minimum height to 5'-6" (extend 6"
above point of collision load application)

» Width = Minimum of 3'
» Length = Typically extend strut to 6" from outside of footing
» Reinforcement:
o Horizontal Bars: Minimum #6 bars at 12" spadng
o Transverse: No spedfications {one desian shows #6 stirrups
at 12" spadng)
o Dowels: #6 barsat 6" spacing over minimum distance of 7'
per columnifooting

WMarck 6, 014 Evaliaths avd MIBgEth s ofe Bk Inpact Hazards b rOue passes

in

& Review of Tasks 7

MnDOT Crash Strut:

» Design Procedure (Design strut region between the columns as
ahorizontal beam )

» Pcrash = 400 kips

» 2012 Specifications increased this load to 600 kips

¥ Bpay = 30°

I 6, 2014 Euali3tor 3vd MMBgath s of W kick Impact Hazards forOue passes

8

= Task 8

» Task8: Construct Test Specimens

= Design of test specimens was approved by the technical
panelon August 13,2013

= Test specimen is one-third scale of the prototype
= Linear Dimensions = 1/3 of Prototype
= Area Dimensions= 1/3 of Prototype

= Loads =18 of Prototype
(600 kips prototype =66.7 kips model)

March 6, 2014 Eualiatbs 3vd MIgEtbs ofvek bk M p@ct Hazards 1 rOue passes
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. f
2 Task 8 a Task 8
+ Column Scaling: + Bent Cap Scaling:
Pustatype | nioei |
Protatypa[ Model | cole b T o]
Din z [] Geomatry Ao e B
Goarestry | A | sr2s | ese i |z | m
“u 40 [ 3 [ 12 ]
Boftes | 10 a Loxghadizsl s
Por-dorid £y 3 [re— B
A -1 L8 . _l’._
Lt ] L} k-] T s a 2
Trsovre 2 (g 02 0.089% [3 75
| Sin) F] 5] Sy aghen) T
[ [ ]
44 2 0,857 'h”'hln—-hl 5 3
| SwwrCwmpecty | vl | 2ea08 | moo7 | ¢ sgw |z [T}
idomestCapachy | L Jef) | o075 | 2.2 b leop | z [uer
arch 6, 2014 Euahatior avd MIBISth s of & bick mpact Hazards r Oue passe s March 6, 014 Euakatior 3vd MIB3t0s ofveh bk Impact Hazads hr Oue passes
! 1t
= Task 8 P Task 8
« Strain gages on longitudinal hars at:
= The base of the column (top of the footing)
= The point of load applicationtop of strut
+ Strain gages on transverse (spiral) bars:
= Just above the point of loading/strut
= Just below the point of loading
March 6, 2014 Eualatior axd MIBgaths of \e hick Impact Hazards br Oue passes March 6, 2014 Euakator 3vd MIBgator ofved bk Impact Hazads br Oue passes.
i )
P Task 8 P Task 8
+ Construction
" "F"'E: -T,F '_'_.P'
/:
March 5, 2014 Eualiation avd MIBGEtb s of 4 hick Mpact Hazards hor Oue passe s March 6, 2014 Euakaton 3rd MIBgator ofvied bk mpact Hazams hr Oue passes
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P9 Task 9

+ Task 9: Perform Load Testing

« TestSetUp
» Lateral load was applied at a height of 39.5" from
the top of the footing and at 15° to hent plane
» Dead |oads {representing superstructure weight)
were applied to the bent cap
« Exterior Girders = 1.44 kips (two loads)
« Interior Girders = 1.61 kips (two loads)

arch 6, 014

P4 Task 9

+ TestSetUp

Eualvatior 3nd MIBGath s of W ik I pact Hazards TorOue passe s March 6, 214 Eualvatbs and ISt s of vk bk I pact Hazands hrOue passe s
i 1
Y Task 9 = Task 9

« TestSetUp

March 6, 2014 B3I 3t0) 31 MBSt OF & bick oSt REZAMS forOUe asse &

+ Elastic Analysis of As-Built Bent

Bending Moment Shear

Narci 6, 2014 Eualaths a1 d IBZED) OFved b M pact Hazards hrOue passe s

9 Task 9

B

+ Elastic Analysis of Retrofitted Bent

Bending Moment Shear
IN
|

— Y

March 6, 014 Eualiator ard MIBgaths of W ki Im pact Hazands YorOue passe s

A

Task 10

‘D\

+ Task 10: Review Test Results with Technical Panel

« Testing was conducted in late December 2013 and
early January 2014

+ Specimens hehaved as expected — no surprises

March 6, 014 Eualiatbs 3rd MMgIth of ek bk Inpact Hazands hroue passes
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+ As-Built Specimen

0

Load {kips)

+ Retrofitted Specimen

—Raw

—Correeled

5:: "
F Task 10 9 Task 10
+ As-Built Specimen + As-Built Specimen
35 Specimen NCS| ¥ First hinge formed at bottom of front column (loaded
£} < s ey column)
2% ¥ Second hinge formed at point of lateral load application in
- the front column
&
= » Third and fourth hinges farmed at top and bottom of back
3= colurmn
4 ¥ Failure occurred by rupture of tension steel at bottorn of
5 + front column
|
0 ¥ Load at failure is approximately Y2 AASHTO prescribed
o 1 = 3 4 5 L] 1 ] 9 10 Iﬂad
Actuator Displacement (in.)
March 6,2014 Evaluation and Mtigation of \iehicle Inpact Hazards for Dverpasses March 6,2014 Evaluation and Mtigation of \ehicle Impact Hazards for Dverpasses
I I
P Task 10 P Task 10

+ As-Built Specimen

-

March 6,2014 Evaluation and Mtigation of \ehicle mpact Hazards for Overpasses March 6, 2014 Evaluation and Mtigation of \iehicle Impact Hazards for Owerpasses
# "
{ u
P Task 10 P Task 10

+ Retrofitted Specimen

» Reached a lateral load of 1.5 times the AASHTO
prescribed load

¥ No hinging or yielding of reinforcement

» Horizontal crack at the top of crash strut (cover concrete) at
aload =73 kips

¥ Failure occurred in footing

20
0 -L/
o0 ol a2 o3 o0& os
Actuator Displacement (in.)
March 6,2014 Evaluation and Mtigation of \ehicle Impact Hazards for Overpasses March 6,2014 Evaluation and Mtigation of \ehicle Impact Hazards for Owerpasses
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2 Task 10

« Retrofitted Specimen

> .
v A

March 6, 2014 Evaluation and Mitigation of Vehicle Impact H azards for Overpasses

Task 10

Questions?

Marchs, 2014

Evaluation and Mitigation of Viehicle Impact H azards for Overpasses
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The following material code is for use with the next tabulated inventory.

O _2NWNOO N O

APPENDIX B: BRIDGE INVENTORY

Material Code

ALUMINUM

CONCRETE, PRESTRESSED
COMP STEEL AND CONCRETE
TIMBER AND CONCRETE
TIMBER AND STEEL

STEEL AND CONCRETE
STEEL

CONCRETE, NOT PS
MASONRY

TIMBER

Evaluation and Mitigation of Vehicle Impact Hazard 101

for Overpasses
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I-29 Bridge Inventory

Superstructure Substructure
. ) Speed
Bridge ID Mile — Exit Limit No.of | Span No. of —— Coratiis No.of| Column Columns
Marker Ramp {mph) Spans | Type | Girders Bents Type per Bent
64158399] 1 J1.6 S NSCITY INTERCHANGE Y 65 2 | Girder| 7 7 PLATE GIRDER 250" UNIT 1 Circular 3
64149367 4 J1.9 N NSCITY INTERCHANGE Y 65 4 | Girder| 4Cell 2 STANDARD CONCRETE BOX GIRDER 3 Circular 3
64140355 6 3.4 NW N SCITY INTERCH N 75 4 | Girder| 4Cell 2 |STANDARD CONCRETE BOX GIRDER 3 Circular 3
64120336] 8.5 0.5 SE JEFFERSON INTERCH N 75 4 | Girder| 3Cell 2 |STANDARD CONCRETE BOX GIRDER 3 Circular 3
64115330] 9 |EFFERSON INTERCHANGE Y 75 4 | Girder| 4Cell 2 |STANDARD CONCRETE BOX GIRDER 3 Circular 3
64100315 11 2.2 NW JEFFERSON INTERCH N 75 4 | Girder| 3Cell 2 |STANDARD CONCRETE BOX GIRDER 3 Circular 2
64080296] 13 1.3 SE OF ELK POINT N 75 4 | Girder| 3Cell 2 |STANDARD CONCRETE BOX GIRDER 3 Circular 2
64070287] 15 |JE ELK POINT INTERCHANGE Y 75 4 | Girder| 4Cell 2 |STANDARD CONCRETE BOX GIRDER 3 Circular 3
64050250 20 6.2 SE SD 50 INTERCH N 75 4 Slab NA 2 UMBRELLA 3 Circular 2
64020220 24 2.2 SE SD 50 INTERCH N 75 4 Slab NA 2 UMBRELLA 3 Circular 2
64008205] 26 JSD 50 INTERCHANGE Y 75 4 | Girder| 4Cell 2 |STANDARD CONCRETE BOX GIRDER 3 Circular 1
64006160] 31 |SD 48 INTERCHANGE Y 75 4 | Girder 4 7 PLATE GIRDER 252’ PARABOLIC 3 Circular 3
64006120 35 J4 N SD48INTERCH N 75 4 |Girder|] 4 7 PLATE GIRDER 252' PARABOLIC 3 Circular 3
64006100] 37 |10 SSD46 INTERCH N 75 4 |Girder| 4 7 PLATE GIRDER 252’ PARABOLIC 3 Circular 4
64006090] 38 9.0 SSD 46 INTERCHANGE Y 75 4 | Girder 4 7 PLATE GIRDER 250.4' PARABOLIC 3 Circular 3
64006030] 44 |3 SSD46 INTERCH N 75 4 |Girder| 4 7 PLATE GIRDER 252' PARABOLIC 3 Circular 4
64006010} 46 |J1SSD46 INTERCH N 75 4 |Girder| 4 7 PLATE GIRDER 252' PARABOLIC 3 Circular 10
64006000] 47 JSD 46 INTERCHANGE Y 75 2 |Girder| 8 8  |GIRDERS 8 PER SPAN TYPE 72 1 Flared 4
42065260 50 |3 N SD 46 INTERCHANGE Y 75 4 |Girder| 4 7 PLATE GIRDER 252’ PARABOLIC 3 Circular 3
42065230] 53 |6 N SD 46 INTERCHANGE Y 75 4 | Girder 4 7 PLATE GIRDER 252’ PARABOLIC 3 Circular 3
42065200] 56 |3 SUS 18 W INTERCHANGE Y 75 4 |Girder| 4 7 PLATE GIRDER 252’ PARABOLIC 3 Circular 2
42065170] 59 JUS 18 W INTERCHANGE Y 75 4 |Girder| 4 7 PLATE GIRDER 252' PARABOLIC 3 Circular 1
42065140 62 JUS 18 E INTERCHANGE Y 75 4 | Girder| 4B 2 |STANDARD CONCRETE BOX GIRDER 3 Circular 1
42065141 62 JUS 18 E INTERCHANGE Y 75 4 | Girder| 4B 2 |STANDARD CONCRETE BOX GIRDER 3 Circular 1
42065130] 63 |1 N US 18 E INTERCH N 75 4 Slab NA 2 UMBRELLA 3 Circular 1
42065120] 64 JSD 44 INTERCHANGE Y 75 4 Slab NA 2 UMBRELLA 3 Circular 2
42065100f 65 |2 N SD44 INTERCH N 75 4 Slab NA 2 UMBRELLA 3 Circular 3
42065080] 68 4.0 N SD 44 INTERCHANGE Y 75 2 |Girder| 7 8  |GIRDERS 7 PER SPAN TYPE 72 1 Flared 4
42065050] 71 J4.151229 INTERCHANGE Y 75 4 Slab NA 2 UMBRELLA 3 Circular 2
50172240 76 |INTERSECTION 57TH & 1029 Y 65 2 | Girder 7 8 Concrete Girder - Continuous Span 1 Flared 3
50173235] 76.5 J0.5 SW41ST INTERCH N 65 4 | Girder| 7 8  |GIRDERS 7 PER SPAN TYPE IV 3 Circular 3
50175230 77 J41STINTERCHANGE Y 65 2 | Girder| 11 7 PLATE GIRDER 240’ PARABOLIC 1 Circular 2
50175222] 78 |J26TH ST INTERCHANGE Y 65 2 | Girder| 15 8  |GIRDERS 15 PER SPAN TYPE 72 1 Flared 2
50178191] 81 JRUSSELSTRINTERCH Y 65 2 | Girder| 13 8 1 Flared 4
50180170 83 JW 60TH ST N INTERCHANGE Y 65 4 | Girder| 12 8  |GIRDERS 12 PER SPAN TYPE 72 1 Flared 3
50180162] 84 |90 & 129 INTERCHANGE Y 65 5 |Girder| 6 7 PLATE GIRDER 316" UNIT 4 Circular 4
50180163] 84 IS0 & 129 INTERCHANGE Y 65 5 |Girder| 6 7 PLATE GIRDER 316" UNIT 4 Circular 4
50180140] 86 2.2 N 190 INTERCHANGE Y 75 4 | Girder 4 ¥ PLATE GIRDER 250’ PARABOLIC 3 Circular 3
50177130 87 3.3 N 190 INTERCH N 75 4 |Girder| 4 7 PLATE GIRDER 252’ PARABOLIC 3 Circular 2
50175040} 96 |2 SSD 115 INTERCH N 75 4 |Girder| 4 7  |PLATE GIRDER 250’ PARABOLIC 3 Circular 2
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1-29 Bridge Inventory

Superstructure Substructure
; ) Speed
3 Mile : Exit . | No.of | Span | No.of . No. of Column Columns
Pricge0 Marker tecation Ramp (::::) Spans | Type | Girders Matene Comments Bents Type per Bent
50175020 98 JSD 115 & 129 INTERCHANGE Y 75 4 Girder 4 7 PLATE GIRDER 250' PARABOLIC 3 Circular 3
51065210] 103 I3.2 N MINNEHAHA CO LINE N 75 4 Girder a4 7 PLATE GIRDER 252' PARABOLIC 3 Circular 2
51065200] 104 l5 S SD 34 INTERCHANGE Y 75 4 Girder 4 7 PLATE GIRDER 252' PARABOLIC 3 Circular 2
51065150] 109 ISD 34 INTERCHANGE Y 75 4 Girder 4 7 PLATE GIRDER 250' PARABOLIC 3 Circular 4
51066100f 114 ISD 32 INTERCHANGE Y 75 4 Girder 4 7 PLATE GIRDER 252' PARABOLIC 3 Circular 2
51065050f 120 IS S BROOKINGS CO LINE N 75 4 Girder 4 8 GIRDERS 4 PER SPAN TYPE Il 3 Circular 2
06185230 125 ll N MOODY CO LINE N 75 4 Girder 4 7 PLATE GIRDER 252' PARABOLIC 3 Circular 2
06185210 127 lSD 324 INTERCHANGE Y 75 B Girder 4 7 PLATE GIRDER 252' PARABOLIC 3 Circular 2
06185190] 129 |3 S US 14 INTERCH N 75 & Girder 4 8 GIRDERS 4 PER SPAN TYPE IIl 3 Circular 2
06185159] 132 JUS 14 & | 29 INTERCHANGE Y 75 4 Girder 4 7 PLATE GIRDER 252' PARABOLIC 3 Circular 2
06185160f 132 JUS 14 & | 29 INTERCHANGE Y 75 4 Girder 4 7 PLATE GIRDER 252' PARABOLIC 3 Circular 2
06185150 133 JUS14 BY-PASS INTERCHANGE Y 75 & Girder 4 7 PLATE GIRDER 252' PARABOLIC 3 Circular 2
06185130 135 J2 N US14 BY PASS N 75 2 Girder 4 7 PLATE GIRDER 210' PARABOLIC 1 Circular 2
06185110 137 J3 SSD 30 INTERCH N 75 2 Girder S 7 PLATE GIRDER 210' PARABOLIC 1 Circular 2
06185080] 140 ISD 30 INTERCHANGE ¥ 75 2 Girder 6 7 PLATE GIRDER 210' PARABOLIC 1 Circular 2
20061280] 150 JSD 28 INTERCHANGE Y 75 2 Girder 6 7 PLATE GIRDER 224' PARABOLIC 1 Circular 2
29280020f 167 J2.8 NW SD 22 INTERCH N 75 B Girder 4 7 PLATE GIRDER 420' PARABOLIC 3 Circular 2
15240220] 173 2.9 N HAMLIN CO LINE N 75 4 Girder 4 7 PLATE GIRDER 412' PARABOLIC 3 Circular 3
15215150] 180 f3 N US 212 INTERCHANGE N 75 2 Girder 6 7 PLATE GIRDER 222' PARABOLIC 1 Square 2
15215120 183 6 N US 212 INTERCH N 75 2 Girder 4 7 PLATE GIRDER 224' PARABOLIC 1 Square 2
15215070] 189 J4 S SD 20 INTERCH N 75 2 Girder 4 7 PLATE GIRDER 224' PARABOLIC 1 Square 2
15215030] 193 §I 29 & SD 20 INTERCHANGE Y 75 2 Girder 6 7 PLATE GIRDER 222' PARABOLIC 1 Square 2
55085440] 206 JGRANT CO LINE N 75 2 Girder 4 7 PLATE GIRDER 224' PARABOLIC 1 Flared (NC) 2
55085429] 207 JUS 12 & | 29 INTERCHANGE Y 75 & Girder 5 7 PLATE GIRDER 356' UNIT 3 Circular 2
55100367] 213 JI 29 & SD 15 INTERCHANGE Y 75 4 Girder S5 7 PLATE GIRDER 476' PARABOLIC 3 Circular (NC) 2
55115330] 218 J4 N SD 15 INTERCH N 75 2 Girder 4 7 PLATE GIRDER 224' PARABOLIC 1 Flared (NC) 2
55115290] 222 2 S PEEVER INTERCH N 75 2 Girder 4 7 PLATE GIRDER 224' PARABOLIC 1 Flared (NC) 2
55115220] 229 3 SSD 10 INTERCH N 75 2 Girder 4 74 PLATE GIRDER 224' PARABOLIC 1 Flared (NC) 2
55116190f 232 ISD 10 & 129 INTERCHANGE Y 75 4 Girder 5 7 PLATE GIRDER 340' UNIT 3 Circular 2
55124170 234 E.O N SD 10 & 129 INTERCH N 75 4 Girder 4 7 PLATE GIRDER 328' PARABOLIC 3 Circular 2
55144130f 239 6.5 NE SD 10 INTERCH N 75 B Girder 4 7 PLATE GIRDER 352' PARABOLIC 3 Circular a4
55175040 248 lZ.O N SD 127 INTERCH N 75 2 Girder 4 7 PLATE GIRDER 224' PARABOLIC 1 Flared (NC) 2
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1-90 Bridge Inventory

Superstructure Substructure
Mile 2 Exit S;?egd No. of | Span | No. of = No.of | Column | Columns
Bridge ID Location Limit ) Material Comments
Marker Ramp (mph) Spans | Type | Girders Bents Type per Bent
41095059] 10 JUS 85 INTERCHANGE Y 75 4 | Girder 5 7 PLATE GIRDER 330' UNIT 3 Circular 3
41116088 14 JUS 14A INTERCHANGE b 75 4 Girder 6 8 GIRDERS 6 PER SPAN 3 Circular 3
41101077 14  JSPEARFISH INTERCHANGE Y 75 4 Girder 6 8 GIRDERS 6 PER SPAN 3 Circular 3
41154087] 17 JUS 85S INTERCHANGE Y 75 4 | Girder 6 8 GIRDERS 6 PER SPAN 3 Circular 3
41155087 17 JUS 85S INTERCHANGE Y 75 4 Girder 6 8 GIRDERS 6 PER SPAN 3 Circular 3
41185086 19 J2.2 WSD 34 N INTERCH N 75 4 Girder 4 7 PLATE GIRDER 250" PARABOLIC 3 Circular 2
41207092 23 |SD 34 W INTERCHANGE h 4 75 4 Girder 4 7 PLATE GIRDER 264' PARABOLIC 3 Circular 2
41226107] 26 J2.4 SE SD 34 N INTERCH N 75 4 Girder 5 8 GIRDERS 5 PER SPAN TYPE IIl 3 Circular 3
470614801 37 J3.2NW TILFORD INTERCHANGE Y 75 4 Girder 4 7 PLATE GIRDER 253.6' PARABOLIC 3 Circular 2
47069510] 40 JTILFORD INTERCHANGE Y 75 4 Girder 4 7 PLATE GIRDER 223' PARABOLIC 3 Circular 2
47098563] 46 |S PIEDMONT INTERCHANGE ! 75 4 Girder 4 7 PLATE GIRDER 203.7' PARABOLIC 3 Octagonal 1
47111580] 48 |3.1 NW SD 231 INTERCHANGE Y 75 2 Girder 6 7 PLATE GIRDER 232' PARABOLIC 1 Circular 3
47135609] 52 1.0 MILE NW PENN CO LINE Y 75 2 Girder 8 8 1 Top Flare 3
52390278] S5 |DEADWOOD AVE INTERCHANGE Y 65 2 Girder 6 8 GIRDERS 6 PER SPAN TYPE 72 1 Circular 4
52410285] 57 |190 & 1190 INTERCHANGE Y (Loop) | 65 2 Girder 7 7 PLATE GIRDER 265' UNIT 1 Top Flare 3
52424285] 59 JLACROSSE ST INTERCHANGE Y 65 2 Girder 9 7 PLATE GIRDER 220.5' PARABOLIC 1 Circular 4
52450287] 61 JUS16 B INTERCHANGE Y 65 2 | Girder| 23 8 1 Top Flare 10
52467276] 62 J2.0 E US 16 B INTERCHANGE Y 65 4 Girder 4 7 PLATE GIRDER 351' PARABOLIC 3 Circular 4
52470276] 62.5 J2.3 E US 16 B INTERCHANGE N 65 2 Girder 4 8 1 Flared 3
52500275] 67 |EXIT67 Y 75 2 Girder 8 8 1 Top Flare 3
52540275] 71 4.0 E BOX ELDER INTERCH N 75 2 Girder 4 7 PLATE GIRDER 252' PARABOLIC 3 Circular 2
52610285] 78 NEW UNDERWOOD INTERCHANGE Y 75 4 Slab NA 2 UMBRELLA (SCS) 3 Circular 1
52640285] 81 3.0 E NEW UNDRWD INTERCH N 75 4 Slab NA 2 UMBRELLA (HSCS) 3 Circular 1
52670285] 84 IG.O E NEW UND INTERCHANGE Y 75 4 Slab NA 2 UMBRELLA (SCS) 3 Circular 1
52710283] 88 llO E NEW UND INTERCHANGE Y 75 4 Slab NA 2 UMBRELLA (HSCS) 3 Circular 1
52830310] 101 |3.1E WASTA INTERCHANGE Y 75 4 | Girder 6 8 |GIRDERS 6 SPAN #1, 7 SPAN #2 #3, 5 SPAN #4 3 Circular 2
52880346] 107 J1.9 NW W WALL INTERCHANGE Y 75 4 Girder 4 7 PLATE GIRDER 400' PARABOLIC 3 Circular 3
52900360] 109 JWEST WALL INTERCHANGE Y 75 4 Girder 6 7 PLATE GIRDER 405' PARABOLIC 3 Circular 4
52925365] 112 JUS 14 & | 90 INTERCHANGE Y 75 4 Girder 4 7 PLATE GIRDER 356’ UNIT 3 Circular 2
52926366] 112.1 JUS 14 & 1 90 INTERCHANGE Y 75 4 Girder 6 7 PLATE GIRDER 358' UNIT 3 Circular 3
36120107] 131 |JCACTUS FLAT INTERCHANGE Y 75 4 Girder 5 7 PLATE GIRDER 302' UNIT 3 Circular 3
36309106 150 JSD 73 S INTERCHANGE Y 75 4 Girder 4 8 [GIRDERS 4 PER SPAN TYPE IIl 3 Circular 2
38030185] 177 6.2 W OKATON INTERCHANGE Y 75 2 Girder 4 7 PLATE GIRDER 210' PARABOLIC 1 Rvse. Flare 2
38166196] 191 |MURDO INTERCHANGE Y 75 4 Girder 5 7 PLATE GIRDER 426' PARABOLIC 3 Circular 4
38180198] 192 JUS 83 S INTERCHANGE Y 75 2 Girder 5 7 PLATE GIRDER 224' PARABOLIC 1 Circular 3
43026195] 212 JUS 83 N INTERCHANGE Y 75 4 Girder 5 7 PLATE GIRDER 370’ PARABOLIC 3 Circular B
08069103] 264 0.9 SE CHAMB INTERCHANGE Y 75 2 Girder 6 7 PLATE GIRDER 204' PARABOLIC 1 Square 4
08080112) 265 |JE CHAMBERLAIN INTERCHANGE ¥ 75 4 Girder 7 8 JGIRDERS 7 PER SPAN TYPE IIl 3 Circular 5
08120125] 269 2.5 W SD 50 INTERCH N 75 4 | Girder 4 7 PLATE GIRDER 252' PARABOLIC 3 Circular 2
08145124] 272 JPUKWANA INTERCHANGE Y 75 4 Girder 4 7 PLATE GIRDER 250' PARABOLIC 3 Circular 2
08290135] 286 2.0 W SD45S INTERCH N 75 4 Girder 5 8  |GIRDERS 5 PER SPAN TYPE Il 3 Circular 3
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I-90 Bridge Inventory

Superstructure Substructure
Bridge ID Mile (e Exit S::::j No. of | Span No. of Matisial T No.of | Column | Columns
Marker Ramp (mph) Spans | Type | Girders Bents Type per Bent
08310135] 289 |JSD45 SOUTH INTERCHANGE Y 75 4 Girder 4 7 PLATE GIRDER 250' PARABOLIC 3 Circular 2
02000135] 291 JAURORA & BRULE CO LINE N 75 4 | Girder 4 7 PLATE GIRDER 252' PARABOLIC 3 Circular 2
02018140] 294 2.6 W WHITE LAKE INTERCH N 75 4 Girder 4 7 PLATE GIRDER 348' PARABOLIC 3 Circular 4
02040149) 296 JWHITE LAKE INTERCHANGE Y 75 4 | Girder 4 7 PLATE GIRDER 250' PARABOLIC 3 Circular 2
02070155) 299 3.0 E WHITE LAKE INTERCH N 75 4 Girder 4 8 JGIRDERS 4 PER SPAN TYPE IIl 3 Circular 2
02100155] 302 6.0 E WHITE LAKE INTERCH N 75 4 Girder 4 8 JGIRDERS 4 PER SPAN TYPE IIl 3 Circular 2
02140155] 306 J2.0 W PLANKINTON INTERCH N 75 4 Girder 4 8 JGIRDERS 4 PER SPAN TYPE Il 3 Circular 2
0215C158] 308 |JPLANKINTON INTERCHANGE Y 75 4 Girder 4 7 PLATE GIRDER 264’ PARABOLIC 3 Circular 2
02180165] 310 JUS 281 INTERCHANGE Y 75 4 | Girder 4 7 PLATE GIRDER 252' PARABOLIC 3 Circular 2
02220165] 312 J2 W EAST CO LINE N 75 4 Girder 4 8 JGIRDERS 4 PER SPAN TYPE IIl 3 Circular 2
18010105) 317 |1.0 E AURORA CO LINE N 75 4 Girder 4 8 GIRDERS 4 PER SPAN TYPE IIl 3 Circular 2
18030105 319 JMT VERNON INTERCHANGE Y 75 4 Girder 4 7 PLATE GIRDER 252' PARABOLIC 3 Circular 2
18050105) 321 J2.0 E MT VERNON INTERCH N 75 4 Girder 4 8 JGIRDERS 4 PER SPAN TYPE IIl 3 Circular 2
18070105) 323 J4.0 E MT VERNON INTERCH N 75 4 Girder 4 8 JGIRDERS 4 PER SPAN TYPE IIl 3 Circular 2
18090105] 325 |6 E MT VERNON INTERCHANGE Y 75 4 | Girder 4 7 PLATE GIRDER 252' PARABOLIC 3 Circular 2
18120105 328 2.3 WSD 37 N INTERCH N 75 4 Girder 4 8 GIRDERS 4 PER SPAN TYPE Ill 3 Circular 2
18140107] 330 |SD37 N INTERCHANGE Y 75 4 | Girder 6 7 PLATE GIRDER 252' PARABOLIC 3 Circular 3
31040105] 338 |4 E DAVISON CO LINE N 75 4 Girder 4 8 GIRDERS 4 PER SPAN TYPE Ill 3 Circular 2
31090126 344 |SD 262 INTERCHANGE Y 75 4 Girder 4 7 PLATE GIRDER 252' PARABOLIC 3 Circular 2
31120126 347 |3 E SD 262 INTERCH N 75 4 Girder 4 8 JGIRDERS 4 PER SPAN TYPE IIl 3 Circular 2
31150125] 350 |JSD 25 INTERCHANGE Y 75 4 Girder 4 7 PLATE GIRDER 252' PARABOLIC 3 Circular 2
31160125] 351 J1E SD 25 INTERCH N 75 4 Girder 4 8 GIRDERS 4 PER SPAN TYPE Ill 3 Circular 2
440101264 353 4.0 E SD 25 INTERCHANGE Y 75 4 Girder 4 7 PLATE GIRDER 252' PARABOLIC 8 Circular 2
44050127] 358 |6.0 W US 81 INTERCHANGE Y 75 4 Girder 4 7 PLATE GIRDER 252' PARABOLIC 3 Circular 2
44080125§ 361 3.0 W US 81 INTERCH N 75 4 Girder 4 7 PLATE GIRDER 252' PARABOLIC 3 Circular 2
44110125] 364 JUS 81 INTERCHANGE Y 75 2 | Girder 6 8 |GIRDERS 6 PER SPAN TYPE 72 1 Flared 2
441501264 368 |4 E US 81 INTERCHANGE Y 75 4 Girder 4 7. PLATE GIRDER 252' PARABOLIC 3 Circular 2
44170126] 370 |6 E US 81 INTERCH Y 75 4 | Girder 4 7 PLATE GIRDER 252' PARABOLIC 3 Circular 2
442101264 374 |MONTROSE INTERCHANGE Y 75 4 Girder 4 7 PLATE GIRDER 252' PARABOLIC 3 Circular 2
50030149) 381 1.2 ESD 19 INTERCH N 75 4 | Girder 4 7 PLATE GIRDER 292' PARABOLIC 3 Circular 4
50050164] 384 3.8 E SD 19 INTERCH N 75 4 Girder 4 7 PLATE GIRDER 244' PARABOLIC 3 Circular 2
50070165] 386 4.8 W SD 38 INTERCH N 75 4 Girder 4 7 PLATE GIRDER 252' PARABOLIC 3 Circular 2
50090165] 388 2.8 W SD 38 INTERCHANGE Y 75 4 Girder 4 7 PLATE GIRDER 252' PARABOLIC 3 Circular 2
50160166] 394 2.1 W29 INTERCH N 75 4 Girder 4 7 PLATE GIRDER 252' PARABOLIC 3 Circular 2
50170164) 395 ]1.1 W29 INTERCH Y (Loop)| 75 2 | Girder 12 8 1 Flared 4
50185163] 396.5 JO.5E |29 INTERCH N 65 4 Girder 4 7 PLATE GIRDER 212' UNIT 3 Circular 3
50240165] 402 |2 E|229 INTERCHANGE Y 75 4 Slab NA 2 UMBRELLA (5CS-30-00-254) 3 Circular 1
50280165] 406 |SD 11 & | 90 INTERCHANGE ¥ 75 4 Slab NA 2 UMBRELLA (SCS-30-00-254) 3 Circular 1
50300166] 408 J2 ESD 11 INTERCH N 75 4 Slab NA 2 [UMBRELLA (SCS) 3 Circular 1
50320166] 410 J4.0 E SD 11 INTERCHANGE Y 75 4 Slab NA 2 UMBRELLA (SCS) 3 Circular 1
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1-229 Bridge Inventory

Superstructure Substructure
5 Speed
Bridge ID e Location Extt Limit Nozof] Span N_Q of Material Comments Noset| ‘Column Comn
Marker Ramp (mph) Spans | Type | Girders Bents Type per Bent
42079004, 1 LOUISE AVE INTERCHANGE Y 65 2 Girder 10 8 GIRDERS 10 PER SPAN TYPE 81 1 Flared 3
50191238 2 WESTERN AVE INTERCHANGE Y 65 2 Girder 10 7 PLATE GIRDER 247' UNIT 1 Flared 3
50216220 5 26TH ST INTERCHANGE Y 65 4 Girder 6 7 PLATE GIRDER 320' PARABOLIC 3 Circular 4
50219215 5.5 J18TH ST OVERHEAD N 65 4 Slab NA 2 SQUARE HAUNCHED 3 Square 3
50219210] 5.75 J12TH ST OVERHEAD N 65 2 Girder 7 7 W33X118 W33X141 1 Flared 3
50219208 6 J10TH & 1229 INTERCHANGE Y 65 2 Slab NA 2 |SQUARE HAUNCHED 1 Circular 7
50219205] 6.25 J6TH ST OVERHEAD N 65 2 Girder 8 8 GIRDERS 8 PER SPAN TYPE IV 1 Flared 3
50219180 9 BENSON RD. INTERCHANGE Y 65 2 Girder 9 8 GIRDERS 9 PER SPAN TYPE 72 1 MegaFlare 1
50221170] 9.7 J0.3 5190 INTERCH N 65 4 Girder 7. 8 GIRDERS 4 42' & 38' SPAN TYPE IIl 3 Circular 3
50221167, 10 ]I 90 & |1 229 INTERCHANGE Y 65 2 Girder 7 7 PLATE GIRDERS PARABOLIC 1 Top Flare 3
50221166] 10.1 |1 90 & | 229 INTERCHANGE Y 65 2 Girder 8 7 PLATE GIRDERS PARABOLIC 1 Top Flare 3
1-190 Bridge Inventory
Superstructure Substructure
. . Speed
Bridge ID Mile iocation Exit Limit No. of | Span N'o. of Material Eirimani No. of Column Columns
Marker Ramp {mph) Spans | Type | Girders Bents Type per Bent
52410290 1 0.5 S 1 90 INTERCH N 65 4 Slab NA 2 Square Haunch 3 Square 3
Miscellaneous Inventory
Superstructure Substructure
Mile Exit Speed No.of | Span | No. of No. of Column Columns
Bridge ID Location Limit ' P o Material Comments ;
Marker Ramp (mph) Spans | Type | Girders Bents Type per Bent
6154150 14 - 14 Bypass W. of Brookings NA 55 4 Girder 5 7. PLATE GIRDER 367' UNIT 3 Circular 3
14092199 50 - 50L W. of Vermillion NA 55 4 | Girder 8 7 PLATE GIRDER 393' UNIT 3 Circ, (NC on 2 bents) 3
14131205 50 - 50L E. of Vermillion NA 55 3 Girder 4 7 PLATE GIRDER 326' UNIT 2 Circular 4
50175210] 80 JUnder 129 in Sioux Falls NA 40 3 Girder 7 7 PLATE GIRDER 374' UNIT 2 Hammerhead 3
50176210 80 JUnder 129 in Sioux Falls NA 40 3 Girder 7 7 PLATE GIRDER 374' UNIT 2 Hammerhead 3
50177199] 79 JUnder 29 in Sioux Falls NA 40 3 | Girder 7 7 PLATE GIRDER 374' UNIT 2 Hammerhead 74
50178199] 79 JUnder 129 in Sioux Falls NA 40 3 | Girder 7 7 PLATE GIRDER 374' UNIT 2 Hammerhead 3
52410318 Viaduct SW Rapid City N 35 5 Girder 4 i PLATE GIRDER 294' UNIT 4 Circular 1
52415285] 58 |Under 190 in Rapid City NA 35 3 Girder 5 7 PLATE GIRDER 374" UNIT 2 Tee 3
52415286] 58 JUnder 190 in Rapid City NA 35 3 Girder 5 7 PLATE GIRDER 374' UNIT 2 Tee 3
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C.1: Calculated Bridge Collision Risk, RUC, and Quartile

APPENDIX C: COLLISION RISK ANALYSIS RESULTS

Table C.1-1: Bridge Collision Risk, RUC, and Quartile — I-29 Overpass Bridges

1-29
Bridge ID Mile Risk of Collision RUC Quiartiles
Marker Right Left Median ©®) L M R
64158399 1 0.056% 20352 NA 4-3 NA
64149367 4 0.066% 0.067% 0.062% 6116 3-4 3-4 3-4
64140355 6 0.062% 0.063% 0.041% 270.874 1-4 1-2 1-4
64120336 8 0.059% 0.060% 0.039% 267 1-4 1-2 1-4
64115330 9 0.062% 0.062% 0.041% 1988 3-4 3-2 3-4
64100315 11 0.059% 0.059% 0.039% 579 1-4 1-2 1-4
64080296 14 0.059% 0.059% 0.039% 402 1-4 1-2 1-4
64070287 15 0.057% 0.062% 0.039% 6872 3-4 3-2 34
64050250 20 0.048% 0.048% 0.031% 1562 2-3 2-2 2-3
64020220 24 0.051% 0.049% 0.032% 1562 2-3 2-2 2-3
64008205 26 0.053% 0.053% 0.035% 16166 4-3 4-2 4-3
64006160 31 0.047% 0.047% 0.029% 10189 4-3 4-2 4-3
64006120 35 0.044% 0.044% 0.028% 622 2-3 2-2 2-3
64006100 37 0.044% 0.044% 0.028% 434 1-3 1-2 1-3
64006090 38 0.048% 0.047% 0.029% 1517 2-3 2-2 2-3
64006030 44 0.047% 0.047% 0.030% 261 1-3 1-2 1-3
64006010 46 0.047% 0.047% 0.029% 426 1-3 1-2 1-3
64006000 47 0.047% 11292 NA 4-3 NA
42065260 50 0.060% 0.062% 0.043% 5848 3-4 3-3 3-4
42065230 53 0.063% 0.063% 0.037% 2362 3-4 3-2 3-4
42065200 56 0.063% 0.063% 0.041% 1152 2-4 2-2 2-4
42065170 59 0.064% 0.064% 0.038% 6453 3-4 3-2 34
42065140 62 0.077% 0.086% 0.054% 5704 3-4 3-3 3-4
42065141 62 0.077% 0.086% 0.054% 5704 3-4 3-3 3-4
42065130 63 0.084% 0.095% 0.061% 2804 3-4 3-4 3-4
42065120 64 0.077% 0.086% 0.054% 3534 3-4 3-3 34
42065100 67 0.100% 0.096% 0.065% 4394 3-4 3-4 34
42065080 68 0.053% 910 NA 2-3 NA
42065050 71 0.090% 0.086% 0.062% 8834 4-4 4-4 4-4
50172240 76 0.107% 9506 NA 4-4 NA
50173235 76.5 0.128% 0.128% 0.077% 31802 4-4 4-4 4-4
50175230 77 0.105% 25493 NA 4-4 NA
50175222 78 0.116% 37333 NA 4-4 NA
50178191 81 0.048% 25926 NA 4-3 NA
50180170 83 0.071% 21345 NA 4-4 NA
50180162 84 0.114% 0.123% 0.050% 7739 34 3-3 34
50180163 84 0.114% 0.123% 0.050% 7739 34 3-3 34
50180140 86 0.067% 0.067% 0.040% 5409 3-4 3-2 3-4
50177130 87 0.066% 0.066% 0.034% 1479 2-4 2-2 2-4
50175040 96 0.065% 0.065% 0.032% 864 2-4 2-2 2-4
50175020 98 0.069% 0.057% 0.033% 5608 3-4 3-2 34
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I-29
Bridge ID Mile Risk of Collision RUC Quartiles
Marker Right Left Median ©®) L M R
51065210 102 0.057% 0.057% 0.031% 622 2-4 2-2 2-4
51065200 104 0.057% 0.057% 0.031% 1354 2-4 2-2 2-4
51065150 109 0.057% 0.057% 0.031% 15421 4-4 4-2 4-4
51066100 114 0.054% 0.054% 0.028% 7048 3-3 3-2 3-3
51065050 120 0.052% 0.052% 0.027% 2105 3-3 3-2 3-3
06185230 126 0.053% 0.053% 0.023% 380 1-3 1-1 1-3
06185210 127 0.051% 0.051% 0.022% 13750 4-3 4-1 4-3
06185190 129 0.052% 0.053% 0.023% 1456 2-3 2-1 2-3
06185159 132 0.052% 0.052% 0.023% 8162 4-3 4-1 4-3
06185160 132 0.052% 0.052% 0.022% 8162 4-3 4-1 4-3
06185150 133 0.051% 0.051% 0.022% 9064 4-3 4-1 4-3
06185130 135 0.012% 1142 NA 2-1 NA
06185110 137 0.013% 511 NA 1-1 NA
06185080 140 0.012% 12185 NA 4-1 NA
20061280 150 0.009% 17689 NA 4-1 NA
29280020 167 0.078% 0.081% 0.026% 674 2-4 2-2 2-4
15240220 173 0.028% 0.028% 0.009% 1060 2-2 2-1 2-2
15215150 180 0.008% 8988 NA 4-1 NA
15215120 183 0.007% 1536 NA 2-1 NA
15215070 189 0.007% 98 NA 1-1 NA
15215030 193 0.008% 16055 NA 4-1 NA
55085440 206 0.009% 2106 NA 3-1 NA
55085429 207 0.037% 0.033% 0.011% 4597. 3-2 3-1 3-2
55100367 213 0.030% 0.030% 0.009% 4379 3-2 3-1 3-2
55115330 218 0.008% 452 NA 1-1 NA
55115290 222 0.008% 1821 NA 2-1 NA
55115220 229 0.008% 637 NA 2-1 NA
55116190 232 0.026% 0.026% 0.008% 5435 3-2 3-1 3-2
55124170 234 0.025% 0.024% 0.007% 159 1-1 1-1 1-1
55144130 239 0.024% 0.024% 0.008% 253 1-1 1-1 1-1
55175040 248 0.010% 1330 NA 2-1 NA
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Table C.1-2: Bridge Collision Risk, RUC, and Quartile — I-90 Overpass Bridges

1-90
Bridge ID Mile Risk of Collision RUC Quiartiles
Marker Right Left Median ®) L M R
41095059 10 0.028% 0.035% 0.020% 8795.482 4-2 4-1 4-2
41116088 12 0.019% 0.019% 0.011% 11099.98 4-1 4-1 4-1
41101077 14 0.019% 0.019% 0.012% 20193.12 4-1 4-1 4-1
41154087 17 0.019% 0.019% 0.012% 14086.21 4-1 4-1 4-1
41155087 17 0.019% 0.019% 0.012% 14086.21 4-1 4-1 4-1
41185086 21 0.032% 0.033% 0.021% 1125.361 2-2 2-1 2-2
41207092 23 0.037% 0.039% 0.024% 4032.863 3-2 3-1 3-2
41226107 255 0.034% 0.034% 0.020% 756.1618 2-2 2-1 2-2
47061480 36.5 0.035% 0.038% 0.031% 1142.644 2-2 2-2 2-2
47069510 40 0.046% 0.041% 0.035% 1075.43 2-2 2-2 2-3
47098563 46 0.074% 0.074% 0.065% 6867.101 3-4 3-4 3-4
47111580 48 0.074% 16045.03 NA 4-4 NA
47135609 52 0.044% 3013.125 NA 3-3 NA
52390278 55 0.046% 21441.39 NA 4-3 NA
52410285 57 0.102% 6548.601 NA 3-4 NA
52424285 59 0.077% 30985.83 NA 4-4 NA
52450287 61 0.045% 5746.83 NA 3-3 NA
52467276 63 0.060% 0.059% 0.037% 1755.256 2-4 2-2 2-4
52470276 63.5 0.060% 1755.256 NA 2-4 NA
52500275 67 0.060% 8502.619 NA 4-4 NA
52540275 71 0.031% 0.071% 0.029% 4101.998 3-4 3-2 3-2
52610285 78 0.042% 0.042% 0.028% 2866.213 3-3 3-2 3-3
52640285 81 0.043% 0.041% 0.028% 51.85109 1-2 1-2 1-3
52670285 84 0.045% 0.045% 0.031% 259.2555 1-3 1-2 1-3
52710283 88 0.043% 0.042% 0.029% 115.2247 1-3 1-2 1-3
52830310 101 0.033% 0.032% 0.019% 374.4801 1-2 1-1 1-2
52880346 107 0.036% 0.038% 0.018% 1766.778 2-2 2-1 2-2
52900360 109 0.038% 0.040% 0.020% 2314.095 3-2 3-1 3-2
52925365 112 0.031% 0.038% 0.017% 504.1079 1-2 1-1 1-2
52926366 112 0.031% 0.038% 0.017% 504.1079 1-2 1-1 1-2
36120107 131 0.024% 0.028% 0.022% 23260.98 4-2 4-1 4-1
36309106 150 0.023% 0.023% 0.012% 47342.93 4-1 4-1 4-1
38030185 177 0.016% 148.8318 NA 1-1 NA
38166196 191 0.069% 0.069% 0.026% 552.1181 1-4 1-1 1-4
38180198 192 0.026% 2971.836 NA 3-2 NA
43026195 212 0.058% 0.058% 0.022% 46.08986 1-4 1-1 1-4
08069103 264 0.023% 1854.157 NA 2-1 NA
08080112 265 0.033% 0.033% 0.020% 1541.13 2-2 2-1 2-2
08120125 269 0.028% 0.028% 0.014% 337.0321 1-2 1-1 1-2
08145124 272 0.030% 0.032% 0.018% 748.9603 2-2 2-1 2-2
08290135 286 0.031% 0.030% 0.012% 80.65726 1-2 1-1 1-2
08310135 289 0.030% 0.029% 0.017% 288.0616 1-2 1-1 1-2
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1-90
Bridge ID Mile Risk of Collision RUC Quartiles
Marker Right Left Median ®) L M R
02000135 291 0.028% 0.028% 0.021% 44.16945 1-2 1-1 1-2
02018140 293 0.031% 0.031% 0.016% 469 1-2 1-1 1-2
02040149 296 0.032% 0.032% 0.016% 1239 2-2 2-1 2-2
02070155 299 0.031% 0.036% 0.018% 81 1-2 1-1 1-2
02100155 302 0.031% 0.036% 0.018% 35 1-2 1-1 1-2
02140155 306 0.031% 0.036% 0.018% 200 1-2 1-1 1-2
0215C158 308 0.034% 0.037% 0.018% 1258 2-2 2-1 2-2
02180165 310 0.041% 0.037% 0.020% 5396 3-2 3-1 3-2
02220165 312 0.041% 0.036% 0.020% 196 1-2 1-1 1-2
18010105 317 0.041% 0.036% 0.024% 780 2-2 2-1 2-2
18030105 319 0.041% 0.037% 0.024% 1123 2-2 2-1 2-2
18050105 321 0.043% 0.043% 0.026% 67 1-3 1-2 1-3
18070105 323 0.043% 0.043% 0.026% 67 1-3 1-2 1-3
18090105 325 0.044% 0.045% 0.027% 1296 2-3 2-2 2-3
18120105 328 0.043% 0.044% 0.024% 1940 2-3 2-1 2-3
18140107 330 0.044% 0.043% 0.019% 30559 4-3 4-1 4-3
31040105 337 0.045% 0.045% 0.024% 1532 2-3 2-1 2-3
31090126 344 0.045% 0.046% 0.022% 5617 3-3 3-1 3-3
31120126 347 0.046% 0.046% 0.025% 1512 2-3 2-1 2-3
31150125 350 0.046% 0.046% 0.024% 471 1-3 1-1 1-3
31160125 351 0.044% 0.046% 0.024% 49 1-3 1-1 1-3
44010126 354 0.046% 0.046% 0.025% 847 2-3 2-1 2-3
44050127 358 0.046% 0.046% 0.024% 565 1-3 1-1 1-3
44080125 361 0.043% 0.043% 0.022% 104 1-3 1-1 1-3
44110125 364 0.146% 6179 NA 3-4 NA
44150126 368 0.041% 0.041% 0.021% 595 1-2 1-1 1-2
44170126 370 0.038% 0.038% 0.020% 119 1-2 1-1 1-2
44210126 374 0.043% 0.043% 0.022% 1671 2-3 2-1 2-3
50030149 381 0.079% 0.079% 0.042% 657 2-4 2-3 2-4
50050164 384 0.091% 0.085% 0.043% 438 1-4 1-3 1-4
50070165 386 0.076% 0.076% 0.045% 438 1-4 1-3 1-4
50090165 388 0.076% 0.076% 0.045% 5385 3-4 3-3 34
50160166 394 0.045% 0.044% 0.027% 1009 2-3 2-2 2-3
50170164 395 0.037% 3799 NA 3-2 NA
50185163 396.5 0.050% 0.052% 0.034% 1152 2-3 2-2 2-3
50240165 402 0.092% 0.096% 0.064% 11542 4-4 4-4 4-4
50280165 406 0.083% 0.083% 0.056% 15920 4-4 4-3 4-4
50300166 408 0.081% 0.080% 0.055% 365 1-4 1-3 1-4
50320166 410 0.086% 0.086% 0.059% 1815 2-4 2-4 2-4
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Table C.1-3: Bridge Collision Risk, RUC, and Quartile — I-229 Overpass Bridges

1-229
Bridge ID Mile Risk of Collision RUC Quiartiles
Marker Right Left Median ©®) L M R
42079004 1 0.053% 38255 NA 4-3 NA
50191238 2 0.067% 39023 NA 4-4 NA
50216220 5 0.079% 0.079% 0.053% 19306 4-4 4-3 4-4
50219215 5.5 0.085% 0.085% 0.056% 3299 3-4 3-3 3-4
50219210 5.75 0.199% 1959 NA 2-4 NA
50219208 6 0.247% 5504 NA 3-4 NA
50219205 6.25 0.172% 6924 NA 3-4 NA
50219180 9 0.159% 24095 NA 4-4 NA
50221170 9.7 0.076% 0.076% 0.044% 6505 3-4 3-3 3-4
50221167 10 0.046% 6136 NA 3-3 NA
50221166 10.1 0.050% 6136 NA 3-3 NA
Table C.1-4: Bridge Collision Risk, RUC, and Quartile — I-190 Bridges
1-190
Bridge ID Mile Risk of Collision RUC Quartiles
Marker Right Left Median ®) L M R
52410290 1 0.054% 0.055% 0.109% 4600 NA 4-3 NA
Table C.1-5: Bridge Collision Risk, RUC, and Quartile — Miscellaneous Roads
Miscellaneous Roads
Bridge ID Mile Risk of Collision RUC Quartiles
Marker Right Left Median ®) L M R
06154150 0.004% 0.004% 0.002% 209 1-1 1-1 1-1
Hwy 14 Bypass
14092199 0.040% 0.086% 2379 3-4 NA 3-2
Hwy 50W
14131205 0.008% 0.010% 2839 3-1 NA 3-1
Hwy 50E
50175210 0.001% 0.001% 22885 4-1 NA 4-1
Madison St
50176210 0.001% 0.001% 22885 4-1 NA 4-1
Madison St
50177199 0.001% 0.001% 36721 4-1 NA 4-1
12th St
50178199 0.001% 0.001% 36721 4-1 NA 4-1
12th St
52410318 0.011% 0.012% 0.015% 1567 2-1 2-1 2-1
Mt. Rushmore
Rd.
52415285 0.052% 0.042% 12105 4-3 NA 4-3
Haines Ave.
52415286 0.052% 0.042% 12105 4-3 NA 4-3
Haines Ave.
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APPENDIX D: PRIORITIZATION OF BRIDGE BENTS FOR COLLAPSE
MITIGATION

Interpretation of the alpha-numeric characters:

15 String:
24 String:
3" String:
4" String:
5t String:
6" String:

Bridge identification

Road crossed by the bridge (I-90, I-29, etc.)

Mile marker

Bent location (Left, Median, Right) as shown on the construction plans

Bent redundancy (Redundant: R; Non-Redundant: NR)

Column strength adequacy (Sufficient; Insufficient). Bent structures with

inadequate column strength are labeled with red font.

Quartile cluster 4-4

50240165-190-402-L-NR-S

50173235-129-76.5-M-R-I

50280165-190-406-L-NR-S

50175230-129-77-M-R-1

42065050-129-71-L-NR-I

50175222-129-78-M-R-1

50173235-129-76.5-L-R-I

50180170-129-83-M-R-S

51065150-129-109-L-NR-I

50191238-1229-2-M-R-S

50216220-1229-5-L-R-I

50219180-1229-9-M-NR-S

50240165-190-402-R-NR-S

47111580-190-48-M-R-I

50280165-190-406-R-NR-S

52424285-190-59-M-R-1

42065050-129-71-R-NR-I

52500275-190-67-M-R-S

50173235-129-76.5-R-R-I

50240165-190-402-M-NR-S

51065150-129-109-R-NR-1

42065050-129-71-M-NR-S

50216220-1229-5-R-R-I

50172240-129-76-M-R-1

Quartile cluster 4-3

18140107-190-330-L-NR-I

52390278-190-55-M-R-1

64008205-129-26-L-NR-I

50280165-190-406-M-NR-S

64006160-129-31-L-NR-I

64158399-129-1-M-R-I

06185210-129-127-L-NR-I

64006000-129-47-M-R-S

06185159-129-132-L-NR-I

50178191-129-81-M-R-S

06185160-129-132-L-NR-I

42079004-1229-1-M-R-S

06185150-129-133-L-NR-I

50216220-1229-5-M-R-1

52415285-Misc.-Haines Ave.-L-NR-S

06185159-129-132-R-NR-I

52415286-Misc.-Haines Ave.-L-NR-S

06185160-129-132-R-NR-1

18140107-190-330-R-NR-I

06185150-129-133-R-NR-1

64008205-129-26-R-NR-I

52415285-Misc.-Haines Ave.-R-NR-
S

64006160-129-31-R-NR-I

52415286-Misc.-Haines Ave.-R-NR-
S

06185210-129-127-R-NR-I
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Quartile cluster 4-2

41095059-190-10-L-R-I

64008205-129-26-M-NR-S

36120107-190-131-L-R-I

64006160-129-31-M-NR-I

41095059-190-10-R-R-I

51065150-129-109-M-NR-I

Quartile cluster 4-1

41116088-190-12-L-R-I

50178199-Misc.-12th St-R-NR-S

41101077-190-14-L-R-I

41095059-190-10-M-R-I

41154087-190-17-L-R-I

41116088-190-12-M-R-I

41155087-190-17-L-R-I

41101077-190-14-M-R-I

36309106-190-150-L-NR-I

41154087-190-17-M-R-I

50175210-Misc.-Madison St-L-NR-S

41155087-190-17-M-R-I

50176210-Misc.-Madison St-L-NR-S

36120107-190-131-M-R-I

50177199-Misc.-12th St-L-NR-S

36309106-190-150-M-NR-I

50178199-Misc.-12th St-L-NR-S

18140107-190-330-M-NR-I

41116088-190-12-R-R-I

06185210-129-127-M-NR-I

41101077-190-14-R-R-I

06185159-129-132-M-NR-I

41154087-190-17-R-R-I

06185160-129-132-M-NR-I

41155087-190-17-R-R-I

06185150-129-133-M-NR-I

36120107-190-131-R-R-I

06185080-129-140-M-R-I

36309106-190-150-R-NR-1

20061280-129-150-M-R-I

50175210-Misc.-Madison St-R-NR-S

15215150-129-180-M-R-1

50176210-Misc.-Madison St-R-NR-S

15215030-129-193-M-R-I

50177199-Misc.-12th St-R-NR-S
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Quartile cluster 3-4

47098563-190-46-L-NR-S

64070287-129-15-R-NR-I

52540275-190-71-L-NR-I

42065260-129-50-R-NR-I

50090165-190-388-L-NR-I

42065230-129-53-R-NR-I

64149367-129-4-L-NR-I

42065170-129-59-R-NR-I

64115330-129-9-L-NR-S

42065140-129-62-R-NR-S

64070287-129-15-L-NR-I

42065141-129-62-R-NR-S

42065260-129-50-L-NR-I

42065130-129-63-R-NR-I

42065230-129-53-L-NR-I

42065120-129-64-R-NR-S

42065170-129-59-L-NR-I

42065100-129-67-R-NR-I

42065140-129-62-L-NR-S

50180162-129-84-R-R-I

42065141-129-62-L-NR-S

50180163-129-84-R-R-I

42065130-129-63-L-NR-I

50180140-129-86-R-NR-I

42065120-129-64-L-NR-S

50175020-129-98-R-NR-I

42065100-129-67-L-NR-I

50219215-1229-5.5-R-R-I

50180162-129-84-L-R-I

50221170-1229-9.7-R-R-I

50180163-129-84-L-R-I

47098563-190-46-M-NR-S

50180140-129-86-L-NR-I

52410285-190-57-M-R-S

50175020-129-98-L-NR-I

44110125-190-364-M-R-S

50219215-1229-5.5-L-R-I

64149367-129-4-M-NR-S

50221170-1229-9.7-L-R-I

42065130-129-63-M-NR-S

14092199-Misc.-Hwy 50W-L-R-I

42065100-129-67-M-NR-S

47098563-190-46-R-NR-S

50219208-1229-6-M-R-S

50090165-190-388-R-NR-I

50219205-1229-6.25-M-R-S

64149367-129-4-R-NR-I

52410290-1190-1-M-R-S

64115330-129-9-R-NR-S

Quartile cluster 3-3

52610285-190-78-L-NR-S

50090165-190-388-M-NR-I

31090126-190-344-L-NR-I

42065260-129-50-M-NR-I

51066100-129-114-L-NR-I

42065140-129-62-M-NR-S

51065050-129-120-L-NR-I

42065141-129-62-M-NR-S

52410290-1190-1-L-R-I

42065120-129-64-M-NR-S

52610285-190-78-R-NR-S

50180162-129-84-M-R-1

31090126-190-344-R-NR-1

50180163-129-84-M-R-1

51066100-129-114-R-NR-I

50219215-1229-5.5-M-R-S

51065050-129-120-R-NR-1

50221170-1229-9.7-M-R-I

52410290-1190-1-R-R-I

50221167-1229-10-M-R-I

47135609-190-52-M-R-S

50221166-1229-10-M-R-1

52450287-190-61-M-R-1
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Quartile cluster 3-2

41207092-190-23-L-NR-I

52540275-190-71-M-NR-I

52900360-190-109-L-R-I

52610285-190-78-M-NR-S

02180165-190-310-L-NR-I

50170164-190-395-M-R-S

55085429-129-207-L-R-I

64115330-129-9-M-NR-S

55100367-129-213-L-R-I

64070287-129-15-M-NR-S

41207092-190-23-R-NR-I

42065230-129-53-M-NR-1

52540275-190-71-R-NR-I

42065170-129-59-M-NR-1

52900360-190-109-R-R-1

50180140-129-86-M-NR-I

02180165-190-310-R-NR-I

50175020-129-98-M-NR-I

55085429-129-207-R-R-1

51066100-129-114-M-NR-I

55100367-129-213-R-R-1

51065050-129-120-M-NR-I

14092199-Misc.-Hwy 50W-R-R-I

Quartile cluster 3-1

55116190-129-232-L-R-I

02180165-190-310-M-NR-I

14131205-Misc.-Hwy 50E-L-R-I

31090126-190-344-M-NR-I

55116190-129-232-R-R-1

55085440-129-206-M-NR-I

14131205-Misc.-Hwy 50E-R-R-I

55085429-129-207-M-R-I

41207092-190-23-M-NR-1

55100367-129-213-M-R-I

52900360-190-109-M-R-I

55116190-129-232-M-R-I

38180198-190-192-M-R-I

Quartile cluster 2-4

52467276-190-63-L-R-I

50320166-190-410-R-NR-S

50030149-190-381-L-R-I

42065200-129-56-R-NR-I

50320166-190-410-L-NR-S

50177130-129-87-R-NR-I

42065200-129-56-L-NR-I

50175040-129-96-R-NR-I

50177130-129-87-L-NR-I

51065210-129-102-R-NR-I

50175040-129-96-L-NR-I

51065200-129-104-R-NR-I

51065210-129-102-L-NR-I

29280020-129-167-R-R-1

51065200-129-104-L-NR-I

52470276-190-63.5-M-R-S

29280020-129-167-L-R-I

50320166-190-410-M-NR-S

52467276-190-63-R-R-1

50219210-1229-5.75-M-R-S

50030149-190-381-R-R-1

Evaluation and Mitigation of Vehicle Impact Hazard
for Overpasses

June 2017



Quartile cluster 2-3

18090105-190-325-L-NR-I

18090105-190-325-R-NR-I

18120105-190-328-L-NR-I

18120105-190-328-R-NR-I

31040105-190-337-L-NR-I

31040105-190-337-R-NR-1

31120126-190-347-L-NR-I

31120126-190-347-R-NR-1

44010126-190-354-L-NR-I

44010126-190-354-R-NR-1

44210126-190-374-L-NR-I

44210126-190-374-R-NR-1

50160166-190-394-L-NR-I

50160166-190-394-R-NR-1

50185163-190-396.5-L-R-I

50185163-190-396.5-R-R-I

64050250-129-20-L-NR-I

64050250-129-20-R-NR-I

64020220-129-24-L-NR-I

64020220-129-24-R-NR-I

64006120-129-35-L-NR-I

64006120-129-35-R-NR-I

64006090-129-38-L-NR-I

64006090-129-38-R-NR-I

06185190-129-129-L-NR-I

06185190-129-129-R-NR-I

47069510-190-40-R-NR-I

42065080-129-68-M-R-S

Quiatrtile cluster 2

2

41185086-190-21-L-NR-I

18010105-190-317-R-NR-I

41226107-190-25.5-L-R-I

18030105-190-319-R-NR-I

47061480-190-36.5-L-NR-I

15240220-129-173-R-R-I

47069510-190-40-L-NR-I

47061480-190-36.5-M-NR-1

52880346-190-107-L-R-I

47069510-190-40-M-NR-I

08080112-190-265-L-R-I

52467276-190-63-M-R-1

08145124-190-272-L-NR-1

18090105-190-325-M-NR-I

02040149-190-296-L-NR-I

50030149-190-381-M-R-I

0215C158-190-308-L-NR-I

50160166-190-394-M-NR-I

18010105-190-317-L-NR-I

50185163-190-396.5-M-R-1

18030105-190-319-L-NR-I

64050250-129-20-M-NR-S

15240220-129-173-L-R-I

64020220-129-24-M-NR-S

41185086-190-21-R-NR-I

64006120-129-35-M-NR-I

41226107-190-25.5-R-R-1

64006090-129-38-M-NR-I

47061480-190-36.5-R-NR-I

42065200-129-56-M-NR-I

52880346-190-107-R-R-1

50177130-129-87-M-NR-I

08080112-190-265-R-R-I

50175040-129-96-M-NR-I

08145124-190-272-R-NR-1

51065210-129-102-M-NR-I

02040149-190-296-R-NR-1

51065200-129-104-M-NR-I

0215C158-190-308-R-NR-I
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Quartile cluster 2-1

52410318-Misc.-Mt. Rushmore Rd.-L-

NR-I

31040105-190-337-M-NR-I

52410318-Misc.-Mt. Rushmore Rd.-R-

NR-I

31120126-190-347-M-NR-I

41185086-190-21-M-NR-1

44010126-190-354-M-NR-I

41226107-190-25.5-M-R-I

44210126-190-374-M-NR-I

52880346-190-107-M-R-I

06185190-129-129-M-NR-I

08069103-190-264-M-R-I

06185130-129-135-M-R-I

08080112-190-265-M-R-I

29280020-129-167-M-R-I

08145124-190-272-M-NR-1

15240220-129-173-M-R-1

02040149-190-296-M-NR-I

15215120-129-183-M-R-I

0215C158-190-308-M-NR-I

55115290-129-222-M-NR-I

18010105-190-317-M-NR-I

55115220-129-229-M-NR-I

18030105-190-319-M-NR-I

55175040-129-248-M-NR-I

18120105-190-328-M-NR-I

52410318-Misc.-Mt. Rushmore Rd.-

M-NR-I

Quartile cluster 1-4

38166196-190-191-L-R-I

38166196-190-191-R-R-I

43026195-190-212-L-R-1

43026195-190-212-R-R-I

50050164-190-384-L-NR-I

50050164-190-384-R-NR-I

50070165-190-386-L-NR-I

50070165-190-386-R-NR-I

50300166-190-408-L-NR-S

50300166-190-408-R-NR-S

64140355-129-6-L-NR-S

64140355-129-6-R-NR-S

64120336-129-8-L-NR-I

64120336-129-8-R-NR-1

64100315-129-11-L-NR-S

64100315-129-11-R-NR-S

64080296-129-14-L-NR-I

64080296-129-14-R-NR-I
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1-3

52670285-190-84-L-NR-S

52710283-190-88-R-NR-I

52710283-190-88-L-NR-I

18050105-190-321-R-NR-I

18050105-190-321-L-NR-I

18070105-190-323-R-NR-I

18070105-190-323-L-NR-I

31150125-190-350-R-NR-1

31150125-190-350-L-NR-I

31160125-190-351-R-NR-1

31160125-190-351-L-NR-I

44050127-190-358-R-NR-1

44050127-190-358-L-NR-I

44080125-190-361-R-NR-1

44080125-190-361-L-NR-I

64006100-129-37-R-NR-I

64006100-129-37-L-NR-I

64006030-129-44-R-NR-I

64006030-129-44-L-NR-I

64006010-129-46-R-NR-I

64006010-129-46-L-NR-I

06185230-129-126-R-NR-1

06185230-129-126-L-NR-I

50050164-190-384-M-NR-I

52640285-190-81-R-NR-I

50070165-190-386-M-NR-I

52670285-190-84-R-NR-S

50300166-190-408-M-NR-S

1-2
52640285-190-81-L-NR-I 08310135-190-289-R-NR-I
52830310-190-101-L-NR-I 02000135-190-291-R-NR-I
52925365-190-112-L-NR-I 02018140-190-293-R-R-I
52926366-190-112-L-R-I 02070155-190-299-R-NR-I
08120125-190-269-L-NR-I 02100155-190-302-R-NR-I
08290135-190-286-L-R-1 02140155-190-306-R-NR-I
08310135-190-289-L-NR-I 02220165-190-312-R-NR-I
02000135-190-291-L-NR-I 44150126-190-368-R-NR-I
02018140-190-293-L-R-I 44170126-190-370-R-NR-I
02070155-190-299-L-NR-I 52640285-190-81-M-NR-S
02100155-190-302-L-NR-I 52670285-190-84-M-NR-S
02140155-190-306-L-NR-I 52710283-190-88-M-NR-S
02220165-190-312-L-NR-I 64140355-129-6-M-NR-S
44150126-190-368-L-NR-1 64120336-129-8-M-NR-S
44170126-190-370-L-NR-1 64100315-129-11-M-NR-S
52830310-190-101-R-NR-I 64080296-129-14-M-NR-S
52925365-190-112-R-NR-I 64006100-129-37-M-NR-I
52926366-190-112-R-R-I 64006030-129-44-M-NR-I
08120125-190-269-R-NR-I 64006010-129-46-M-NR-I
08290135-190-286-R-R-I
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1-1

55124170-129-234-L-NR-1

02100155-190-302-M-NR-I

55144130-129-239-L-NR-I

02140155-190-306-M-NR-I

06154150-Misc.-Hwy 14 Bypass-L-R-I

02220165-190-312-M-NR-I

55124170-129-234-R-NR-1

18050105-190-321-M-NR-I

55144130-129-239-R-NR-1

18070105-190-323-M-NR-I

06154150-Misc.-Hwy 14 Bypass-R-R-I

31150125-190-350-M-NR-I

52830310-190-101-M-NR-I

31160125-190-351-M-NR-I

52925365-190-112-M-NR-I

44050127-190-358-M-NR-I

52926366-190-112-M-R-I

44080125-190-361-M-NR-I

38030185-190-177-M-NR-I

44150126-190-368-M-NR-I

38166196-190-191-M-R-I

44170126-190-370-M-NR-I

43026195-190-212-M-R-I

06185230-129-126-M-NR-I

08120125-190-269-M-NR-I

06185110-129-137-M-R-I

08290135-190-286-M-R-I

15215070-129-189-M-R-I

08310135-190-289-M-NR-I

55115330-129-218-M-NR-I

02000135-190-291-M-NR-I

55124170-129-234-M-NR-I

02018140-190-293-M-R-I

55144130-129-239-M-NR-I

02070155-190-299-M-NR-I

06154150-Misc.-Hwy 14 Bypass-M-

R-1
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APPENDIX E: MNDOT CRASH STRUT DESIGN PROCEDURE

1. Determine Design Loads

a. Determine the skew of the bent from the roadway (typically parallel)
b. Givens:
i. Pcrash =400 k
1. Note: This is now 600 k
ii. @max =30°
iii. L¢=>5" (impact width if designing as distributed crash load instead of
point load)

Iv. Lip = 6" (conservative distance to top of the strut)
c. Design Loads:

I. Hdesign = Hmax + eskew
ii. Pu = Pcrash Sin( edesign)
R,
I11. WUI =
L

t
d. Resistance Factors:

I. ¢ =1 (for extreme events)
ii. @ =0.90 (for strength)

2. Determine Strut Dimensions
a. Height
i. H=4.5"+ depth to footing
1. Note: 4.5 increased to 5.5’
2. Note: Round height up
b. Length

i. Typically extend strut to 6” from outside of footings (End Offset)
ii. Minimum of 1’ extension past columns
c. Width
I. b=Dbco + 2" min. each side
1. Can increase by more than 2" each side to ease constructability
ii. bmin =3’
3. Design Strut Reinforcement
a. Select reinforcement
i. Shear Stirrups
1. Approximately #6 bars @ 12" spacing (in interior region — bars
spaced with dowels in end regions)

Evaluation and Mitigation of Vehicle Impact Hazard 120 June 2017
for Overpasses



2. Clear to stirrups = 2"
ii. Horizontal Bars

1. Minimum #6 bars @ approximately 12" spacing
iii. Dowel Bars

1. #6 bars @ TBD spacing
b. Determine dowel bar spacing

i. End clearance

1. clreng = clr + diay (rounded to nearest inch)
ii. Dowel Spacing

1. #6 bar @ 6" spacing over a minimum length of 7’

L ,oting — I — 2ENdOffset —dia
2. Dowel Spacing = —=ne—_end P
np -1
3. If footing is continuous, install anchorage over entire length of

footings.
c. Determine development length of dowels

i. Calculate required projection of dowel into the strut.
ii. Determine embedment of dowel into the footing.
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APPENDIX F: DEAD LOAD

1-90 Dead Load (kips)
Bridge ID Mile Marker Bent 2 Bent 3 Bent4 | BentS
41095059 10 65 76 67 NA
41116088 12 114 134 114 NA
41101077 14 113 133 113 NA
41154087 17 113 133 113 NA
41155087 17 113 133 113 NA
41185086 21 40 42 40 NA
41207092 23 57 61 57 NA
41226107 25.5 76 86 76 NA
47061480 36.5 50 55 50 NA
47069510 40 42 45 42 NA
47098563 44 128 154 124 NA
47111580 46 96 NA NA NA
47135609 52 364 NA NA NA
52390278 55 176 NA NA NA
52410285 57 125 NA NA NA
52424285 59 97 NA NA NA
52450287 61 185 NA NA NA
52467276 63 33 36 33 NA
52470276 63.5 317 NA NA NA
52500275 67 341 NA NA NA
52540275 71 35 37 35 NA
52610285 78 617 686 617 NA
52640285 81 479 532 479 NA
52670285 84 617 686 617 NA
52710283 88 455 506 455 NA
52830310 101 237 298 274 NA
52880346 107 59 63 59 NA
52900360 109 59 63 59 NA
52925365 112 61 66 61 NA
52926366 112 64 66 59 NA
36120107 131 54 57 54 NA
36309106 150 113 122 113 NA
38030185 177 84 NA NA NA
38166196 191 55 59 55 NA
38180198 192 76 NA NA NA
43026195 212 50 54 50 NA
08069103 264 156 NA NA NA
08080112 265 79 90 79 NA
08120125 269 36 38 36 NA
08145124 272 45 48 45 NA
08290135 286 71 81 71 NA
08310135 289 45 48 45 NA
02000135 291 36 38 36 NA
02018140 293 29 33 29 NA
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1-90

Dead Load (kips)

Bridge ID Mile Marker Bent 2 Bent 3 Bent4 | BentS
02040149 296 49 52 49 NA
02070155 299 111 120 111 NA
02100155 302 111 120 111 NA
02140155 306 111 120 111 NA
0215C158 308 54 57 54 NA
02180165 310 49 52 49 NA
02220165 312 111 120 111 NA
18010105 317 111 120 111 NA
18030105 319 49 52 49 NA
18050105 321 111 120 111 NA
18070105 323 111 120 111 NA
18090105 325 49 52 49 NA
18120105 328 111 120 111 NA
18140107 330 49 52 51 NA
31040105 337 111 120 111 NA
31090126 344 49 52 49 NA
31120126 347 111 120 111 NA
31150125 350 49 52 49 NA
31160125 351 111 120 111 NA
44010126 354 45 48 45 NA
44050127 358 45 48 45 NA
44080125 361 36 38 36 NA
44110125 364 359 NA NA NA
44150126 368 45 48 45 NA
44170126 370 36 38 36 NA
44210126 374 45 48 45 NA
50030149 381 32 36 32 NA
50050164 384 48 54 48 NA
50070165 386 45 48 45 NA
50090165 388 45 48 45 NA
50160166 394 44 47 44 NA
50170164 395 387 NA NA NA
50185163 396.5 28 31 28 NA
50240165 402 617 686 617 NA
50280165 406 617 686 617 NA
50300166 408 617 686 617 NA
50320166 410 617 686 617 NA
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1-29 Dead Load (kips)
Bridge ID Mile Marker Bent 2 Bent 3 Bent4 | BentS
64158399 1 108 NA NA NA
64149367 4 582 639 582 NA
64140355 6 773 851 773 NA
64120336 8 611 673 611 NA
64115330 9 772 851 772 NA
64100315 11 578 642 578 NA
64080296 14 578 642 578 NA
64070287 15 582 639 582 NA
64050250 20 479 532 479 NA
64020220 24 479 532 479 NA
64008205 26 582 639 582 NA
64006160 31 34 36 34 NA
64006120 35 34 36 34 NA
64006100 37 34 36 34 NA
64006090 38 43 46 43 NA
64006030 44 43 46 43 NA
64006010 46 43 46 43 NA
64006000 47 322 NA NA NA
42065260 50 44 46 44 NA
42065230 53 43 46 43 NA
42065200 56 43 46 43 NA
42065170 59 43 46 43 NA
42065140 62 1163 1278 1163 NA
42065141 62 1163 1278 1163 NA
42065130 63 477 530 477 NA
42065120 64 617 686 617 NA
42065100 67 477 530 477 NA
42065080 68 271 NA NA NA
42065050 71 478 531 478 NA
50172240 76 278 NA NA NA
50173235 76.5 146 167 146 NA
50175230 77 81 NA NA NA
50175222 78 490 NA NA NA
50178191 81 255 NA NA NA
50180170 83 359 NA NA NA
50180162 84 32 38 38 32
50180163 84 32 38 38 32
50180140 86 45 47 45 NA
50177130 87 48 51 48 NA
50175040 96 45 48 45 NA
50175020 98 45 48 45 NA
51065210 102 45 48 45 NA
51065200 104 45 48 45 NA
51065150 109 45 48 45 NA
51066100 114 49 52 49 NA
51065050 120 111 120 111 NA
06185230 126 49 52 49 NA
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1-29 Dead Load (kips)
Bridge ID Mile Marker Bent 2 Bent 3 Bent4 | BentS
64158399 1 108 NA NA NA
06185210 127 49 52 49 NA
06185190 129 111 120 111 NA
06185159 132 49 52 49 NA
06185160 132 49 52 49 NA
06185150 133 49 52 49 NA
06185130 135 57 NA NA NA
06185110 137 66 NA NA NA
06185080 140 80 NA NA NA
20061280 150 89 NA NA NA
29280020 167 64 71 64 NA
15240220 173 59 64 59 NA
15215150 180 256 NA NA NA
15215120 183 193 NA NA NA
15215070 189 193 NA NA NA
15215030 193 256 NA NA NA
55085440 206 73 NA NA NA
55085429 207 76 86 76 NA
55100367 213 37 44 37 NA
55115330 218 69 NA NA NA
55115290 222 69 NA NA NA
55115220 229 61 NA NA NA
55116190 232 61 69 61 NA
55124170 234 66 74 66 NA
55144130 239 71 79 71 NA
55175040 248 72 NA NA NA
1-229 Dead Load (kips)
Bridge ID Mile Marker Bent 2 Bent 3 Bent 4 Bent S
42079004 1 543 NA NA NA
50191238 2 201 NA NA NA
50216220 5 57 68 57 NA
50219215 55 115 141 115 NA
50219210 5.75 56 NA NA NA
50219208 6 84 NA NA NA
50219205 6.25 249 NA NA NA
50219180 9 1125 NA NA NA
50221170 9.7 72 108 71 NA
50221167 10 65 NA NA NA
50221166 10 80 NA NA NA
1-190 Dead Load (kips)
Bridge ID Mile Marker Bent 2 Bent 3 Bent 4 Bent S
52410290 1 115 141 115 NA
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Miscellaneous Roads

Dead Load (kips)

Bridge ID Location Bent 2 Bent 3 Bent 4 Bent 5
06154150 Hwy 14 Bypass 77 82 73 NA
14092199 Hwy 50W 30 59 29 NA
14131205 Hwy 50E 52 56 NA NA
50175210 Madison St 250 250 NA NA
50176210 Madison St 254 254 NA NA
50177199 12th St 250 250 NA NA
50178199 12th St 254 254 NA NA
52410318 Mt. Rushmore Rd. 32 36 40 36
52415285 Haines Ave. 346 346 NA NA
52415286 Haines Ave. 346 346 NA NA
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APPENDIX G: SHEAR AND FLEXURAL CAPACITIES AND DEMANDS

G.1: Shear and Flexural Capacities

1-90 Column Shear Capacity (Kips) Column Flexural Capacity (Kip-ft)
Mile
Marke
Bridge ID r Bent 2 Bent3 | Bent4 | BentS | Bent2 Bent3 | Bent4 | BentS5
41095059 10 311 312 312 NA 2132 2140 2133 NA
41116088 12 430 431 430 NA 924 942 924 NA
41101077 14 430 431 430 NA 923 941 923 NA
41154087 17 250 299 250 NA 771 941 771 NA
41155087 17 250 299 250 NA 771 941 771 NA
41185086 21 212 212 212 NA 708 709 708 NA
41207092 23 376 377 376 NA 868 871 868 NA
41226107 255 378 378 378 NA 700 708 700 NA
47061480 36.5 321 321 321 NA 522 526 522 NA
47069510 40 276 276 276 NA 623 624 623 NA
47098563 44 898 900 898 NA 9870 9916 9863 NA
47111580 46 230 NA NA NA 839 NA NA NA
47135609 52 727 NA NA NA 11521 NA NA NA
52390278 55 306 NA NA NA 1468 NA NA NA
52410285 57 759 NA NA NA 9771 NA NA NA
52424285 59 267 NA NA NA 1382 NA NA NA
52450287 61 534 NA NA NA 6074 NA NA NA
52467276 63 403 404 403 NA 721 1538 721 NA
52470276 63.5 546 NA NA NA 6146 NA NA NA
52500275 67 815 NA NA NA 9189 NA NA NA
52540275 71 281 281 281 NA 737 738 737 NA
52610285 78 1022 1027 1022 NA 6999 7125 6999 NA
52640285 81 792 796 792 NA 4249 4329 4249 NA
52670285 84 1022 1027 1022 NA 6999 7125 6999 NA
52710283 88 790 794 790 NA 4212 4289 4212 NA
52830310 101 372 372 372 NA 1078 1114 1100 NA
52880346 107 395 395 395 NA 949 952 949 NA
52900360 109 405 406 405 NA 1188 1191 1188 NA
52925365 112 220 221 220 NA 972 976 972 NA
52926366 112 227 227 227 NA 1255 1257 1251 NA
36120107 131 169 170 169 NA 480 482 480 NA
36309106 150 430 431 430 NA 1147 1155 1147 NA
38030185 177 530 NA NA NA 1958 NA NA NA
38166196 191 405 405 405 NA 1062 1066 1062 NA
38180198 192 247 NA NA NA 730 NA NA NA
43026195 212 405 405 405 NA 1057 1061 1057 NA
08069103 264 248 NA NA NA 786 NA NA NA
08080112 265 378 379 378 NA 703 712 703 NA
08120125 269 275 275 275 NA 728 729 728 NA
08145124 272 276 276 276 NA 624 626 624 NA
08290135 286 377 378 377 NA 696 704 696 NA
08310135 289 282 282 282 NA 636 637 636 NA
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1-90 Column Shear Capacity (Kips) Column Flexural Capacity (kip-ft)
Mile
Marke
Bridge ID r Bent 2 Bent3 | Bent4 | BentS | Bent2 Bent3 | Bent4 | BentS5
02000135 291 275 275 275 NA 728 729 728 NA
02018140 293 308 308 308 NA 864 867 864 NA
02040149 296 312 312 312 NA 964 966 964 NA
02070155 299 430 430 430 NA 1146 1153 1146 NA
02100155 302 430 430 430 NA 1146 1153 1146 NA
02140155 306 430 430 430 NA 1146 1153 1146 NA
0215C158 308 357 358 357 NA 683 685 683 NA
02180165 310 312 312 312 NA 964 966 964 NA
02220165 312 430 430 430 NA 1146 1153 1146 NA
18010105 317 430 430 430 NA 1146 1153 1146 NA
18030105 319 312 312 312 NA 964 966 964 NA
18050105 321 430 430 430 NA 1146 1153 1146 NA
18070105 323 430 430 430 NA 1146 1153 1146 NA
18090105 325 312 312 312 NA 964 966 964 NA
18120105 328 430 430 430 NA 1146 1153 1146 NA
18140107 330 177 178 304 NA 912 915 953 NA
31040105 337 430 430 430 NA 1146 1153 1146 NA
31090126 344 312 312 312 NA 964 966 964 NA
31120126 347 430 430 430 NA 1146 1153 1146 NA
31150125 350 312 312 312 NA 964 966 964 NA
31160125 351 430 430 430 NA 1146 1153 1146 NA
44010126 354 282 282 282 NA 636 637 636 NA
44050127 358 282 282 282 NA 636 637 636 NA
44080125 361 281 281 281 NA 738 739 738 NA
44110125 364 599 NA NA NA 6713 NA NA NA
44150126 368 282 282 282 NA 636 637 636 NA
44170126 370 281 281 281 NA 738 739 738 NA
44210126 374 282 282 282 NA 636 637 636 NA
50030149 381 424 424 424 NA 720 1538 720 NA
50050164 384 320 321 320 NA 520 525 520 NA
50070165 386 282 282 282 NA 636 637 636 NA
50090165 388 282 282 282 NA 636 637 636 NA
50160166 394 281 282 281 NA 635 637 635 NA
50170164 395 611 NA NA NA 8184 NA NA NA
50185163 396.5 403 403 403 NA 718 721 718 NA
50240165 402 1022 1027 1022 NA 6999 7125 6999 NA
50280165 406 1022 1027 1022 NA 6999 7125 6999 NA
50300166 408 1022 1027 1022 NA 6999 7125 6999 NA
50320166 410 1022 1027 1022 NA 6999 7125 6999 NA
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1-29 Column Shear Capacity (Kips) Column Flexural Capacity (Kip-ft)
Mile Bent
Bridge ID | Marker | Bent 2 Bent 3 Bent4 | Bent5 2 Bent3 | Bent4 Bent 5
64158399 1 278 NA NA NA 970 NA NA NA
64149367 4 1038 1042 1038 NA 5409 5523 5409 NA
64140355 6 1052 1058 1052 NA 5787 5938 5787 NA
64120336 8 1040 1045 1040 NA 5615 5736 5615 NA
64115330 9 1052 1058 1052 NA 5787 5938 5787 NA
64100315 11 1038 1042 1038 NA 5550 5675 5550 NA
64080296 14 1038 1042 1038 NA 5550 5675 5550 NA
64070287 15 1038 1042 1038 NA 5409 5523 5409 NA
64050250 20 792 796 792 NA 4249 4329 4249 NA
64020220 24 792 796 792 NA 4249 4329 4249 NA
64008205 26 1038 1042 1038 NA 5409 5523 5409 NA
64006160 31 281 281 281 NA 737 738 737 NA
64006120 35 281 281 281 NA 737 738 737 NA
64006100 37 281 281 281 NA 737 738 737 NA
64006090 38 281 282 281 NA 635 636 635 NA
64006030 44 281 282 281 NA 635 636 635 NA
64006010 46 281 282 281 NA 635 636 635 NA
64006000 47 669 NA NA NA 11373 NA NA NA
42065260 50 281 282 281 NA 635 636 635 NA
42065230 53 281 282 281 NA 635 636 635 NA
42065200 56 281 282 281 NA 635 636 635 NA
42065170 59 281 282 281 NA 635 636 635 NA
42065140 62 1082 1084 1082 NA 6527 6729 6527 NA
42065141 62 1082 1084 1082 NA 6527 6729 6527 NA
42065130 63 792 796 792 NA 4249 4329 4249 NA
42065120 64 1022 1027 1022 NA 6999 7125 6999 NA
42065100 67 792 796 792 NA 4249 4329 4249 NA
42065080 68 651 NA NA NA 5892 NA NA NA
42065050 71 792 796 792 NA 4249 4329 4249 NA
50172240 76 539 NA NA NA 4111 NA NA NA
50173235 76.5 234 235 234 NA 980 999 980 NA
50175230 77 247 NA NA NA 1173 NA NA NA
50175222 78 530 NA NA NA 4184 NA NA NA
50178191 81 715 NA NA NA 11652 NA NA NA
50180170 83 550 NA NA NA 6104 NA NA NA
50180162 84 403 404 404 403 720 1540 1540 720
50180163 84 403 404 404 403 720 1540 1540 720
50180140 86 282 282 282 NA 636 637 636 NA
50177130 87 327 327 327 NA 527 529 527 NA
50175040 96 282 282 282 NA 636 637 636 NA
50175020 98 282 282 282 NA 636 637 636 NA
51065210 102 282 282 282 NA 636 637 636 NA
51065200 104 282 282 282 NA 636 637 636 NA
51065150 109 282 282 282 NA 636 637 636 NA
51066100 114 304 304 304 NA 951 953 951 NA
51065050 120 430 430 430 NA 1146 1153 1146 NA
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1-29 Column Shear Capacity (Kips) Column Flexural Capacity (Kip-ft)
Mile Bent

Bridge ID | Marker | Bent 2 Bent 3 Bent4 | Bent5 2 Bent3 | Bent 4 Bent 5
6185230 126 304 304 304 NA 951 953 951 NA
6185210 127 304 304 304 NA 951 953 951 NA
6185190 129 430 430 430 NA 1146 1153 1146 NA
6185159 132 304 304 304 NA 951 953 951 NA
6185160 132 304 304 304 NA 951 953 951 NA
6185150 133 304 304 304 NA 951 953 951 NA
6185130 135 207 NA NA NA 771 NA NA NA
6185110 137 208 NA NA NA 779 NA NA NA
6185080 140 209 NA NA NA 792 NA NA NA
20061280 150 248 NA NA NA 840 NA NA NA
29280020 167 199 199 199 NA 1179 1184 1179 NA
15240220 173 229 229 229 NA 1092 905 1092 NA
15215150 180 233 NA NA NA 877 NA NA NA
15215120 183 228 NA NA NA 624 NA NA NA
15215070 189 228 NA NA NA 624 NA NA NA
15215030 193 233 NA NA NA 877 NA NA NA
55085440 206 511 NA NA NA 1498 NA NA NA
55085429 207 228 229 228 NA 1279 1287 1279 NA
55100367 213 197 197 197 NA 977 983 977 NA
55115330 218 511 NA NA NA 1491 NA NA NA
55115290 222 511 NA NA NA 1491 NA NA NA
55115220 229 1041 NA NA NA 3727 NA NA NA
55116190 232 227 227 227 NA 1389 1395 1389 NA
55124170 234 196 196 196 NA 1486 1017 1486 NA
55144130 239 196 197 196 NA 1489 1231 1489 NA
55175040 248 511 NA NA NA 1496 NA NA NA
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1-229 Column Shear Capacity (Kips) Column Flexural Capacity (Kip-ft)

Mile

Bridge ID | Marker | Bent2 Bent 3 Bent4 | Bent5 | Bent2 | Bent3 | Bent4 | BentS5

42079004 1 1311 NA NA NA 7453 NA NA NA
50191238 2 1817 NA NA NA 13047 NA NA NA
50216220 5 207 208 207 NA 1064 1074 1064 NA
50219215 55 158 160 158 NA 521 545 521 NA
50219210 5.75 768 NA NA NA 6643 NA NA NA
50219208 6 229 NA NA NA 1395 NA NA NA
50219205 6.25 764 NA NA NA 7732 NA NA NA
50219180 9 2113 NA NA NA 11525 NA NA NA
50221170 9.7 406 409 406 NA 681 716 680 NA
50221167 10 507 NA NA NA 3736 NA NA NA
50221166 10 508 NA NA NA 3749 NA NA NA
1-90 Column Shear Capacity (Kips) Column Flexural Capacity (Kip-ft)

Mile
Bridge ID | Marker Bent2 | Bent3 Bent 4 Bent 5 B1 B2 B3 B4
52410290 1 158 160 158 | NA 440 465 440 NA

Miscellaneous Roads

Column Shear Capacity (Kips)

Column Flexural Capacity (Kip-ft)

Bridge ID | Location | Bent2 | Bent3 Bent4 | BentS5 | Bent2 | Bent3 | Bent4 | Bent$S
Hwy 14
06154150 Bypass 456 457 456 NA 1244 1249 1241 NA
14092199 | Hwy 50W 224 227 224 NA 1065 1251 1064 NA
14131205 | Hwy 50E 207 207 NA NA 1071 1075 NA NA
Madison
50175210 St 838 838 NA NA 16107 16107 NA NA
Madison
50176210 St 838 838 NA NA 16112 16112 NA NA
50177199 12th St 838 838 NA NA 16107 16107 NA NA
50178199 12th St 838 838 NA NA 16112 16112 NA NA
Mt.
Rushmore
52410318 Rd. 327 327 328 327 743 495 498 746
Haines
52415285 Ave. 760 760 NA NA 18272 18272 NA NA
Haines
52415286 Ave. 760 760 NA NA 18272 18272 NA NA
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G.2: Shear and Flexural Demands

1-90 Column Shear Demand (Kips) Column Flexural Demand (kip-ft)
Mile Bent
Bridge ID | Marker 2 Bent 3 Bent 4 BentS | Bent2 | Bent3 | Bent4 | Bent$5
41095059 10 480 537 513 NA 3518 3140 2878 NA
41116088 12 486 489 499 NA 2868 2645 2734 NA
41101077 14 506 487 473 NA 3206 3016 2880 NA
41154087 17 501 451 486 NA 3428 2931 2809 NA
41155087 17 518 486 461 NA 3312 2969 3057 NA
41185086 21 473 522 522 NA 2715 3175 3175 NA
41207092 23 492 492 517 NA 2935 2935 2708 NA
41226107 255 515 518 486 NA 3605 2897 3274 NA
47061480 36.5 486 498 518 NA 2673 3064 2976 NA
47069510 40 444 517 444 NA 3029 2644 3029 NA
47098563 44 600 600 600 NA 5020 5753 7771 NA
47111580 46 547 NA NA NA 2546 NA NA NA
47135609 52 518 NA NA NA 11521 NA NA NA
52390278 55 483 NA NA NA 2551 NA NA NA
52410285 57 512 NA NA NA 9771 NA NA NA
52424285 59 462 NA NA NA 2217 NA NA NA
52450287 61 563 NA NA NA 6074 NA NA NA
52467276 63 425 488 425 NA 2499 2322 2499 NA
52470276 63.5 488 NA NA NA 6146 NA NA NA
52500275 67 452 NA NA NA 9189 NA NA NA
52540275 71 513 519 478 NA 2943 2480 3092 NA
52610285 78 584 558 579 NA 4545 3200 5327 NA
52640285 81 569 541 575 NA 5997 3447 5323 NA
52670285 84 574 550 575 NA 5675 3374 5720 NA
52710283 88 576 566 576 NA 5633 3056 5633 NA
52830310 101 439 484 501 NA 4051 4664 4040 NA
52880346 107 431 517 431 NA 3396 2914 3396 NA
52900360 109 400 454 400 NA 2781 2699 2781 NA
52925365 112 446 528 450 NA 4769 3940 4576 NA
52926366 112 497 522 543 NA 3804 3434 2961 NA
36120107 131 497 497 497 NA 2537 2537 2537 NA
36309106 150 533 546 483 NA 2778 2570 3288 NA
38030185 177 491 NA NA NA 3405 NA NA NA
38166196 191 333 410 346 NA 2824 2512 2499 NA
38180198 192 419 NA NA NA 3031 NA NA NA
43026195 212 430 480 363 NA 2353 2454 2601 NA
08069103 264 421 NA NA NA 3161 NA NA NA
08080112 265 485 502 485 NA 2429 2569 2429 NA
08120125 269 439 495 439 NA 3126 2822 3126 NA
08145124 272 397 496 397 NA 3174 2830 3174 NA
08290135 286 448 502 448 NA 2802 2553 2802 NA
08310135 289 465 496 465 NA 3032 2830 3032 NA
02000135 291 431 495 431 NA 3153 2822 3153 NA
02018140 293 422 466 422 NA 2242 2158 2242 NA
02040149 296 445 493 445 NA 3071 2804 3071 NA
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1-90 Column Shear Demand (kips) Column Flexural Demand (Kip-ft)
Mile Bent
Bridge ID | Marker 2 Bent 3 Bent 4 Bent5 | Bent2 | Bent3 | Bent4 | Bent5
02070155 299 461 520 477 NA 3246 2781 3156 NA
02100155 302 492 534 492 NA 3050 2614 3050 NA
02140155 306 471 539 486 NA 3344 2664 3246 NA
0215C158 308 490 521 490 NA 2771 2502 2771 NA
02180165 310 456 486 456 NA 3183 2860 3183 NA
02220165 312 461 506 461 NA 3246 2926 3246 NA
18010105 317 461 506 461 NA 3246 2926 3246 NA
18030105 319 456 487 472 NA 3183 3001 3100 NA
18050105 321 477 506 477 NA 3156 2926 3156 NA
18070105 323 477 520 477 NA 3156 2781 3156 NA
18090105 325 456 509 487 NA 3183 2818 3001 NA
18120105 328 461 520 461 NA 3246 2781 3246 NA
18140107 330 412 484 390 NA 2805 2588 2820 NA
31040105 337 447 506 447 NA 3319 2926 3319 NA
31090126 344 412 486 412 NA 3173 2860 3173 NA
31120126 347 447 506 447 NA 3319 2926 3319 NA
31150125 350 453 517 453 NA 3037 2605 3037 NA
31160125 351 447 506 447 NA 3319 2926 3319 NA
44010126 354 458 522 465 NA 2962 2507 3032 NA
44050127 358 458 522 458 NA 2962 2507 2962 NA
44080125 361 435 519 452 NA 2979 2480 2916 NA
44110125 364 540 NA NA NA 6713 NA NA NA
44150126 368 424 498 424 NA 3084 2717 3084 NA
44170126 370 447 525 463 NA 3094 2541 3021 NA
44210126 374 513 551 513 NA 3358 2760 3358 NA
50030149 381 334 418 334 NA 2225 2243 2225 NA
50050164 384 486 524 470 NA 2651 2613 2743 NA
50070165 386 474 518 474 NA 3129 2765 3129 NA
50090165 388 474 496 474 NA 3129 2970 3129 NA
50160166 394 474 503 448 NA 3129 2767 3108 NA
50170164 395 520 NA NA NA 8184 NA NA NA
50185163 396.5 466 499 466 NA 2370 2458 2370 NA
50240165 402 566 557 571 NA 6247 3161 5875 NA
50280165 406 580 549 570 NA 4994 3426 6113 NA
50300166 408 578 553 569 NA 5033 3404 6319 NA
50320166 410 580 549 573 NA 4944 3426 5825 NA
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1-29 Column Shear Demand (Kkips) Column Flexural Demand (Kip-ft)
Mile
Marke
Bridge ID r Bent2 | Bent3 Bent 4 Bent5 | Bent2 | Bent3 | Bent4 | Bent5
64158399 1 521 NA NA NA 2086 NA NA NA
64149367 4 578 551 578 NA 5697 3660 5697 NA
64140355 6 589 569 589 NA 4417 3403 4417 NA
64120336 8 585 579 585 NA 5996 3545 5996 NA
64115330 9 585 563 585 NA 5159 3625 5159 NA
64100315 11 590 574 590 NA 5126 3811 5126 NA
64080296 14 587 579 587 NA 5594 3529 5594 NA
64070287 15 575 561 575 NA 5864 3335 5864 NA
64050250 20 575 550 575 NA 5275 3270 5275 NA
64020220 24 577 547 572 NA 5127 3334 5614 NA
64008205 26 576 563 576 NA 5868 3347 5868 NA
64006160 31 458 494 458 NA 2735 2683 2735 NA
64006120 35 458 494 458 NA 2735 2683 2735 NA
64006100 37 454 518 489 NA 2912 2621 3018 NA
64006090 38 465 504 465 NA 2560 2627 2560 NA
64006030 44 465 494 465 NA 2560 2550 2560 NA
64006010 46 465 494 465 NA 2560 2550 2560 NA
64006000 47 518 NA NA NA 11373 NA NA NA
42065260 50 465 494 465 NA 2560 2550 2560 NA
42065230 53 465 517 511 NA 2560 2644 2839 NA
42065200 56 446 494 446 NA 2636 2550 2636 NA
42065170 59 446 494 465 NA 2636 2550 2560 NA
42065140 62 580 553 587 NA 5444 3635 4463 NA
42065141 62 581 557 588 NA 5342 3499 4253 NA
42065130 63 578 565 578 NA 4885 2738 4885 NA
42065120 64 567 536 567 NA 6103 3535 6103 NA
42065100 67 578 565 578 NA 4885 2738 4885 NA
42065080 68 517 NA NA NA 5892 NA NA NA
42065050 71 578 560 578 NA 4885 2918 4885 NA
50172240 76 553 NA NA NA 4111 NA NA NA
50173235 76.5 489 514 522 NA 2786 2558 2384 NA
50175230 77 474 NA NA NA 3408 NA NA NA
50175222 78 534 NA NA NA 4184 NA NA NA
50178191 81 545 NA NA NA 11652 NA NA NA
50180170 83 536 NA NA NA 6104 NA NA NA
50180162 84 450 359 450 359 2216 3193 2216 3193
50180163 84 434 371 371 458 2246 3204 3204 2198
50180140 86 518 518 463 NA 2756 2756 2548 NA
50177130 87 463 524 453 NA 3090 2613 2983 NA
50175040 96 439 532 465 NA 3141 2602 3032 NA
50175020 98 465 503 416 NA 3032 2767 3217 NA
51065210 102 431 511 465 NA 3169 2699 3032 NA
51065200 104 465 516 465 NA 3032 2650 3032 NA
51065150 109 456 511 431 NA 3072 2699 3169 NA
51066100 114 432 517 456 NA 3279 2745 3183 NA
51065050 120 461 520 461 NA 3246 2781 3246 NA
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1-29 Column Shear Demand (Kkips) Column Flexural Demand (Kip-ft)
Mile
Marke
Bridge ID r Bent2 | Bent3 Bent 4 Bent5 | Bent2 | Bent3 | Bent4 | Bent5
06185230 126 432 502 456 NA 3279 2883 3183 NA
06185210 127 451 510 451 NA 3365 2957 3365 NA
06185190 129 447 506 447 NA 3319 2926 3319 NA
06185159 132 440 509 472 NA 3249 2818 3100 NA
06185160 132 440 509 472 NA 3249 2818 3100 NA
06185150 133 487 524 472 NA 3001 2668 3100 NA
06185130 135 479 NA NA NA 2331 NA NA NA
06185110 137 394 NA NA NA 3444 NA NA NA
06185080 140 502 NA NA NA 2240 NA NA NA
20061280 150 456 NA NA NA 2561 NA NA NA
29280020 167 396 486 396 NA 2885 2632 2885 NA
15240220 173 464 494 464 NA 2293 2284 2293 NA
15215150 180 425 NA NA NA 3503 NA NA NA
15215120 183 448 NA NA NA 3419 NA NA NA
15215070 189 501 NA NA NA 3800 NA NA NA
15215030 193 437 NA NA NA 3603 NA NA NA
55085440 206 600 NA NA NA 4633 NA NA NA
55085429 207 477 495 477 NA 3310 3193 3310 NA
55100367 213 600 600 600 NA 5478 5253 5703 NA
55115330 218 600 NA NA NA 4633 NA NA NA
55115290 222 600 NA NA NA 4650 NA NA NA
55115220 229 600 NA NA NA 4895 NA NA NA
55116190 232 511 511 501 NA 3101 3101 3188 NA
55124170 234 505 496 505 NA 2758 2532 2758 NA
55144130 239 478 477 478 NA 2964 2666 2964 NA
55175040 248 600 NA NA NA 4633 NA NA NA
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1-229 Column Shear Demand (kips) Column Flexural Demand (k-ft)
Mile
Marke
Bridge ID r Bent2 | Bent3 Bent 4 Bent5 | Bent2 | Bent3 | Bent4 | Bent5
42079004 1 500 NA NA NA 7453 NA NA NA
50191238 2 521 NA NA NA 13047 NA NA NA
50216220 5 449 410 425 NA 2678 2384 2664 NA
50219215 5.5 325 NA 359 NA 2533 NA 2035 NA
50219210 5.75 501 NA NA NA 6643 NA NA NA
50219208 6 459 NA NA NA 2795 NA NA NA
50219205 6.25 503 NA NA NA 7732 NA NA NA
50219180 9 600 NA NA NA 6787 NA NA NA
50221170 9.7 459 510 466 NA 2204 2384 2123 NA
50221167 10 403 NA NA NA 3736 NA NA NA
50221166 10 425 NA NA NA 3749 NA NA NA
1-190 Column Shear Demand (Kips) Column Flexural Demand (K-ft)
Mile
Marke
Bridge ID r Bent2 | Bent3 Bent 4 Bent5 | Bent2 | Bent3 | Bent4 | Bent5
52410290 1 451 NA 404 NA 2947 NA 2494 NA
Column Shear Demand (Kips) Column Flexural Demand (K-ft)
Locatio
Bridge ID n Bent2 | Bent3 Bent 4 BentS | Bent2 | Bent3 | Bent4 | Bent$S
Hwy 14
06154150 | Bypass 463 465 416 NA 3803 3718 3675 NA
Hwy
14092199 50W 600 547 NA NA 4635 2893 NA NA
Hwy
14131205 50E 432 459 NA NA 2749 2990 NA NA
Madison
50175210 St 446 446 NA NA 2674 2674 NA NA
Madison
50176210 St 430 430 NA NA 2788 2788 NA NA
50177199 | 12th St 426 459 NA NA 3489 2579 NA NA
50178199 | 12th St 416 445 NA NA 3836 2894 NA NA
Mt.
Rushmor
52410318 e Rd. 503 570 558 549 3660 3659 3212 3214
Haines
52415285 Ave. 600 600 NA NA 9366 9366 NA NA
Haines
52415286 Ave. 600 600 NA NA 9366 9366 NA NA
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G.3: Column Demand-to-Capacity Ratios

1-90 Shear D/C Ratio Bending Moment D/C Ratio
Mile
Marke
Bridge ID r Bent2 | Bent3 Bent 4 BentS | Bent2 | Bent3 | Bent4 | Bent$5
41095059 10 1.54 1.72 1.65 NA 1.65 1.47 1.35 NA
41116088 12 1.13 1.13 1.16 NA 3.10 2.81 2.96 NA
41101077 14 1.18 1.13 1.10 NA 3.47 3.21 3.12 NA
41154087 17 2.00 1.51 1.95 NA 4.45 3.12 3.64 NA
41155087 17 2.07 1.62 1.84 NA 4.30 3.15 3.96 NA
41185086 21 2.24 2.46 2.47 NA 3.83 4.48 4.49 NA
41207092 23 1.31 131 1.37 NA 3.38 3.37 3.12 NA
41226107 255 1.36 1.37 1.29 NA 5.15 4.09 4.68 NA
47061480 36.5 1.52 1.55 1.62 NA 5.12 5.83 5.70 NA
47069510 40 1.61 1.87 1.61 NA 4.86 4.24 4.86 NA
47098563 44 0.67 0.67 0.67 NA 0.51 0.58 0.79 NA
47111580 46 2.38 NA NA NA 3.03 NA NA NA
47135609 52 0.71 NA NA NA 0.42 NA NA NA
52390278 55 1.58 NA NA NA 1.74 NA NA NA
52410285 57 0.67 NA NA NA 0.59 NA NA NA
52424285 59 1.73 NA NA NA 1.60 NA NA NA
52450287 61 1.05 NA NA NA 0.67 NA NA NA
52467276 63 1.05 1.21 1.05 NA 3.47 1.51 3.47 NA
52470276 63.5 0.89 NA NA NA 0.78 NA NA NA
52500275 67 0.55 NA NA NA 0.68 NA NA NA
52540275 71 1.83 1.85 1.70 NA 3.99 3.36 4.20 NA
52610285 78 0.57 0.54 0.57 NA 0.65 0.45 0.76 NA
52640285 81 0.72 0.68 0.73 NA 141 0.80 1.25 NA
52670285 84 0.56 0.54 0.56 NA 0.81 0.47 0.82 NA
52710283 88 0.73 0.71 0.73 NA 1.34 0.71 1.34 NA
52830310 101 1.18 1.30 1.35 NA 3.76 4.19 3.67 NA
52880346 107 1.09 1.31 1.09 NA 3.58 3.06 3.58 NA
52900360 109 0.99 1.12 0.99 NA 2.34 2.27 2.34 NA
52925365 112 2.02 2.39 2.04 NA 491 4.04 4.71 NA
52926366 112 2.19 2.30 2.40 NA 3.03 2.73 2.37 NA
36120107 131 2.93 2.93 2.93 NA 5.29 5.26 5.29 NA
36309106 150 1.24 1.27 1.12 NA 242 2.23 2.87 NA
38030185 177 0.93 NA NA NA 1.74 NA NA NA
38166196 191 0.82 1.01 0.85 NA 2.66 2.36 2.35 NA
38180198 192 1.70 NA NA NA 4.15 NA NA NA
43026195 212 1.06 1.19 0.90 NA 2.23 2.31 2.46 NA
08069103 264 1.70 NA NA NA 4.02 NA NA NA
08080112 265 1.28 1.33 1.28 NA 3.45 3.61 3.45 NA
08120125 269 1.59 1.80 1.59 NA 4.29 3.87 4.29 NA
08145124 272 1.44 1.79 1.44 NA 5.09 4.52 5.09 NA
08290135 286 1.19 1.33 1.19 NA 4.03 3.63 4.03 NA
08310135 289 1.65 1.76 1.65 NA 4.77 4.44 4.77 NA
02000135 291 1.57 1.80 1.57 NA 4.33 3.87 4.33 NA
02018140 293 1.37 1.51 1.37 NA 2.59 2.49 2.59 NA
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1-90 Shear D/C Ratio Bending Moment D/C Ratio
Mile
Marke
Bridge ID r Bent2 | Bent3 Bent 4 Bent5 | Bent2 | Bent3 | Bent4 | Bent5
02040149 296 1.43 1.58 1.43 NA 3.19 2.90 3.19 NA
02070155 299 1.07 1.21 1.11 NA 2.83 241 2.75 NA
02100155 302 1.14 1.24 1.14 NA 2.66 2.27 2.66 NA
02140155 306 1.10 1.25 1.13 NA 2.92 231 2.83 NA
0215C158 308 1.37 1.46 1.37 NA 4.06 3.65 4.06 NA
02180165 310 1.46 1.56 1.46 NA 3.30 2.96 3.30 NA
02220165 312 1.07 1.18 1.07 NA 2.83 2.54 2.83 NA
18010105 317 1.07 1.18 1.07 NA 2.83 2.54 2.83 NA
18030105 319 1.46 1.56 1.51 NA 3.30 3.11 3.22 NA
18050105 321 1.11 1.18 1.11 NA 2.75 2.54 2.75 NA
18070105 323 1.11 1.21 1.11 NA 2.75 241 2.75 NA
18090105 325 1.46 1.63 1.56 NA 3.30 2.92 3.11 NA
18120105 328 1.07 1.21 1.07 NA 2.83 241 2.83 NA
18140107 330 2.33 2.72 1.28 NA 3.08 2.83 2.96 NA
31040105 337 1.04 1.18 1.04 NA 2.90 2.54 2.90 NA
31090126 344 1.32 1.56 1.32 NA 3.29 2.96 3.29 NA
31120126 347 1.04 1.18 1.04 NA 2.90 2.54 2.90 NA
31150125 350 1.45 1.66 1.45 NA 3.15 2.70 3.15 NA
31160125 351 1.04 1.18 1.04 NA 2.90 2.54 2.90 NA
44010126 354 1.63 1.85 1.65 NA 4.66 3.94 4.77 NA
44050127 358 1.63 1.85 1.63 NA 4.66 3.94 4.66 NA
44080125 361 1.55 1.85 1.61 NA 4.04 3.36 3.95 NA
44110125 364 0.90 NA NA NA 0.88 NA NA NA
44150126 368 1.51 1.77 1.51 NA 4.85 4.27 4.85 NA
44170126 370 1.59 1.87 1.65 NA 4.19 3.44 4.09 NA
44210126 374 1.82 1.96 1.82 NA 5.28 4.33 5.28 NA
50030149 381 0.79 0.99 0.79 NA 3.09 1.46 3.09 NA
50050164 384 1.52 1.63 1.47 NA 5.10 4.98 5.27 NA
50070165 386 1.68 1.84 1.68 NA 4.92 4.34 4.92 NA
50090165 388 1.68 1.76 1.68 NA 4.92 4.66 4.92 NA
50160166 394 1.68 1.79 1.59 NA 4.93 4.34 4.89 NA
50170164 395 0.85 NA NA NA 0.61 NA NA NA
50185163 396.5 1.16 1.24 1.16 NA 3.30 341 3.30 NA
50240165 402 0.55 0.54 0.56 NA 0.89 0.44 0.84 NA
50280165 406 0.57 0.53 0.56 NA 0.71 0.48 0.87 NA
50300166 408 0.57 0.54 0.56 NA 0.72 0.48 0.90 NA
50320166 410 0.57 0.53 0.56 NA 0.71 0.48 0.83 NA
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1-29 Shear D/C Ratio Bending Moment D/C Ratio
Mile
Marke
Bridge ID r Bent2 | Bent3 Bent 4 BentS | Bent2 | Bent3 | Bent4 | Bent$5
64158399 1 1.88 NA NA NA 2.15 NA NA NA
64149367 4 0.56 0.53 0.56 NA 1.05 0.66 1.05 NA
64140355 6 0.56 0.54 0.56 NA 0.76 0.57 0.76 NA
64120336 8 0.56 0.55 0.56 NA 1.07 0.62 1.07 NA
64115330 9 0.56 0.53 0.56 NA 0.89 0.61 0.89 NA
64100315 11 0.57 0.55 0.57 NA 0.92 0.67 0.92 NA
64080296 14 0.57 0.56 0.57 NA 1.01 0.62 1.01 NA
64070287 15 0.55 0.54 0.55 NA 1.08 0.60 1.08 NA
64050250 20 0.73 0.69 0.73 NA 1.24 0.76 1.24 NA
64020220 24 0.73 0.69 0.72 NA 1.21 0.77 1.32 NA
64008205 26 0.56 0.54 0.56 NA 1.08 0.61 1.08 NA
64006160 31 1.63 1.76 1.63 NA 3.71 3.64 3.71 NA
64006120 35 1.63 1.76 1.63 NA 3.71 3.64 3.71 NA
64006100 37 1.62 1.85 1.74 NA 3.95 3.55 4.10 NA
64006090 38 1.65 1.79 1.65 NA 4.03 4.13 4.03 NA
64006030 44 1.65 1.75 1.65 NA 4.03 4.01 4.03 NA
64006010 46 1.65 1.75 1.65 NA 4.03 4.01 4.03 NA
64006000 47 0.77 NA NA NA 0.68 NA NA NA
42065260 50 1.65 1.75 1.65 NA 4.03 4.01 4.03 NA
42065230 53 1.65 1.84 1.82 NA 4.03 4.16 4.47 NA
42065200 56 1.58 1.75 1.58 NA 4.15 4.01 4.15 NA
42065170 59 1.58 1.75 1.65 NA 4.15 4.01 4.03 NA
42065140 62 0.54 0.51 0.54 NA 0.83 0.54 0.68 NA
42065141 62 0.54 0.51 0.54 NA 0.82 0.52 0.65 NA
42065130 63 0.73 0.71 0.73 NA 1.15 0.63 1.15 NA
42065120 64 0.55 0.52 0.55 NA 0.87 0.50 0.87 NA
42065100 67 0.73 0.71 0.73 NA 1.15 0.63 1.15 NA
42065080 68 0.79 NA NA NA 0.85 NA NA NA
42065050 71 0.73 0.70 0.73 NA 1.15 0.67 1.15 NA
50172240 76 1.03 NA NA NA 0.99 NA NA NA
50173235 76.5 2.09 2.18 2.24 NA 2.84 2.56 2.43 NA
50175230 77 1.92 NA NA NA 291 NA NA NA
50175222 78 1.01 NA NA NA 0.96 NA NA NA
50178191 81 0.76 NA NA NA 0.47 NA NA NA
50180170 83 0.97 NA NA NA 0.90 NA NA NA
50180162 84 1.12 0.89 1.12 0.89 3.08 2.07 1.44 4
50180163 84 1.08 0.92 0.92 1.14 3.12 2.08 2.08 3
50180140 86 1.84 1.84 1.64 NA 4.33 4.33 4.01 NA
50177130 87 1.42 1.60 1.38 NA 5.86 4.94 5.66 NA
50175040 96 1.56 1.89 1.65 NA 4.94 4.08 4.77 NA
50175020 98 1.65 1.79 1.48 NA 4.77 4.34 5.06 NA
51065210 102 1.53 1.81 1.65 NA 4.98 4.24 4.77 NA
51065200 104 1.65 1.83 1.65 NA 4.77 4.16 4.77 NA
51065150 109 1.62 1.81 1.53 NA 4.83 4.24 4.98 NA
51066100 114 1.42 1.70 1.50 NA 3.45 2.88 3.35 NA
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1-29 Shear D/C Ratio Bending Moment D/C Ratio
Mile
Marke
Bridge ID r Bent2 | Bent3 Bent 4 Bent5 | Bent2 | Bent3 | Bent4 | Bent5
51065050 120 1.07 1.21 1.07 NA 2.83 241 2.83 NA
06185230 126 1.42 1.65 1.50 NA 3.45 3.02 3.35 NA
06185210 127 1.49 1.68 1.49 NA 3.54 3.10 3.54 NA
06185190 129 1.04 1.18 1.04 NA 2.90 2.54 2.90 NA
06185159 132 1.45 1.68 1.55 NA 3.42 2.96 3.26 NA
06185160 132 1.45 1.68 1.55 NA 3.42 2.96 3.26 NA
06185150 133 1.61 1.72 1.55 NA 3.16 2.80 3.26 NA
06185130 135 2.31 NA NA NA 3.02 NA NA NA
06185110 137 1.89 NA NA NA 4.42 NA NA NA
06185080 140 2.40 NA NA NA 2.83 NA NA NA
20061280 150 1.84 NA NA NA 3.05 NA NA NA
29280020 167 1.99 244 1.99 NA 245 2.22 2.45 NA
15240220 173 2.03 2.15 2.03 NA 2.10 2.52 2.10 NA
15215150 180 1.83 NA NA NA 3.99 NA NA NA
15215120 183 1.96 NA NA NA 5.48 NA NA NA
15215070 189 2.19 NA NA NA 6.09 NA NA NA
15215030 193 1.88 NA NA NA 4.11 NA NA NA
55085440 206 1.17 NA NA NA 4.08 NA NA NA
55085429 207 2.09 2.16 2.09 NA 2.59 2.48 2.59 NA
55100367 213 3.06 3.05 3.06 NA 5.61 5.34 5.84 NA
55115330 218 1.17 NA NA NA 4.10 NA NA NA
55115290 222 1.17 NA NA NA 4.11 NA NA NA
55115220 229 0.58 NA NA NA 1.86 NA NA NA
55116190 232 2.25 2.25 2.21 NA 2.23 2.22 2.30 NA
55124170 234 2.58 2.53 2.58 NA 1.86 2.49 1.86 NA
55144130 239 244 243 244 NA 1.99 2.17 1.99 NA
55175040 248 1.17 NA NA NA 4.08 NA NA NA
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1-229 Shear D/C Ratio Bending Moment D/C Ratio
Mile
Bridge ID | Marker | Bent2 | Bent3 Bent 4 BentS | Bent2 | Bent3 | Bent4 | Bent$5
42079004 1 0.38 NA NA NA 0.87 NA NA NA
50191238 2 0.29 NA NA NA 0.54 NA NA NA
50216220 5 2.16 1.97 2.05 NA 2.52 2.22 2.50 NA
50219215 5.5 2.06 NA 2.27 NA 4.86 NA 3.91 NA
50219210 5.75 0.65 NA NA NA 0.79 NA NA NA
50219208 6 NA NA NA NA NA NA NA NA
50219205 6.25 0.66 NA NA NA 0.65 NA NA NA
50219180 9 0.28 NA NA NA 0.59 NA NA NA
50221170 9.7 1.13 1.25 1.15 NA 3.24 3.33 3.12 NA
50221167 10 0.80 NA NA NA 1.45 NA NA NA
50221166 10 0.84 NA NA NA 1.43 NA NA NA
1-190 Shear D/C Ratio Bending Moment D/C Ratio
Mile
Bridge ID | Marker | Bent2 | Bent3 Bent 4 BentS | Bent2 | Bent3 | Bent4 | BentS$S
52410290 1 2.85 NA 2.56 NA 6.70 NA 5.67 NA
Miscellaneous Roads Shear D/C Ratio Bending Moment D/C Ratio
Locatio
Bridge ID n Bent2 | Bent3 Bent 4 BentS [ Bent2 | Bent3 | Bent4 | Bent5
Hwy 14
06154150 | Bypass 1.02 1.02 0.91 NA 3.06 2.98 2.96 NA
Hwy
14092199 50W 2.68 241 NA NA 4.35 2.31 NA NA
Hwy
14131205 50E 2.09 2.22 NA NA 2.57 2.78 NA NA
Madison
50175210 St 0.53 0.53 NA NA 0.17 0.17 NA NA
Madison
50176210 St 0.51 0.51 NA NA 0.17 0.17 NA NA
50177199 | 12th St 0.51 0.55 NA NA 0.22 0.16 NA NA
50178199 | 12th St 0.50 0.53 NA NA 0.24 0.18 NA NA
Mt.
Rushmor
52410318 e Rd. 1.54 1.74 1.70 1.68 4.93 7.39 6.45 4
Haines
52415285 Ave. 0.79 0.79 NA NA 0.51 0.51 NA NA
Haines
52415286 Ave. 0.79 0.79 NA NA 0.51 0.51 NA NA
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APPENDIX H: MEASURED STRAIN

G.1: Measured Strain in Specimen NCS
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G.1: Measured Strain in Specimen NCS Page 2
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G.2: Measured Strain in Specimen CSR
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G.2: Measured Strain in Specimen CSR Page 3
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APPENDIX I: STATISTICAL SOFTWARE CODE

I.1: R Code for Inverse Distance Weighting

# Before starting, we need to have both the gstat package loaded
library(gstat)
library(lattice)

library(sp)
library(RColorBrewer)

# Read in two datasets - the sample points and the prediction grid

# These are two gstat sample datasets that can be accessed by typing data(meuse)

# and data(meuse.grid). Here, we read them from text files as an example

weatherl <- read.csv("C:\\Users\\zhao.shen\\Desktop\\R_kriging\\weatherdatasummary.csv")
weather2 <- read.csv("C:\\Users\\zhao.shen\\Desktop\\R_kriging\NORMALWEATHER.csv")
left <- read.csv("'C:\\Users\\zhao.shen\\Desktop\\R _kriging\\0408left.csv")

class(weatherl)

names(weatherl)

# Make the data frame into a spatial data object for use with gstat
coordinates(weatherl) <- c("X", "Y")

class(weatherl)

summary(weatherl)

HHBHHHEHHHHHHHE
# Spatial Interpolation
HHBHHHEHHHHHHHE

# Examine the prediction grid
class(left)

names(left)

coordinates(left) <- c("X", "Y")
class(left)

summary(left)

HHHH R R
# Inverse distance weighting
HHHH R

idw_pow = seq(0.2,2, by = 0.2) # the idwpower values that will be checked
cv_vals = sapply(idw_pow, do_cv) # calculate the rmse

# List of outcomes

print(data.frame(idp = idw_pow, cv_rmse = cv_vals))

# Generate inverse distance weighting prediction for k=0.8
# Call the idw function and specify the idp parameter
predict.idwl <- idw(rainfall ~ 1, locations=weather1, newdata=left, idp=0.8)

predict.idwl$varl.pred
pre<-data.frame(predict.idwl$varl.pred)
write.csv(pre,"preidwrain.csv")
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1.2: SAS Codes for Negative Binomial Model

proc import out=data

datafile="C:\data.csv'

DBMS=CSV REPLACE;

GETNAMES=YES;

run;

proc genmod data=data;

class LANES LW SUR_TY SH_TY RS;

model crash = TRUCK_ADT SUR_TY RS H_curve SNOWFALL
/ dist=nb link=log offset=SH_LENG,;

run;

Evaluation and Mitigation of Vehicle Impact Hazard 148 June 2017
for Overpasses



	Structure Bookmarks
	SD2012-02-F 
	SD2012-02-F 
	Figure
	Figure
	 
	 
	 
	 
	 
	 
	 
	 
	Figure
	 
	Evaluation and Mitigation of
	Evaluation and Mitigation of
	 
	Vehicle Impact Hazards for Overpasses
	 

	Study SD2012-02
	Study SD2012-02
	 

	Final Report
	Final Report
	 

	 
	 
	 
	 
	Prepared by 
	South Dakota State University 
	Brookings, SD 57007 June 2017 
	DISCLAIMER 
	The contents of this report, funded in part through grant(s) from the Federal Highway Administration, reflect the views of the authors who are responsible for the facts and accuracy of the data presented herein. The contents do not necessarily reflect the official views or policies of the South Dakota Department of Transportation, the State Transportation Commission, or the Federal Highway Administration. This report does not constitute a standard, specification, or regulation. 
	The South Dakota Department of Transportation provides services without regard to race, color, gender, religion, national origin, age or disability, according to the provisions contained in SDCL 20-13, Title VI of the Civil Rights Act of 1964, the Rehabilitation Act of 1973, as amended, the Americans With Disabilities Act of 1990 and Executive Order 12898, Federal Actions to Address Environmental Justice in Minority Populations and Low-Income Populations, 1994. Any person who has questions concerning this p
	 
	 
	  
	 
	 
	 
	 
	 
	 
	 
	 
	ACKNOWLEDGEMENTS 
	This work was performed under the direction of the SD2012-02 Technical Panel: 
	 
	 
	Elmer Alksnitis .... Office of Bridge Design 
	Dustin Artz ................... Office of Research 
	Aaron Breyfogle ........... Office of Research 
	Mark Clausen  ................................. FHWA 
	Dave Coley .......... Office of Bridge Design 
	Jeff Gillespie ...... SD Trucking Association 
	Mark King  .................. Operations Support 
	Jay Larson .................... Operations Support 
	The cover page photograph is courtesy of the Minnesota Department of Transportation 
	The authors would like to thank the Office of Research at South Dakota Department of Transportation and Zachary Gutzmer of South Dakota State University for their assistance and valuable contribution to the project. 
	  
	TECHNICAL REPORT STANDARD TITLE PAGE 
	1. Report No. 
	1. Report No. 
	1. Report No. 
	1. Report No. 
	1. Report No. 
	 SD2012-02-F 

	2. Government Accession No. 
	2. Government Accession No. 

	3. Recipient's Catalog No. 
	3. Recipient's Catalog No. 


	4. Title and Subtitle 
	4. Title and Subtitle 
	4. Title and Subtitle 
	Evaluation and Mitigation of Vehicle Impact Hazard for Overpasses 

	5. Report Date 
	5. Report Date 
	06/30/2017 


	TR
	6. Performing Organization Code 
	6. Performing Organization Code 
	 


	7. Author(s) 
	7. Author(s) 
	7. Author(s) 
	Nadim Wehbe, Xiao Qin, Brett Tigges, Zhao Shen and Abdullah Boudaqa 

	8. Performing Organization Report No. 
	8. Performing Organization Report No. 
	 


	9. Performing Organization Name and Address 
	9. Performing Organization Name and Address 
	9. Performing Organization Name and Address 
	South Dakota State University 
	Crothers Engineering Hall/Box 2219 
	Brookings, SD 57007 

	10. Work Unit No. 
	10. Work Unit No. 
	 HRY301 


	TR
	11. Contract or Grant No. 
	11. Contract or Grant No. 
	311158 


	12. Sponsoring Agency Name and Address 
	12. Sponsoring Agency Name and Address 
	12. Sponsoring Agency Name and Address 
	South Dakota Department of Transportation 
	Office of Research 
	700 East Broadway Avenue 
	Pierre, SD 57501-2586 

	13. Type of Report and Period Covered 
	13. Type of Report and Period Covered 
	Final Report 
	September 2012 – June 2017  


	TR
	14. Sponsoring Agency Code 
	14. Sponsoring Agency Code 
	 


	15. Supplementary Notes 
	15. Supplementary Notes 
	15. Supplementary Notes 
	An executive summary is published separately as SD2012-02-X. 


	16. Abstract 
	16. Abstract 
	16. Abstract 
	Crashes of heavy trucks with bridge columns are random events with low probability of occurrence. In spite of the low odds, previous collision events have resulted in catastrophic partial or full collapse of bridges. AASHTO-LRFD Bridge Design Specifications requires bridge columns to be designed for collision loads to prevent bridge collapse under such extreme events. The majority of overpass bridges on the Interstate system and other major highways in South Dakota were designed and constructed prior to the
	  
	A risk assessment for truck collisions with bridge columns was performed and the vulnerability of bridge columns to catastrophic failure under lateral collision forces was evaluated to develop a risk analysis and mitigation strategy for critical bridges on the state’s Interstate system and other critical highways. The risk assessment study resulted in the development of a prioritization list for retrofit of bridge bents to mitigate collapse under vehicular collision forces. 
	 
	An experimental study was conducted on two ⅓-scale bent specimens to assess the effectiveness of a retrofit measure for vulnerable bridge bents. The retrofit consisted of a crash strut that spans between the bent columns and acts as a shear wall. Experimental results showed that the retrofitted specimen was capable of resisting 150% of the AASHTO vehicular collision force without experiencing any significant distress. A finite element dynamic analysis showed that the AASHTO-specified 600-kip vehicle collisi


	17. Keywords 
	17. Keywords 
	17. Keywords 
	Truck Collision Load, Impact Hazard, Bridge Columns, Crash Strut 

	18. Distribution Statement 
	18. Distribution Statement 
	 No restrictions. This document is available to the public from the sponsoring agency. 


	19. Security Classification (of this report) 
	19. Security Classification (of this report) 
	19. Security Classification (of this report) 

	20. Security Classification (of this page) 
	20. Security Classification (of this page) 

	21. No. of Pages 
	21. No. of Pages 

	22. Price 
	22. Price 




	Table
	TBody
	TR
	 Unclassified 
	 Unclassified 

	 Unclassified 
	 Unclassified 

	158 
	158 




	TABLE OF CONTENTS
	TABLE OF CONTENTS
	 

	DISCLAIMER ............................................................................................................................................................ II
	DISCLAIMER ............................................................................................................................................................ II
	DISCLAIMER ............................................................................................................................................................ II
	DISCLAIMER ............................................................................................................................................................ II

	 

	ACKNOWLEDGEMENTS ........................................................................................................................................... II
	ACKNOWLEDGEMENTS ........................................................................................................................................... II
	ACKNOWLEDGEMENTS ........................................................................................................................................... II

	 

	TECHNICAL REPORT STANDARD TITLE PAGE ......................................................................................................... III
	TECHNICAL REPORT STANDARD TITLE PAGE ......................................................................................................... III
	TECHNICAL REPORT STANDARD TITLE PAGE ......................................................................................................... III

	 

	TABLE OF CONTENTS............................................................................................................................................... V
	TABLE OF CONTENTS............................................................................................................................................... V
	TABLE OF CONTENTS............................................................................................................................................... V

	 

	LIST OF TABLES ..................................................................................................................................................... VII
	LIST OF TABLES ..................................................................................................................................................... VII
	LIST OF TABLES ..................................................................................................................................................... VII

	 

	LIST OF FIGURES ................................................................................................................................................... VII
	LIST OF FIGURES ................................................................................................................................................... VII
	LIST OF FIGURES ................................................................................................................................................... VII

	 

	1 EXECUTIVE SUMMARY .................................................................................................................................... 1
	1 EXECUTIVE SUMMARY .................................................................................................................................... 1
	1 EXECUTIVE SUMMARY .................................................................................................................................... 1

	 

	1.1 INTRODUCTION ........................................................................................................................................... 1
	1.1 INTRODUCTION ........................................................................................................................................... 1
	1.1 INTRODUCTION ........................................................................................................................................... 1

	 

	1.2 PROBLEM DESCRIPTION ................................................................................................................................ 1
	1.2 PROBLEM DESCRIPTION ................................................................................................................................ 1
	1.2 PROBLEM DESCRIPTION ................................................................................................................................ 1

	 

	1.3 RESEARCH WORK ........................................................................................................................................ 1
	1.3 RESEARCH WORK ........................................................................................................................................ 1
	1.3 RESEARCH WORK ........................................................................................................................................ 1

	 

	1.4 RESEARCH FINDINGS AND CONCLUSIONS .......................................................................................................... 2
	1.4 RESEARCH FINDINGS AND CONCLUSIONS .......................................................................................................... 2
	1.4 RESEARCH FINDINGS AND CONCLUSIONS .......................................................................................................... 2

	 

	1.5 RECOMMENDATIONS ................................................................................................................................... 4
	1.5 RECOMMENDATIONS ................................................................................................................................... 4
	1.5 RECOMMENDATIONS ................................................................................................................................... 4

	 

	1.5.1 Recommendation 1 ............................................................................................................................ 4
	1.5.1 Recommendation 1 ............................................................................................................................ 4
	1.5.1 Recommendation 1 ............................................................................................................................ 4

	 

	1.5.2 Recommendation 2 ............................................................................................................................ 4
	1.5.2 Recommendation 2 ............................................................................................................................ 4
	1.5.2 Recommendation 2 ............................................................................................................................ 4

	 

	2 PROBLEM DESCRIPTION .................................................................................................................................. 5
	2 PROBLEM DESCRIPTION .................................................................................................................................. 5
	2 PROBLEM DESCRIPTION .................................................................................................................................. 5

	 

	3 RESEARCH OBJECTIVES .................................................................................................................................... 6
	3 RESEARCH OBJECTIVES .................................................................................................................................... 6
	3 RESEARCH OBJECTIVES .................................................................................................................................... 6

	 

	3.1 OBJECTIVE 1 ............................................................................................................................................... 6
	3.1 OBJECTIVE 1 ............................................................................................................................................... 6
	3.1 OBJECTIVE 1 ............................................................................................................................................... 6

	 

	3.2 OBJECTIVE 2 ............................................................................................................................................... 6
	3.2 OBJECTIVE 2 ............................................................................................................................................... 6
	3.2 OBJECTIVE 2 ............................................................................................................................................... 6

	 

	3.3 OBJECTIVE 3 ............................................................................................................................................... 6
	3.3 OBJECTIVE 3 ............................................................................................................................................... 6
	3.3 OBJECTIVE 3 ............................................................................................................................................... 6

	 

	4 TASK DESCRIPTIONS ........................................................................................................................................ 7
	4 TASK DESCRIPTIONS ........................................................................................................................................ 7
	4 TASK DESCRIPTIONS ........................................................................................................................................ 7

	 

	4.1 TASK 1 ...................................................................................................................................................... 7
	4.1 TASK 1 ...................................................................................................................................................... 7
	4.1 TASK 1 ...................................................................................................................................................... 7

	 

	4.2 TASK 2 ...................................................................................................................................................... 7
	4.2 TASK 2 ...................................................................................................................................................... 7
	4.2 TASK 2 ...................................................................................................................................................... 7

	 

	4.3 TASK 3 ...................................................................................................................................................... 7
	4.3 TASK 3 ...................................................................................................................................................... 7
	4.3 TASK 3 ...................................................................................................................................................... 7

	 

	4.4 TASK 4 ...................................................................................................................................................... 8
	4.4 TASK 4 ...................................................................................................................................................... 8
	4.4 TASK 4 ...................................................................................................................................................... 8

	 

	4.5 TASK 5 ...................................................................................................................................................... 8
	4.5 TASK 5 ...................................................................................................................................................... 8
	4.5 TASK 5 ...................................................................................................................................................... 8

	 

	4.6 TASK 6 ...................................................................................................................................................... 8
	4.6 TASK 6 ...................................................................................................................................................... 8
	4.6 TASK 6 ...................................................................................................................................................... 8

	 

	4.7 TASK 7 ...................................................................................................................................................... 8
	4.7 TASK 7 ...................................................................................................................................................... 8
	4.7 TASK 7 ...................................................................................................................................................... 8

	 

	4.8 TASK 8 ...................................................................................................................................................... 9
	4.8 TASK 8 ...................................................................................................................................................... 9
	4.8 TASK 8 ...................................................................................................................................................... 9

	 

	4.9 TASK 9 ...................................................................................................................................................... 9
	4.9 TASK 9 ...................................................................................................................................................... 9
	4.9 TASK 9 ...................................................................................................................................................... 9

	 

	4.10 TASK 10 .................................................................................................................................................... 9
	4.10 TASK 10 .................................................................................................................................................... 9
	4.10 TASK 10 .................................................................................................................................................... 9

	 

	4.11 TASK 11 .................................................................................................................................................. 10
	4.11 TASK 11 .................................................................................................................................................. 10
	4.11 TASK 11 .................................................................................................................................................. 10

	 

	4.12 TASK 12 .................................................................................................................................................. 10
	4.12 TASK 12 .................................................................................................................................................. 10
	4.12 TASK 12 .................................................................................................................................................. 10

	 

	4.13 TASK 13 .................................................................................................................................................. 10
	4.13 TASK 13 .................................................................................................................................................. 10
	4.13 TASK 13 .................................................................................................................................................. 10

	 

	5 COLLISION RISK ANALYSIS ............................................................................................................................. 11
	5 COLLISION RISK ANALYSIS ............................................................................................................................. 11
	5 COLLISION RISK ANALYSIS ............................................................................................................................. 11

	 

	5.1 LITERATURE REVIEW .................................................................................................................................. 11
	5.1 LITERATURE REVIEW .................................................................................................................................. 11
	5.1 LITERATURE REVIEW .................................................................................................................................. 11

	 

	5.1.1 Crash Risk Analysis ........................................................................................................................... 11
	5.1.1 Crash Risk Analysis ........................................................................................................................... 11
	5.1.1 Crash Risk Analysis ........................................................................................................................... 11

	 

	5.1.2 Crash Count Models ......................................................................................................................... 12
	5.1.2 Crash Count Models ......................................................................................................................... 12
	5.1.2 Crash Count Models ......................................................................................................................... 12

	 

	5.1.3 Roadside Design ............................................................................................................................... 12
	5.1.3 Roadside Design ............................................................................................................................... 12
	5.1.3 Roadside Design ............................................................................................................................... 12

	 

	5.1.4 Road User Costs ............................................................................................................................... 14
	5.1.4 Road User Costs ............................................................................................................................... 14
	5.1.4 Road User Costs ............................................................................................................................... 14

	 

	5.1.5 Multi-Criteria Decision Analysis ....................................................................................................... 14
	5.1.5 Multi-Criteria Decision Analysis ....................................................................................................... 14
	5.1.5 Multi-Criteria Decision Analysis ....................................................................................................... 14

	 

	5.2 STUDY DESIGN .......................................................................................................................................... 14
	5.2 STUDY DESIGN .......................................................................................................................................... 14
	5.2 STUDY DESIGN .......................................................................................................................................... 14

	 

	5.2.1 Method for Ranking Bridges for Collision Risk ................................................................................. 15
	5.2.1 Method for Ranking Bridges for Collision Risk ................................................................................. 15
	5.2.1 Method for Ranking Bridges for Collision Risk ................................................................................. 15

	 

	5.3 DATA COLLECTION AND PROCESSING ............................................................................................................. 16
	5.3 DATA COLLECTION AND PROCESSING ............................................................................................................. 16
	5.3 DATA COLLECTION AND PROCESSING ............................................................................................................. 16

	 

	5.3.1 Bridge Survey ................................................................................................................................... 16
	5.3.1 Bridge Survey ................................................................................................................................... 16
	5.3.1 Bridge Survey ................................................................................................................................... 16

	 

	5.3.2 Data Sources .................................................................................................................................... 18
	5.3.2 Data Sources .................................................................................................................................... 18
	5.3.2 Data Sources .................................................................................................................................... 18

	 

	5.3.3 Data Processing ................................................................................................................................ 20
	5.3.3 Data Processing ................................................................................................................................ 20
	5.3.3 Data Processing ................................................................................................................................ 20

	 

	5.3.4 Summary .......................................................................................................................................... 22
	5.3.4 Summary .......................................................................................................................................... 22
	5.3.4 Summary .......................................................................................................................................... 22

	 

	5.4 METHODOLOGY ........................................................................................................................................ 23
	5.4 METHODOLOGY ........................................................................................................................................ 23
	5.4 METHODOLOGY ........................................................................................................................................ 23

	 

	5.4.1 Truck Run-Off-the-Road Crash Prediction Model ............................................................................. 23
	5.4.1 Truck Run-Off-the-Road Crash Prediction Model ............................................................................. 23
	5.4.1 Truck Run-Off-the-Road Crash Prediction Model ............................................................................. 23

	 

	5.4.2 Bridge Hazard Envelope Estimation ................................................................................................. 24
	5.4.2 Bridge Hazard Envelope Estimation ................................................................................................. 24
	5.4.2 Bridge Hazard Envelope Estimation ................................................................................................. 24

	 

	5.4.3 Road User Costs Evaluation.............................................................................................................. 25
	5.4.3 Road User Costs Evaluation.............................................................................................................. 25
	5.4.3 Road User Costs Evaluation.............................................................................................................. 25

	 

	5.4.4 Ranking Strategies ........................................................................................................................... 25
	5.4.4 Ranking Strategies ........................................................................................................................... 25
	5.4.4 Ranking Strategies ........................................................................................................................... 25

	 

	5.5 ANALYSIS OF RESULTS ................................................................................................................................ 26
	5.5 ANALYSIS OF RESULTS ................................................................................................................................ 26
	5.5 ANALYSIS OF RESULTS ................................................................................................................................ 26

	 

	5.5.1 Truck ROR Crash Prediction Model Results ...................................................................................... 26
	5.5.1 Truck ROR Crash Prediction Model Results ...................................................................................... 26
	5.5.1 Truck ROR Crash Prediction Model Results ...................................................................................... 26

	 

	5.5.2 Ranking Results ................................................................................................................................ 27
	5.5.2 Ranking Results ................................................................................................................................ 27
	5.5.2 Ranking Results ................................................................................................................................ 27

	 

	5.6 SUMMARY ............................................................................................................................................... 33
	5.6 SUMMARY ............................................................................................................................................... 33
	5.6 SUMMARY ............................................................................................................................................... 33

	 

	6 EVALUATION AND COLLAPSE MITIGATION OF VULNERABLE OVERPASSES .................................................. 34
	6 EVALUATION AND COLLAPSE MITIGATION OF VULNERABLE OVERPASSES .................................................. 34
	6 EVALUATION AND COLLAPSE MITIGATION OF VULNERABLE OVERPASSES .................................................. 34

	 

	6.1 INTRODUCTION ......................................................................................................................................... 34
	6.1 INTRODUCTION ......................................................................................................................................... 34
	6.1 INTRODUCTION ......................................................................................................................................... 34

	 

	6.2 LITERATURE REVIEW .................................................................................................................................. 35
	6.2 LITERATURE REVIEW .................................................................................................................................. 35
	6.2 LITERATURE REVIEW .................................................................................................................................. 35

	 

	6.2.1 Recent Cases of Bridge Collapse under Truck Collision Loads .......................................................... 35
	6.2.1 Recent Cases of Bridge Collapse under Truck Collision Loads .......................................................... 35
	6.2.1 Recent Cases of Bridge Collapse under Truck Collision Loads .......................................................... 35

	 

	6.2.2 Progression of Code Specifications on Vehicular Collision Force ...................................................... 37
	6.2.2 Progression of Code Specifications on Vehicular Collision Force ...................................................... 37
	6.2.2 Progression of Code Specifications on Vehicular Collision Force ...................................................... 37

	 

	6.2.3 Previous Analytical Work on Vehicular Collision Loads .................................................................... 38
	6.2.3 Previous Analytical Work on Vehicular Collision Loads .................................................................... 38
	6.2.3 Previous Analytical Work on Vehicular Collision Loads .................................................................... 38

	 

	6.2.4 MnDOT Crash Strut Retrofit ............................................................................................................. 39
	6.2.4 MnDOT Crash Strut Retrofit ............................................................................................................. 39
	6.2.4 MnDOT Crash Strut Retrofit ............................................................................................................. 39

	 

	6.3 DESCRIPTION OF THE BRIDGE INVENTORY ....................................................................................................... 39
	6.3 DESCRIPTION OF THE BRIDGE INVENTORY ....................................................................................................... 39
	6.3 DESCRIPTION OF THE BRIDGE INVENTORY ....................................................................................................... 39

	 

	6.3.1 Introduction ...................................................................................................................................... 39
	6.3.1 Introduction ...................................................................................................................................... 39
	6.3.1 Introduction ...................................................................................................................................... 39

	 

	6.3.2 Column Types ................................................................................................................................... 41
	6.3.2 Column Types ................................................................................................................................... 41
	6.3.2 Column Types ................................................................................................................................... 41

	 

	6.3.3 Bridge Types ..................................................................................................................................... 43
	6.3.3 Bridge Types ..................................................................................................................................... 43
	6.3.3 Bridge Types ..................................................................................................................................... 43

	 

	6.3.4 Foundation Types ............................................................................................................................. 45
	6.3.4 Foundation Types ............................................................................................................................. 45
	6.3.4 Foundation Types ............................................................................................................................. 45

	 

	6.3.5 Redundancy ...................................................................................................................................... 45
	6.3.5 Redundancy ...................................................................................................................................... 45
	6.3.5 Redundancy ...................................................................................................................................... 45

	 

	6.4 EVALUATION OF SOUTH DAKOTA BRIDGE STRUCTURES FOR VEHICULAR COLLISION FORCE ....................................... 46
	6.4 EVALUATION OF SOUTH DAKOTA BRIDGE STRUCTURES FOR VEHICULAR COLLISION FORCE ....................................... 46
	6.4 EVALUATION OF SOUTH DAKOTA BRIDGE STRUCTURES FOR VEHICULAR COLLISION FORCE ....................................... 46

	 

	6.4.1 Dead Load Carried by the Columns .................................................................................................. 46
	6.4.1 Dead Load Carried by the Columns .................................................................................................. 46
	6.4.1 Dead Load Carried by the Columns .................................................................................................. 46

	 

	6.4.2 Column Shear Capacity .................................................................................................................... 46
	6.4.2 Column Shear Capacity .................................................................................................................... 46
	6.4.2 Column Shear Capacity .................................................................................................................... 46

	 

	6.4.3 Column Flexural Capacity ................................................................................................................. 48
	6.4.3 Column Flexural Capacity ................................................................................................................. 48
	6.4.3 Column Flexural Capacity ................................................................................................................. 48

	 

	6.4.4 Shear and Flexural Demands ............................................................................................................ 48
	6.4.4 Shear and Flexural Demands ............................................................................................................ 48
	6.4.4 Shear and Flexural Demands ............................................................................................................ 48

	 

	6.4.5 Assessment of Bridge Vulnerability under a Vehicular Collision Force ............................................. 50
	6.4.5 Assessment of Bridge Vulnerability under a Vehicular Collision Force ............................................. 50
	6.4.5 Assessment of Bridge Vulnerability under a Vehicular Collision Force ............................................. 50

	 

	6.4.6 Prioritization of Vulnerable Bridge Bents for Collapse Mitigation ................................................... 51
	6.4.6 Prioritization of Vulnerable Bridge Bents for Collapse Mitigation ................................................... 51
	6.4.6 Prioritization of Vulnerable Bridge Bents for Collapse Mitigation ................................................... 51

	 

	6.5 PROOF TESTS OF AS-BUILT AND RETROFITTED TWO-CIRCULAR COLUMN BENTS .................................................... 52
	6.5 PROOF TESTS OF AS-BUILT AND RETROFITTED TWO-CIRCULAR COLUMN BENTS .................................................... 52
	6.5 PROOF TESTS OF AS-BUILT AND RETROFITTED TWO-CIRCULAR COLUMN BENTS .................................................... 52

	 

	6.5.1 Selection and Description of the Prototype Bridge........................................................................... 53
	6.5.1 Selection and Description of the Prototype Bridge........................................................................... 53
	6.5.1 Selection and Description of the Prototype Bridge........................................................................... 53

	 

	6.5.2 Selection and Description of the Retrofit Method ............................................................................ 54
	6.5.2 Selection and Description of the Retrofit Method ............................................................................ 54
	6.5.2 Selection and Description of the Retrofit Method ............................................................................ 54

	 

	6.5.3 Design and Construction of the Test Specimens ............................................................................... 55
	6.5.3 Design and Construction of the Test Specimens ............................................................................... 55
	6.5.3 Design and Construction of the Test Specimens ............................................................................... 55

	 

	6.5.4 Instrumentation ............................................................................................................................... 58
	6.5.4 Instrumentation ............................................................................................................................... 58
	6.5.4 Instrumentation ............................................................................................................................... 58

	 

	6.5.5 Test Set Up ....................................................................................................................................... 58
	6.5.5 Test Set Up ....................................................................................................................................... 58
	6.5.5 Test Set Up ....................................................................................................................................... 58

	 

	6.5.6 Experimental Results ........................................................................................................................ 60
	6.5.6 Experimental Results ........................................................................................................................ 60
	6.5.6 Experimental Results ........................................................................................................................ 60

	 

	6.6 SUMMARY ............................................................................................................................................... 65
	6.6 SUMMARY ............................................................................................................................................... 65
	6.6 SUMMARY ............................................................................................................................................... 65

	 

	7 ESTIMATION OF THE COLLISION FORCE USING COMPUTATIONAL MODELS ................................................ 67
	7 ESTIMATION OF THE COLLISION FORCE USING COMPUTATIONAL MODELS ................................................ 67
	7 ESTIMATION OF THE COLLISION FORCE USING COMPUTATIONAL MODELS ................................................ 67

	 

	7.1 INTRODUCTION ......................................................................................................................................... 67
	7.1 INTRODUCTION ......................................................................................................................................... 67
	7.1 INTRODUCTION ......................................................................................................................................... 67

	 

	7.2 VEHICLE FINITE ELEMENT MODELS ............................................................................................................... 67
	7.2 VEHICLE FINITE ELEMENT MODELS ............................................................................................................... 67
	7.2 VEHICLE FINITE ELEMENT MODELS ............................................................................................................... 67

	 

	7.3 STRUCTURE FINITE ELEMENT MODEL ............................................................................................................ 68
	7.3 STRUCTURE FINITE ELEMENT MODEL ............................................................................................................ 68
	7.3 STRUCTURE FINITE ELEMENT MODEL ............................................................................................................ 68

	 

	7.4 SIMULATION CASES AND RESULTS ................................................................................................................. 69
	7.4 SIMULATION CASES AND RESULTS ................................................................................................................. 69
	7.4 SIMULATION CASES AND RESULTS ................................................................................................................. 69

	 

	7.5 ANALYSIS OF THE SIMULATION RESULTS ......................................................................................................... 72
	7.5 ANALYSIS OF THE SIMULATION RESULTS ......................................................................................................... 72
	7.5 ANALYSIS OF THE SIMULATION RESULTS ......................................................................................................... 72

	 

	8 FINDINGS AND CONCLUSIONS ...................................................................................................................... 75
	8 FINDINGS AND CONCLUSIONS ...................................................................................................................... 75
	8 FINDINGS AND CONCLUSIONS ...................................................................................................................... 75

	 

	8.1 FINDINGS ................................................................................................................................................. 75
	8.1 FINDINGS ................................................................................................................................................. 75
	8.1 FINDINGS ................................................................................................................................................. 75

	 

	8.2 CONCLUSIONS ........................................................................................................................................... 76
	8.2 CONCLUSIONS ........................................................................................................................................... 76
	8.2 CONCLUSIONS ........................................................................................................................................... 76

	 

	9 RECOMMENDATIONS .................................................................................................................................... 77
	9 RECOMMENDATIONS .................................................................................................................................... 77
	9 RECOMMENDATIONS .................................................................................................................................... 77

	 

	9.1 RECOMMENDATION 1 ................................................................................................................................ 77
	9.1 RECOMMENDATION 1 ................................................................................................................................ 77
	9.1 RECOMMENDATION 1 ................................................................................................................................ 77

	 

	9.2 RECOMMENDATION 2 ................................................................................................................................ 77
	9.2 RECOMMENDATION 2 ................................................................................................................................ 77
	9.2 RECOMMENDATION 2 ................................................................................................................................ 77

	 

	10 RESEARCH BENEFITS ...................................................................................................................................... 78
	10 RESEARCH BENEFITS ...................................................................................................................................... 78
	10 RESEARCH BENEFITS ...................................................................................................................................... 78

	 

	11 REFERENCES .................................................................................................................................................. 79
	11 REFERENCES .................................................................................................................................................. 79
	11 REFERENCES .................................................................................................................................................. 79

	 

	APPENDIX A: MEETING NOTES ............................................................................................................................... 82
	APPENDIX A: MEETING NOTES ............................................................................................................................... 82
	APPENDIX A: MEETING NOTES ............................................................................................................................... 82

	 

	APPENDIX B: BRIDGE INVENTORY ........................................................................................................................ 101
	APPENDIX B: BRIDGE INVENTORY ........................................................................................................................ 101
	APPENDIX B: BRIDGE INVENTORY ........................................................................................................................ 101

	 

	APPENDIX C: COLLISION RISK ANALYSIS RESULTS ................................................................................................ 107
	APPENDIX C: COLLISION RISK ANALYSIS RESULTS ................................................................................................ 107
	APPENDIX C: COLLISION RISK ANALYSIS RESULTS ................................................................................................ 107

	 

	APPENDIX D: PRIORITIZATION OF BRIDGE BENTS FOR COLLAPSE MITIGATION .................................................. 112
	APPENDIX D: PRIORITIZATION OF BRIDGE BENTS FOR COLLAPSE MITIGATION .................................................. 112
	APPENDIX D: PRIORITIZATION OF BRIDGE BENTS FOR COLLAPSE MITIGATION .................................................. 112

	 

	APPENDIX E: MNDOT CRASH STRUT DESIGN PROCEDURE .................................................................................. 120
	APPENDIX E: MNDOT CRASH STRUT DESIGN PROCEDURE .................................................................................. 120
	APPENDIX E: MNDOT CRASH STRUT DESIGN PROCEDURE .................................................................................. 120

	 

	APPENDIX F: DEAD LOAD ..................................................................................................................................... 122
	APPENDIX F: DEAD LOAD ..................................................................................................................................... 122
	APPENDIX F: DEAD LOAD ..................................................................................................................................... 122

	 

	APPENDIX G: SHEAR AND FLEXURAL CAPACITIES AND DEMANDS ...................................................................... 127
	APPENDIX G: SHEAR AND FLEXURAL CAPACITIES AND DEMANDS ...................................................................... 127
	APPENDIX G: SHEAR AND FLEXURAL CAPACITIES AND DEMANDS ...................................................................... 127

	 

	APPENDIX H: MEASURED STRAIN ........................................................................................................................ 142
	APPENDIX H: MEASURED STRAIN ........................................................................................................................ 142
	APPENDIX H: MEASURED STRAIN ........................................................................................................................ 142

	 

	APPENDIX I: STATISTICAL SOFTWARE CODE ........................................................................................................ 147
	APPENDIX I: STATISTICAL SOFTWARE CODE ........................................................................................................ 147
	APPENDIX I: STATISTICAL SOFTWARE CODE ........................................................................................................ 147

	 

	 

	LIST OF TABLES
	LIST OF TABLES
	 

	TABLE 1: ROADSIDE BARRIERS AND NCHRP REPORT 500 APPROVED TEST LEVELS ................................................................. 14
	TABLE 1: ROADSIDE BARRIERS AND NCHRP REPORT 500 APPROVED TEST LEVELS ................................................................. 14
	TABLE 1: ROADSIDE BARRIERS AND NCHRP REPORT 500 APPROVED TEST LEVELS ................................................................. 14
	TABLE 1: ROADSIDE BARRIERS AND NCHRP REPORT 500 APPROVED TEST LEVELS ................................................................. 14

	 

	TABLE 2: TRUCK ROR CRASH FREQUENCY ....................................................................................................................... 21
	TABLE 2: TRUCK ROR CRASH FREQUENCY ....................................................................................................................... 21
	TABLE 2: TRUCK ROR CRASH FREQUENCY ....................................................................................................................... 21

	 

	TABLE 3: SUMMARY STATISTICS OF EXPLANATORY VARIABLES OF FREEWAY SEGMENTS ............................................................ 23
	TABLE 3: SUMMARY STATISTICS OF EXPLANATORY VARIABLES OF FREEWAY SEGMENTS ............................................................ 23
	TABLE 3: SUMMARY STATISTICS OF EXPLANATORY VARIABLES OF FREEWAY SEGMENTS ............................................................ 23

	 

	TABLE 4: DISTRIBUTION OF VEHICLE ENCROACHMENT ANGLE AND ORIENTATION ANGLE .......................................................... 24
	TABLE 4: DISTRIBUTION OF VEHICLE ENCROACHMENT ANGLE AND ORIENTATION ANGLE .......................................................... 24
	TABLE 4: DISTRIBUTION OF VEHICLE ENCROACHMENT ANGLE AND ORIENTATION ANGLE .......................................................... 24

	 

	TABLE 5: NEGATIVE BINOMIAL ESTIMATION ..................................................................................................................... 27
	TABLE 5: NEGATIVE BINOMIAL ESTIMATION ..................................................................................................................... 27
	TABLE 5: NEGATIVE BINOMIAL ESTIMATION ..................................................................................................................... 27

	 

	TABLE 6: DISTRIBUTION OF BRIDGES BY ROAD .................................................................................................................. 40
	TABLE 6: DISTRIBUTION OF BRIDGES BY ROAD .................................................................................................................. 40
	TABLE 6: DISTRIBUTION OF BRIDGES BY ROAD .................................................................................................................. 40

	 

	TABLE 7: HIGH COLLISION RISK BENTS ............................................................................................................................ 52
	TABLE 7: HIGH COLLISION RISK BENTS ............................................................................................................................ 52
	TABLE 7: HIGH COLLISION RISK BENTS ............................................................................................................................ 52

	 

	TABLE 8: PEAK COLLISION FORCE AT 1 MS, 10 MS, AND 50 MS MOVING AVERAGE ................................................................. 73
	TABLE 8: PEAK COLLISION FORCE AT 1 MS, 10 MS, AND 50 MS MOVING AVERAGE ................................................................. 73
	TABLE 8: PEAK COLLISION FORCE AT 1 MS, 10 MS, AND 50 MS MOVING AVERAGE ................................................................. 73

	 

	 

	LIST OF FIGURES 
	FIGURE 5-1: BRIDGE HAZARD ENVELOPE ......................................................................................................................... 13
	FIGURE 5-1: BRIDGE HAZARD ENVELOPE ......................................................................................................................... 13
	FIGURE 5-1: BRIDGE HAZARD ENVELOPE ......................................................................................................................... 13
	FIGURE 5-1: BRIDGE HAZARD ENVELOPE ......................................................................................................................... 13

	 

	FIGURE 5-2: BRIDGE COLLISION RISK INDEX FLOWCHART ................................................................................................... 15
	FIGURE 5-2: BRIDGE COLLISION RISK INDEX FLOWCHART ................................................................................................... 15
	FIGURE 5-2: BRIDGE COLLISION RISK INDEX FLOWCHART ................................................................................................... 15

	 

	FIGURE 5-3: CRASH BARRIER SYSTEMS ON I-29 AND I-90 IN SOUTH DAKOTA ........................................................................ 17
	FIGURE 5-3: CRASH BARRIER SYSTEMS ON I-29 AND I-90 IN SOUTH DAKOTA ........................................................................ 17
	FIGURE 5-3: CRASH BARRIER SYSTEMS ON I-29 AND I-90 IN SOUTH DAKOTA ........................................................................ 17

	 

	FIGURE 5-4: CRASH BARRIER COMBINED SYSTEMS ON HIGHWAYS IN SOUTH DAKOTA ............................................................. 18
	FIGURE 5-4: CRASH BARRIER COMBINED SYSTEMS ON HIGHWAYS IN SOUTH DAKOTA ............................................................. 18
	FIGURE 5-4: CRASH BARRIER COMBINED SYSTEMS ON HIGHWAYS IN SOUTH DAKOTA ............................................................. 18

	 

	FIGURE 5-5: WEATHER STATION LOCATIONS ................................................................................................................... 19
	FIGURE 5-5: WEATHER STATION LOCATIONS ................................................................................................................... 19
	FIGURE 5-5: WEATHER STATION LOCATIONS ................................................................................................................... 19

	 

	FIGURE 5-6: THE SHORTEST DETOUR ROUTE USING ARCGIS .............................................................................................. 22
	FIGURE 5-6: THE SHORTEST DETOUR ROUTE USING ARCGIS .............................................................................................. 22
	FIGURE 5-6: THE SHORTEST DETOUR ROUTE USING ARCGIS .............................................................................................. 22

	 

	FIGURE 5-7: BRIDGE COLLISION RISK PROFILE .................................................................................................................. 28
	FIGURE 5-7: BRIDGE COLLISION RISK PROFILE .................................................................................................................. 28
	FIGURE 5-7: BRIDGE COLLISION RISK PROFILE .................................................................................................................. 28

	 

	FIGURE 5-8: BRIDGE COLLISION RISK/RUC CLUSTERS ....................................................................................................... 29
	FIGURE 5-8: BRIDGE COLLISION RISK/RUC CLUSTERS ....................................................................................................... 29
	FIGURE 5-8: BRIDGE COLLISION RISK/RUC CLUSTERS ....................................................................................................... 29

	 

	FIGURE 5-9: BRIDGE RANKING BY WEIGHTED SUM Z-SCORES (1:1) ..................................................................................... 30
	FIGURE 5-9: BRIDGE RANKING BY WEIGHTED SUM Z-SCORES (1:1) ..................................................................................... 30
	FIGURE 5-9: BRIDGE RANKING BY WEIGHTED SUM Z-SCORES (1:1) ..................................................................................... 30

	 

	FIGURE 5-10: BRIDGE RANKING BY WEIGHTED SUM Z-SCORES (1:3) ................................................................................... 31
	FIGURE 5-10: BRIDGE RANKING BY WEIGHTED SUM Z-SCORES (1:3) ................................................................................... 31
	FIGURE 5-10: BRIDGE RANKING BY WEIGHTED SUM Z-SCORES (1:3) ................................................................................... 31

	 

	FIGURE 5-11: BRIDGE RANKING BY WEIGHTED SUM Z-SCORES (3:1) ................................................................................... 32
	FIGURE 5-11: BRIDGE RANKING BY WEIGHTED SUM Z-SCORES (3:1) ................................................................................... 32
	FIGURE 5-11: BRIDGE RANKING BY WEIGHTED SUM Z-SCORES (3:1) ................................................................................... 32

	 

	FIGURE 6-1: COLLISION RISK ASSESSMENT AND MITIGATION STRATEGY ................................................................................ 35
	FIGURE 6-1: COLLISION RISK ASSESSMENT AND MITIGATION STRATEGY ................................................................................ 35
	FIGURE 6-1: COLLISION RISK ASSESSMENT AND MITIGATION STRATEGY ................................................................................ 35

	 

	FIGURE 6-2: I-80 BRIDGE COLLAPSE NEAR BIG SPRINGS, NE (NDOR, 2013) ........................................................................ 36
	FIGURE 6-2: I-80 BRIDGE COLLAPSE NEAR BIG SPRINGS, NE (NDOR, 2013) ........................................................................ 36
	FIGURE 6-2: I-80 BRIDGE COLLAPSE NEAR BIG SPRINGS, NE (NDOR, 2013) ........................................................................ 36

	 

	FIGURE 6-3: I-80 BRIDGE COLLAPSE NEAR BIG SPRINGS, TX (MIDLAND REPORTER TELEGRAM, 2013)....................................... 36
	FIGURE 6-3: I-80 BRIDGE COLLAPSE NEAR BIG SPRINGS, TX (MIDLAND REPORTER TELEGRAM, 2013)....................................... 36
	FIGURE 6-3: I-80 BRIDGE COLLAPSE NEAR BIG SPRINGS, TX (MIDLAND REPORTER TELEGRAM, 2013)....................................... 36

	 

	FIGURE 6-4: I-90 BRIDGE COLLISION NEAR WORTHINGTON, MN (COURTESY MNDOT) .......................................................... 37
	FIGURE 6-4: I-90 BRIDGE COLLISION NEAR WORTHINGTON, MN (COURTESY MNDOT) .......................................................... 37
	FIGURE 6-4: I-90 BRIDGE COLLISION NEAR WORTHINGTON, MN (COURTESY MNDOT) .......................................................... 37

	 

	FIGURE 6-5: I-90 DIAGRAM OF TYPICAL FOUR-SPAN BRIDGE .............................................................................................. 40
	FIGURE 6-5: I-90 DIAGRAM OF TYPICAL FOUR-SPAN BRIDGE .............................................................................................. 40
	FIGURE 6-5: I-90 DIAGRAM OF TYPICAL FOUR-SPAN BRIDGE .............................................................................................. 40

	 

	FIGURE 6-6: COLUMN TYPES ........................................................................................................................................ 41
	FIGURE 6-6: COLUMN TYPES ........................................................................................................................................ 41
	FIGURE 6-6: COLUMN TYPES ........................................................................................................................................ 41

	 

	FIGURE 6-7: NUMBER OF BRIDGES BY COLUMN TYPE ........................................................................................................ 42
	FIGURE 6-7: NUMBER OF BRIDGES BY COLUMN TYPE ........................................................................................................ 42
	FIGURE 6-7: NUMBER OF BRIDGES BY COLUMN TYPE ........................................................................................................ 42

	 

	FIGURE 6-8: NUMBER OF BRIDGES WITH CIRCULAR COLUMNS ............................................................................................ 42
	FIGURE 6-8: NUMBER OF BRIDGES WITH CIRCULAR COLUMNS ............................................................................................ 42
	FIGURE 6-8: NUMBER OF BRIDGES WITH CIRCULAR COLUMNS ............................................................................................ 42

	 

	FIGURE 6-9: PARTIALLY- AND FULLY-FLARED COLUMNS ..................................................................................................... 43
	FIGURE 6-9: PARTIALLY- AND FULLY-FLARED COLUMNS ..................................................................................................... 43
	FIGURE 6-9: PARTIALLY- AND FULLY-FLARED COLUMNS ..................................................................................................... 43

	 

	FIGURE 6-10: FLARED COLUMNS WITH NO BENT CAP ....................................................................................................... 43
	FIGURE 6-10: FLARED COLUMNS WITH NO BENT CAP ....................................................................................................... 43
	FIGURE 6-10: FLARED COLUMNS WITH NO BENT CAP ....................................................................................................... 43

	 

	FIGURE 6-11: BRIDGE SUPERSTRUCTURE TYPES ................................................................................................................ 44
	FIGURE 6-11: BRIDGE SUPERSTRUCTURE TYPES ................................................................................................................ 44
	FIGURE 6-11: BRIDGE SUPERSTRUCTURE TYPES ................................................................................................................ 44

	 

	FIGURE 6-12: NUMBER OF BRIDGES BY SUPERSTRUCTURE TYPE .......................................................................................... 44
	FIGURE 6-12: NUMBER OF BRIDGES BY SUPERSTRUCTURE TYPE .......................................................................................... 44
	FIGURE 6-12: NUMBER OF BRIDGES BY SUPERSTRUCTURE TYPE .......................................................................................... 44

	 

	FIGURE 6-13: NUMBER OF BRIDGES BY FOUNDATION TYPE ................................................................................................ 45
	FIGURE 6-13: NUMBER OF BRIDGES BY FOUNDATION TYPE ................................................................................................ 45
	FIGURE 6-13: NUMBER OF BRIDGES BY FOUNDATION TYPE ................................................................................................ 45

	 

	FIGURE 6-14: NUMBER OF BRIDGES BY REDUNDANCY CLASSIFICATION ................................................................................. 46
	FIGURE 6-14: NUMBER OF BRIDGES BY REDUNDANCY CLASSIFICATION ................................................................................. 46
	FIGURE 6-14: NUMBER OF BRIDGES BY REDUNDANCY CLASSIFICATION ................................................................................. 46

	 

	FIGURE 6-15: SPT BLOW COUNT VS. DEPTH TO EFFECTIVE FIXITY IN CLAY (CALTRANS, 1990).................................................. 49
	FIGURE 6-15: SPT BLOW COUNT VS. DEPTH TO EFFECTIVE FIXITY IN CLAY (CALTRANS, 1990).................................................. 49
	FIGURE 6-15: SPT BLOW COUNT VS. DEPTH TO EFFECTIVE FIXITY IN CLAY (CALTRANS, 1990).................................................. 49

	 

	FIGURE 6-16: MODEL OF A NON-INTEGRAL BENT ............................................................................................................. 50
	FIGURE 6-16: MODEL OF A NON-INTEGRAL BENT ............................................................................................................. 50
	FIGURE 6-16: MODEL OF A NON-INTEGRAL BENT ............................................................................................................. 50

	 

	FIGURE 6-17: MODEL OF AN INTEGRAL BENT BRIDGE ........................................................................................................ 50
	FIGURE 6-17: MODEL OF AN INTEGRAL BENT BRIDGE ........................................................................................................ 50
	FIGURE 6-17: MODEL OF AN INTEGRAL BENT BRIDGE ........................................................................................................ 50

	 

	FIGURE 6-18: NUMBER OF BRIDGES BASED ON SUFFICIENCY AND REDUNDANCY .................................................................... 51
	FIGURE 6-18: NUMBER OF BRIDGES BASED ON SUFFICIENCY AND REDUNDANCY .................................................................... 51
	FIGURE 6-18: NUMBER OF BRIDGES BASED ON SUFFICIENCY AND REDUNDANCY .................................................................... 51

	 

	FIGURE 6-19: TYPICAL BRIDGE BENTS IN COLLISION RISK QUADRANTS 4-4, 3-4, AND 4-3 ....................................................... 52
	FIGURE 6-19: TYPICAL BRIDGE BENTS IN COLLISION RISK QUADRANTS 4-4, 3-4, AND 4-3 ....................................................... 52
	FIGURE 6-19: TYPICAL BRIDGE BENTS IN COLLISION RISK QUADRANTS 4-4, 3-4, AND 4-3 ....................................................... 52

	 

	FIGURE 6-20: THE PROTOTYPE BRIDGE ........................................................................................................................... 53
	FIGURE 6-20: THE PROTOTYPE BRIDGE ........................................................................................................................... 53
	FIGURE 6-20: THE PROTOTYPE BRIDGE ........................................................................................................................... 53

	 

	FIGURE 6-21: DETAILS OF THE PROTOTYPE BRIDGE BENT (COURTESY SDDOT) ...................................................................... 54
	FIGURE 6-21: DETAILS OF THE PROTOTYPE BRIDGE BENT (COURTESY SDDOT) ...................................................................... 54
	FIGURE 6-21: DETAILS OF THE PROTOTYPE BRIDGE BENT (COURTESY SDDOT) ...................................................................... 54

	 

	FIGURE 6-22: CRASH STRUT RETROFIT (COURTESY MNDOT) ............................................................................................. 55
	FIGURE 6-22: CRASH STRUT RETROFIT (COURTESY MNDOT) ............................................................................................. 55
	FIGURE 6-22: CRASH STRUT RETROFIT (COURTESY MNDOT) ............................................................................................. 55

	 

	FIGURE 6-23: DETAILS OF THE TEST SPECIMEN COLUMNS .................................................................................................. 55
	FIGURE 6-23: DETAILS OF THE TEST SPECIMEN COLUMNS .................................................................................................. 55
	FIGURE 6-23: DETAILS OF THE TEST SPECIMEN COLUMNS .................................................................................................. 55

	 

	FIGURE 6-24: DETAILS OF THE TEST SPECIMEN BENT CAP .................................................................................................. 56
	FIGURE 6-24: DETAILS OF THE TEST SPECIMEN BENT CAP .................................................................................................. 56
	FIGURE 6-24: DETAILS OF THE TEST SPECIMEN BENT CAP .................................................................................................. 56

	 

	FIGURE 6-25: DETAILS OF THE TEST SPECIMEN CRASH STRUT.............................................................................................. 57
	FIGURE 6-25: DETAILS OF THE TEST SPECIMEN CRASH STRUT.............................................................................................. 57
	FIGURE 6-25: DETAILS OF THE TEST SPECIMEN CRASH STRUT.............................................................................................. 57

	 

	FIGURE 6-26: DETAILS OF THE TEST SPECIMEN FOOTING .................................................................................................... 57
	FIGURE 6-26: DETAILS OF THE TEST SPECIMEN FOOTING .................................................................................................... 57
	FIGURE 6-26: DETAILS OF THE TEST SPECIMEN FOOTING .................................................................................................... 57

	 

	FIGURE 6-27: TEST SPECIMENS DURING CONSTRUCTION .................................................................................................... 57
	FIGURE 6-27: TEST SPECIMENS DURING CONSTRUCTION .................................................................................................... 57
	FIGURE 6-27: TEST SPECIMENS DURING CONSTRUCTION .................................................................................................... 57

	 

	FIGURE 6-28: INSTRUMENTATION OF THE TEST SPECIMENS ................................................................................................ 58
	FIGURE 6-28: INSTRUMENTATION OF THE TEST SPECIMENS ................................................................................................ 58
	FIGURE 6-28: INSTRUMENTATION OF THE TEST SPECIMENS ................................................................................................ 58

	 

	FIGURE 6-29: TEST SET UP........................................................................................................................................... 59
	FIGURE 6-29: TEST SET UP........................................................................................................................................... 59
	FIGURE 6-29: TEST SET UP........................................................................................................................................... 59

	 

	FIGURE 6-30: SPECIMEN NCS AFTER SET UP ................................................................................................................... 60
	FIGURE 6-30: SPECIMEN NCS AFTER SET UP ................................................................................................................... 60
	FIGURE 6-30: SPECIMEN NCS AFTER SET UP ................................................................................................................... 60

	 

	FIGURE 6-31: ELASTIC ANALYSIS SHEAR AND BENDING MOMENT DIAGRAMS ........................................................................ 60
	FIGURE 6-31: ELASTIC ANALYSIS SHEAR AND BENDING MOMENT DIAGRAMS ........................................................................ 60
	FIGURE 6-31: ELASTIC ANALYSIS SHEAR AND BENDING MOMENT DIAGRAMS ........................................................................ 60

	 

	FIGURE 6-32: MEASURED ACTUATOR LOAD-DISPLACEMENT – SPECIMEN NCS ...................................................................... 60
	FIGURE 6-32: MEASURED ACTUATOR LOAD-DISPLACEMENT – SPECIMEN NCS ...................................................................... 60
	FIGURE 6-32: MEASURED ACTUATOR LOAD-DISPLACEMENT – SPECIMEN NCS ...................................................................... 60

	 

	FIGURE 6-33: SPECIMEN NCS AT DIFFERENT STAGES OF THE TEST ....................................................................................... 62
	FIGURE 6-33: SPECIMEN NCS AT DIFFERENT STAGES OF THE TEST ....................................................................................... 62
	FIGURE 6-33: SPECIMEN NCS AT DIFFERENT STAGES OF THE TEST ....................................................................................... 62

	 

	FIGURE 6-34: PLASTIC HINGING IN SPECIMEN NCS ........................................................................................................... 63
	FIGURE 6-34: PLASTIC HINGING IN SPECIMEN NCS ........................................................................................................... 63
	FIGURE 6-34: PLASTIC HINGING IN SPECIMEN NCS ........................................................................................................... 63

	 

	FIGURE 6-35: DISPLACEMENT OF THE BENT CAP – SPECIMEN NCS ...................................................................................... 63
	FIGURE 6-35: DISPLACEMENT OF THE BENT CAP – SPECIMEN NCS ...................................................................................... 63
	FIGURE 6-35: DISPLACEMENT OF THE BENT CAP – SPECIMEN NCS ...................................................................................... 63

	 

	FIGURE 6-36: MEASURED ACTUATOR LOAD-DISPLACEMENT – SPECIMEN CSR ...................................................................... 64
	FIGURE 6-36: MEASURED ACTUATOR LOAD-DISPLACEMENT – SPECIMEN CSR ...................................................................... 64
	FIGURE 6-36: MEASURED ACTUATOR LOAD-DISPLACEMENT – SPECIMEN CSR ...................................................................... 64

	 

	FIGURE 6-37: SPECIMEN CSR DIFFERENT STAGES OF THE TEST ........................................................................................... 64
	FIGURE 6-37: SPECIMEN CSR DIFFERENT STAGES OF THE TEST ........................................................................................... 64
	FIGURE 6-37: SPECIMEN CSR DIFFERENT STAGES OF THE TEST ........................................................................................... 64

	 

	FIGURE 6-38: FOOTING FAILURE IN SPECIMEN CSR .......................................................................................................... 65
	FIGURE 6-38: FOOTING FAILURE IN SPECIMEN CSR .......................................................................................................... 65
	FIGURE 6-38: FOOTING FAILURE IN SPECIMEN CSR .......................................................................................................... 65

	 

	FIGURE 6-39: DISPLACEMENT OF THE BENT CAP – SPECIMEN CSR ...................................................................................... 65
	FIGURE 6-39: DISPLACEMENT OF THE BENT CAP – SPECIMEN CSR ...................................................................................... 65
	FIGURE 6-39: DISPLACEMENT OF THE BENT CAP – SPECIMEN CSR ...................................................................................... 65

	 

	FIGURE 7-1: 15,000 LB SINGLE UNIT TRUCK FE MODEL.................................................................................................... 67
	FIGURE 7-1: 15,000 LB SINGLE UNIT TRUCK FE MODEL.................................................................................................... 67
	FIGURE 7-1: 15,000 LB SINGLE UNIT TRUCK FE MODEL.................................................................................................... 67

	 

	FIGURE 7-2: 80,000 LB TRUCK-TRAILER FE MODEL ......................................................................................................... 68
	FIGURE 7-2: 80,000 LB TRUCK-TRAILER FE MODEL ......................................................................................................... 68
	FIGURE 7-2: 80,000 LB TRUCK-TRAILER FE MODEL ......................................................................................................... 68

	 

	FIGURE 7-3: CONCRETE STRESS-STRAIN MODEL ............................................................................................................... 68
	FIGURE 7-3: CONCRETE STRESS-STRAIN MODEL ............................................................................................................... 68
	FIGURE 7-3: CONCRETE STRESS-STRAIN MODEL ............................................................................................................... 68

	 

	FIGURE 7-4: REINFORCING STEEL STRESS-STRAIN MODEL .................................................................................................. 69
	FIGURE 7-4: REINFORCING STEEL STRESS-STRAIN MODEL .................................................................................................. 69
	FIGURE 7-4: REINFORCING STEEL STRESS-STRAIN MODEL .................................................................................................. 69

	 

	FIGURE 7-5: FE MODEL OF THE BENT STRUCTURE ............................................................................................................ 69
	FIGURE 7-5: FE MODEL OF THE BENT STRUCTURE ............................................................................................................ 69
	FIGURE 7-5: FE MODEL OF THE BENT STRUCTURE ............................................................................................................ 69

	 

	FIGURE 7-6: ISOMETRIC VIEWS OF THE TRUCKS AT IMPACT ................................................................................................. 70
	FIGURE 7-6: ISOMETRIC VIEWS OF THE TRUCKS AT IMPACT ................................................................................................. 70
	FIGURE 7-6: ISOMETRIC VIEWS OF THE TRUCKS AT IMPACT ................................................................................................. 70

	 

	FIGURE 7-7: ISOMETRIC VIEWS AFTER IMPACT – 55 MPH APPROACH SPEED .......................................................................... 70
	FIGURE 7-7: ISOMETRIC VIEWS AFTER IMPACT – 55 MPH APPROACH SPEED .......................................................................... 70
	FIGURE 7-7: ISOMETRIC VIEWS AFTER IMPACT – 55 MPH APPROACH SPEED .......................................................................... 70

	 

	FIGURE 7-8: COLLISION DYNAMIC FORCE – SUT SIMULATION ............................................................................................. 71
	FIGURE 7-8: COLLISION DYNAMIC FORCE – SUT SIMULATION ............................................................................................. 71
	FIGURE 7-8: COLLISION DYNAMIC FORCE – SUT SIMULATION ............................................................................................. 71

	 

	FIGURE 7-9: COLLISION DYNAMIC FORCE – TT SIMULATION ............................................................................................... 71
	FIGURE 7-9: COLLISION DYNAMIC FORCE – TT SIMULATION ............................................................................................... 71
	FIGURE 7-9: COLLISION DYNAMIC FORCE – TT SIMULATION ............................................................................................... 71

	 

	FIGURE 7-10: DAMAGED BENT AFTER COLLISION – SUT SIMULATION .................................................................................. 72
	FIGURE 7-10: DAMAGED BENT AFTER COLLISION – SUT SIMULATION .................................................................................. 72
	FIGURE 7-10: DAMAGED BENT AFTER COLLISION – SUT SIMULATION .................................................................................. 72

	 

	FIGURE 7-11: DAMAGED BENT AFTER COLLISION – TT SIMULATION .................................................................................... 72
	FIGURE 7-11: DAMAGED BENT AFTER COLLISION – TT SIMULATION .................................................................................... 72
	FIGURE 7-11: DAMAGED BENT AFTER COLLISION – TT SIMULATION .................................................................................... 72

	 

	FIGURE 7-12: 1 MS, 10 MS, AND 50 MS MOVING AVERAGE COLLISION FORCE – SUT SIMULATION ........................................... 73
	FIGURE 7-12: 1 MS, 10 MS, AND 50 MS MOVING AVERAGE COLLISION FORCE – SUT SIMULATION ........................................... 73
	FIGURE 7-12: 1 MS, 10 MS, AND 50 MS MOVING AVERAGE COLLISION FORCE – SUT SIMULATION ........................................... 73

	 

	FIGURE 7-13: 1 MS, 10 MS, AND 50 MS MOVING AVERAGE COLLISION FORCE – TT SIMULATION ............................................. 73
	FIGURE 7-13: 1 MS, 10 MS, AND 50 MS MOVING AVERAGE COLLISION FORCE – TT SIMULATION ............................................. 73
	FIGURE 7-13: 1 MS, 10 MS, AND 50 MS MOVING AVERAGE COLLISION FORCE – TT SIMULATION ............................................. 73

	 

	FIGURE 7-14: 1 MS AND 50 MS MOVING AVERAGE PEAK FORCES – SUT SIMULATION ............................................................ 74
	FIGURE 7-14: 1 MS AND 50 MS MOVING AVERAGE PEAK FORCES – SUT SIMULATION ............................................................ 74
	FIGURE 7-14: 1 MS AND 50 MS MOVING AVERAGE PEAK FORCES – SUT SIMULATION ............................................................ 74

	 

	FIGURE 7-15: 1 MS AND 50 MS MOVING AVERAGE PEAK FORCES – TT SIMULATION .............................................................. 74
	FIGURE 7-15: 1 MS AND 50 MS MOVING AVERAGE PEAK FORCES – TT SIMULATION .............................................................. 74
	FIGURE 7-15: 1 MS AND 50 MS MOVING AVERAGE PEAK FORCES – TT SIMULATION .............................................................. 74

	 


	TABLE OF ACRONYMS 
	 
	Acronym 
	Acronym 
	Acronym 
	Acronym 
	Acronym 

	Definition 
	Definition 


	AADT 
	AADT 
	AADT 

	Average Annual Daily Traffic 
	Average Annual Daily Traffic 


	AASHO 
	AASHO 
	AASHO 

	American Association of State Highway Officials 
	American Association of State Highway Officials 


	AASHTO 
	AASHTO 
	AASHTO 

	American Association of State Highway and Transportation Officials 
	American Association of State Highway and Transportation Officials 


	AC 
	AC 
	AC 

	Accident Costs 
	Accident Costs 


	ADTT 
	ADTT 
	ADTT 

	Average Daily Truck Traffic 
	Average Daily Truck Traffic 


	AHP 
	AHP 
	AHP 

	Analytic Hierarchy Process 
	Analytic Hierarchy Process 


	AIRM 
	AIRM 
	AIRM 

	Aggregated Indices Randomization Method 
	Aggregated Indices Randomization Method 


	CSR 
	CSR 
	CSR 

	Crash Strut Retrofit 
	Crash Strut Retrofit 


	DOT 
	DOT 
	DOT 

	Department of Transportation 
	Department of Transportation 


	ESL 
	ESL 
	ESL 

	Equivalent Static Load 
	Equivalent Static Load 


	FE 
	FE 
	FE 

	Finite Element 
	Finite Element 


	FHWA 
	FHWA 
	FHWA 

	Federal Highway Administration 
	Federal Highway Administration 


	ft 
	ft 
	ft 

	Foot, Feet 
	Foot, Feet 


	GWU 
	GWU 
	GWU 

	George Washington University 
	George Washington University 


	HE 
	HE 
	HE 

	Hazard Envelope 
	Hazard Envelope 


	IDW 
	IDW 
	IDW 

	Inverse Distance Weighting 
	Inverse Distance Weighting 


	in. 
	in. 
	in. 

	Inch; Inches 
	Inch; Inches 


	IPV 
	IPV 
	IPV 

	Inner Product of Vectors 
	Inner Product of Vectors 


	Km/h 
	Km/h 
	Km/h 

	Kilometers per hour 
	Kilometers per hour 


	kN 
	kN 
	kN 

	Kilo Newton 
	Kilo Newton 


	lb 
	lb 
	lb 

	Pound 
	Pound 


	LRFD 
	LRFD 
	LRFD 

	Load and Resistance Factor Design 
	Load and Resistance Factor Design 


	MCDA 
	MCDA 
	MCDA 

	Multi-Criteria Decision Analysis 
	Multi-Criteria Decision Analysis 


	MnDOT 
	MnDOT 
	MnDOT 

	Minnesota Department of Transportation 
	Minnesota Department of Transportation 


	MPC 
	MPC 
	MPC 

	Mountain Plains Consortium 
	Mountain Plains Consortium 


	mph 
	mph 
	mph 

	Miles per Hour 
	Miles per Hour 


	ms 
	ms 
	ms 

	Milli-Second 
	Milli-Second 


	NB 
	NB 
	NB 

	Negative Binomial 
	Negative Binomial 


	NCAC 
	NCAC 
	NCAC 

	National Crash Analysis Center 
	National Crash Analysis Center 


	NCHRP 
	NCHRP 
	NCHRP 

	National Cooperative Highway Research Program 
	National Cooperative Highway Research Program 


	NCS 
	NCS 
	NCS 

	No Crush Strut 
	No Crush Strut 


	NHSTA 
	NHSTA 
	NHSTA 

	National Highway Safety Traffic Administration 
	National Highway Safety Traffic Administration 


	PDL 
	PDL 
	PDL 

	Peak Dynamic Load 
	Peak Dynamic Load 


	PERT 
	PERT 
	PERT 

	Project Evaluation and Review Techniques 
	Project Evaluation and Review Techniques 


	RMSE 
	RMSE 
	RMSE 

	Root Mean Square Error 
	Root Mean Square Error 


	ROR 
	ROR 
	ROR 

	Run Off Road 
	Run Off Road 


	RSAP 
	RSAP 
	RSAP 

	Roadside Safety Analysis Program 
	Roadside Safety Analysis Program 




	Acronym 
	Acronym 
	Acronym 
	Acronym 
	Acronym 

	Definition 
	Definition 


	RUC 
	RUC 
	RUC 

	Road User Costs 
	Road User Costs 


	SUT 
	SUT 
	SUT 

	Single Unit Truck 
	Single Unit Truck 


	SDDOT 
	SDDOT 
	SDDOT 

	South Dakota Department of Transportation 
	South Dakota Department of Transportation 


	SDDPS 
	SDDPS 
	SDDPS 

	South Dakota Department of Public Safety 
	South Dakota Department of Public Safety 


	SPI 
	SPI 
	SPI 

	Standard Penetration Index 
	Standard Penetration Index 


	SPT 
	SPT 
	SPT 

	Standard Penetration Test 
	Standard Penetration Test 


	TT 
	TT 
	TT 

	Truck-Trailer 
	Truck-Trailer 


	VOC 
	VOC 
	VOC 

	Vehicle Operating Costs 
	Vehicle Operating Costs 


	VOT 
	VOT 
	VOT 

	Value of Time 
	Value of Time 


	VMT 
	VMT 
	VMT 

	Vehicle Miles Traveled 
	Vehicle Miles Traveled 


	WSS 
	WSS 
	WSS 

	Weighted Sum Score 
	Weighted Sum Score 


	ZINB 
	ZINB 
	ZINB 

	Zero-Inflated Negative Binomial 
	Zero-Inflated Negative Binomial 


	ZIP 
	ZIP 
	ZIP 

	Zero-Inflated Poisson 
	Zero-Inflated Poisson 




	  
	1 EXECUTIVE SUMMARY 
	1.1 Introduction 
	The projected economic growth in South Dakota and neighboring states is expected to generate substantial increase in traffic on regional state highways. A significant portion of the increased traffic will be heavy tractor-semitrailer vehicles that will carry equipment and goods to meet the needs of a growing economy. 
	The increase in highway traffic, in general, and heavy truck traffic, in particular, could ultimately lead to an increased number of traffic accidents on highways. Although not commonly occurring, incidents of the collision of heavy vehicles with highway overpass bridge columns have happened in the past and resulted in catastrophic structural failures that interrupted traffic on both the overpass and the highway below. Failure of a critical bridge might have significant adverse effects on local, state, and 
	1.2 Problem Description 
	AASHTO LRFD Bridge Design Specifications (2012) require bridge columns be designed for collision loads to prevent bridge collapse under such extreme events. However, the majority of overpass bridges on South Dakota Interstate and other major highways were designed and constructed prior to the development of the collision load design requirements. South Dakota is located in a non-seismic region where the lateral seismic loads on bridge columns are negligible. In the absence of other significant lateral load 
	The South Dakota Department of Transportation (SDDOT) does not have in place risk assessment and mitigation plans for collision loads to bridge columns. Therefore, a study was needed to perform risk assessment for truck collisions with bridge columns, evaluate the vulnerability of bridge columns to catastrophic failure under lateral collision forces, and develop a risk mitigation strategy for critical bridges on the state’s Interstate system and other critical highways. 
	1.3 Research Work 
	Factors that contribute to a risk of collision include average annual daily traffic (AADT), average daily truck traffic (ADTT), posted speed limit, geometric characteristics in the vicinity of the bridge, distance from the bridge column to the edge of the travel lane, proximity of the bridge to highway ramps, highway winter conditions, protection barriers, and other factors that were identified. After reviewing previous literature and available data, a methodology was developed to assess the risk of collisi
	assess the vulnerability of those bridges to vehicular collision forces. The collision risk assessment discussed in Chapter 5 and the vulnerability assessment were used to develop a retrofit prioritization list for mitigating collapse of bridge bents of the bridges included in this study.  
	Based upon collision risk assessment and collapse vulnerability under vehicular collision force of 175 bridges in South Dakota, a high collision risk and vulnerable two-column bent prototype was selected for an experimental study. The study was designed to examine the structural performance of as-built and retrofitted cases under design collision loads. Two ⅓-scale bridge bents were tested in the laboratory. One specimen represented the vulnerable prototype bent. The other specimen was retrofitted with a Mn
	1.4 Research Findings and Conclusions 
	Based on the results obtained from this study, the following findings were identified. 
	▪ The uncertainties involved in truck collision events lead to a range of outcomes for calculating the hazard envelope, a physical exposure of a bridge to the collision. Therefore, statistical models have been developed to identify statistically significant collision contributing factors as well as their impacts. The model results show that high truck traffic exposure, sharp horizontal curves, high annual snowfall precipitation, and the concrete pavement surface all increase the truck ROR crash frequency. T
	▪ The uncertainties involved in truck collision events lead to a range of outcomes for calculating the hazard envelope, a physical exposure of a bridge to the collision. Therefore, statistical models have been developed to identify statistically significant collision contributing factors as well as their impacts. The model results show that high truck traffic exposure, sharp horizontal curves, high annual snowfall precipitation, and the concrete pavement surface all increase the truck ROR crash frequency. T
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	▪ The importance of a bridge reflects the severity of the socioeconomic impact that would result from a bridge collapse. It is calculated as road user costs (RUC) because of the additional distance that would need to be traveled. 
	▪ The importance of a bridge reflects the severity of the socioeconomic impact that would result from a bridge collapse. It is calculated as road user costs (RUC) because of the additional distance that would need to be traveled. 

	▪ When the collision risk and the economic importance of a bridge were combined, a decision analysis method was applied to rank the overpass bridges. The quartile distribution, based on collision risk and RUC, resulted in 16 clusters of bridges that can be used to form a prioritization policy for the implementation of risk mitigation procedures. The highest risk cluster (quartile 4-4, i.e. RUC 4 and Collision Risk 4) contained 24 bridge bents. Quartiles 3-4 and 4-3 contained 49 and 25 bridge bents, respecti
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	▪ AASHTO’s Standard Specifications for Highway Bridges did not include provisions for truck collision with bridge columns and abutments. The vehicular collision force requirements first appeared in AASHTO’s LRFD Bridge Design Specifications first edition in 1994. 
	▪ AASHTO’s Standard Specifications for Highway Bridges did not include provisions for truck collision with bridge columns and abutments. The vehicular collision force requirements first appeared in AASHTO’s LRFD Bridge Design Specifications first edition in 1994. 


	▪ In the early editions of AASHTO-LRFD, the vehicular collision force requirements for bridges without adequate protection for collision consisted of a 400-kip static force applied horizontally to a bridge column at 4 feet above ground level. In 2012, the vehicular collision force was increased to 600 kips and the point of application was changed to 5 feet above ground level.  
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	▪ The vast majority of the 175 bridges included in this study were designed and constructed prior to the development and implementation of the vehicular collision force requirements for unprotected bridge columns. Using elastic structural analysis and code methods for determining structural capacity, the columns of 140 bridges were found to be structurally inadequate in flexure, shear, or both. 
	▪ The vast majority of the 175 bridges included in this study were designed and constructed prior to the development and implementation of the vehicular collision force requirements for unprotected bridge columns. Using elastic structural analysis and code methods for determining structural capacity, the columns of 140 bridges were found to be structurally inadequate in flexure, shear, or both. 

	▪ Bents with less than three columns were considered non-redundant. Of the 175 bridges included in this study, 107 had non-redundant bents (61%). 
	▪ Bents with less than three columns were considered non-redundant. Of the 175 bridges included in this study, 107 had non-redundant bents (61%). 

	▪ Bridges with circular columns represented the vast majority of the bridge inventory in this study (77%). Flared column bridges were the second highest in number (14%). Almost 40% of the bridges in the inventory were non-redundant two-column bents with circular columns. 
	▪ Bridges with circular columns represented the vast majority of the bridge inventory in this study (77%). Flared column bridges were the second highest in number (14%). Almost 40% of the bridges in the inventory were non-redundant two-column bents with circular columns. 

	▪ Of the 98 bridge bents that fell in quartiles 4-4, 3-4, and 4-3, 59 bents were both non-redundant and structurally inadequate for the design collision load. 
	▪ Of the 98 bridge bents that fell in quartiles 4-4, 3-4, and 4-3, 59 bents were both non-redundant and structurally inadequate for the design collision load. 

	▪ Laboratory testing of 1/3-scale of a vulnerable two-circular column bent indicated structural failure at less than one-half of the design collision force and potential for unseating of the edge girder. A similar specimen but with a crash strut retrofit was capable of resisting 1.5 times the design collision force. 
	▪ Laboratory testing of 1/3-scale of a vulnerable two-circular column bent indicated structural failure at less than one-half of the design collision force and potential for unseating of the edge girder. A similar specimen but with a crash strut retrofit was capable of resisting 1.5 times the design collision force. 

	▪ The finite element dynamic analysis performed in this study showed that for the prototype bridge considered in the analysis, the 600-kip vehicle collision force specified by AASHTO is a reasonable estimate for the load demand induced by the collision with the bridge column of an 80,000 lb tractor-trailer travelling at 55 mph. 
	▪ The finite element dynamic analysis performed in this study showed that for the prototype bridge considered in the analysis, the 600-kip vehicle collision force specified by AASHTO is a reasonable estimate for the load demand induced by the collision with the bridge column of an 80,000 lb tractor-trailer travelling at 55 mph. 


	Based on the research findings, the following conclusions were made. 
	▪ Crashes are random events, as they may be affected by several factors that are unknown or observable. The unobserved elements are the main contributor to data dispersion. To account for data dispersion in the crash risk analysis of this study, negative binomial count models can be employed. The model output reveals that high truck traffic exposure, sharp horizontal curves, high annual snowfall precipitation as well as the concrete pavement surface all increase the truck ROR crash frequency. 
	▪ Crashes are random events, as they may be affected by several factors that are unknown or observable. The unobserved elements are the main contributor to data dispersion. To account for data dispersion in the crash risk analysis of this study, negative binomial count models can be employed. The model output reveals that high truck traffic exposure, sharp horizontal curves, high annual snowfall precipitation as well as the concrete pavement surface all increase the truck ROR crash frequency. 
	▪ Crashes are random events, as they may be affected by several factors that are unknown or observable. The unobserved elements are the main contributor to data dispersion. To account for data dispersion in the crash risk analysis of this study, negative binomial count models can be employed. The model output reveals that high truck traffic exposure, sharp horizontal curves, high annual snowfall precipitation as well as the concrete pavement surface all increase the truck ROR crash frequency. 

	▪ By considering the vulnerable bents in the high collision risk pool, a priority list for protection or retrofit can be generated by SDDOT engineers and planners. The prioritization should take into consideration additional factors such as the remaining useful life of the bridge, bridge replacement schedule, availability of resources, and cost effectiveness of implementing the same retrofit method for a group of bents that share the same features. 
	▪ By considering the vulnerable bents in the high collision risk pool, a priority list for protection or retrofit can be generated by SDDOT engineers and planners. The prioritization should take into consideration additional factors such as the remaining useful life of the bridge, bridge replacement schedule, availability of resources, and cost effectiveness of implementing the same retrofit method for a group of bents that share the same features. 

	▪ The columns of the vast majority of two- and three-circular column bents are inadequate in shear, flexure, or both under the 600-kip vehicular collision force. 
	▪ The columns of the vast majority of two- and three-circular column bents are inadequate in shear, flexure, or both under the 600-kip vehicular collision force. 


	▪ The crash strut used in this study provides an effective measure for retrofitting high risk and vulnerable bridge bents. The MnDOT method for designing the crash strut seemed to yield adequate results. 
	▪ The crash strut used in this study provides an effective measure for retrofitting high risk and vulnerable bridge bents. The MnDOT method for designing the crash strut seemed to yield adequate results. 
	▪ The crash strut used in this study provides an effective measure for retrofitting high risk and vulnerable bridge bents. The MnDOT method for designing the crash strut seemed to yield adequate results. 


	1.5 Recommendations 
	The following recommendations are based on the findings of this study. 
	1.5.1 Recommendation 1 
	The prioritization list generated in this study, coupled with other factors such as the remaining useful life of the bridge, bridge replacement schedule, availability of resources, and cost effectiveness of using the same retrofit method for a group of bents that share the same features, should be adopted by SDDOT for implementing protection or retrofit measures for vehicular collision forces. 
	The collapse risk of inadequate bents that are vulnerable to vehicular collision forces could be mitigated through implementing retrofit measures to enhance the strength of the bent. However, retrofitting all inadequate bents is cost prohibitive. One strategy to prioritize bridge bents for collapse mitigation retrofit would be to consider the pool of bridge bents that fall in the high risk quartiles (4-4, 3-4, and 4-3) and are vulnerable to collapse under the vehicular collision force. A priority list for r
	1.5.2 Recommendation 2 
	A crash strut, similar to the one tested in this study, should be adopted for retrofit of two- and three-column bents.  
	The test results of the 1/3-scaled two-column bent indicated that the as-built bent is severely inadequate if subjected to the design collision force. The as-built specimen failed at less than one-half the scaled design load and the bent cap underwent excessive displacement that could cause unseating of the superstructure’s girders. The addition of a concrete crash strut between the columns increased the bent collision load capacity to at least 1.5 times the collision force demand. Thus, the collision strut
	 
	2 PROBLEM DESCRIPTION 
	In a June 13, 2012 Wall Street Journal article, the state of South Dakota was named as one of the top 10 “future booming states.” The article also named two bordering states, North Dakota and Wyoming, in the top 10 list. The projected economic growth in the Dakotas and neighboring states is expected to generate substantial increase in traffic on regional state highways. A significant portion of the increased traffic will be heavy tractor-semitrailer vehicles that will carry equipment and goods to meet the n
	The increase in highway traffic in general and heavy truck traffic in particular could ultimately lead to an increased number of traffic accidents on highways. Although not commonly occurring, incidents of the collision of heavy vehicles with highway overpass bridge columns have happened in the past and resulted in catastrophic structural failures that interrupted traffic on both the overpass and the highway below. On July 27, 1994, a heavy tractor pulling a propane tank semitrailer on Interstate 287 in Whi
	AASHTO LRFD Bridge Design Specifications (2012) require bridge columns be designed for collision loads to prevent bridge collapse under such extreme events. However, the majority of overpass bridges on South Dakota Interstate and other major highways were designed and constructed prior to the development of the collision load design requirements. South Dakota is located in a non-seismic region where the lateral seismic loads on bridge columns are negligible. In the absence of other significant lateral load 
	The South Dakota Department of Transportation (SDDOT) does not have in place risk assessment and mitigation plans for collision loads to bridge columns. Therefore, a study was needed to perform risk assessment for truck collisions with bridge columns, evaluate the vulnerability of bridge columns to catastrophic failure under lateral collision forces, and develop a risk mitigation strategy for critical bridges on the state’s Interstate system and other critical highways.  
	  
	3 RESEARCH OBJECTIVES 
	Three main objectives were addressed in this study. The following is a description of the objectives. 
	3.1 Objective 1 
	Develop a risk assessment methodology for heavy truck collisions with columns of overpasses. 
	A methodology was developed to determine a safety performance metric identified in this study as the Collision Risk Index. The Collision Risk Index is a tool to compare the relative risk of different bridges to collision loads. The Collision Risk Index is dependent upon the risk of collision and the bridge importance. The risk of collision reflects the factors that affect the risk of a heavy vehicle colliding with a bridge column while the bridge importance measures the economic impact as a consequence of b
	3.2 Objective 2 
	Evaluate the risk of overhead bridge collapse caused by heavy truck collisions with columns on the South Dakota Interstate system and other major roadways. 
	A risk assessment and mitigation strategy for protecting critical and economically essential bridges against collapse under collision loads involves ranking bridges for crash risk and identifying bridge structures that are vulnerable to collapse should a truck collision occurs. Bridges that are found to be at a high crash risk and vulnerable to collapse would be the top candidates for retrofit. The risk of a bridge collapse resulting from collision loads at the bridge columns requires estimation of the load
	3.3 Objective 3 
	Propose mitigation measures to the SDDOT to reduce the risk of collapse for existing and future bridges. 
	A risk mitigation plan involves prioritizing bridges for retrofit according to their collision risk level and implementing effective retrofit measures to high-risk bridges in the order of their risk level. A retrofit method consisting of a “crash strut” that had been originally implemented by MnDOT was tested in the laboratory. The test results indicated that the crash strut provides an effective retrofit technique to prevent collapse under the design collision force. 
	  
	4 TASK DESCRIPTIONS 
	The research work presented in this report is comprised of 13 Tasks. The following is a description of activities involved in each task. 
	4.1 Task 1 
	Meet with the technical panel to review the project scope and work plan. 
	A kick-off meeting with the technical panel was held on September 27, 2012. The researchers gave a presentation on the scope and work plan for the entire project. A copy of the presentation handout is presented in Section A.1 of Appendix A. 
	4.2 Task 2 
	Perform a literature review specific to heavy truck impacts with bridge columns. 
	A comprehensive literature review on heavy truck collisions with bridge columns was conducted. The review included accident reports, research reports, state and federal design guidelines, and research papers. The review also covered literature related to structural performance of concrete and reinforcing steel under impact loads, collision protective measures, and retrofit methods for increased shear strength and ductility. The literature review was summarized and presented in Section 5.1 and Section 6.2 of
	4.3 Task 3 
	Visit each of the overpass bridges along Interstate 29, Interstate 90, Interstate 190, Interstate 229, and other South Dakota highways recommended by the technical panel to identify risk factors specific to each site. 
	The majority of freight and heavy vehicle traffic in South Dakota occurs along the Interstate system which consists of I-29, I-229, I-90, and I-190. The entire inventory of overpasses along the Interstate system, in addition to some overpasses along other routes that the SDDOT deem critical, was visually inspected to document conditions that might contribute to the risk of collision. A select number of Interstate underpasses were added to the study because they were determined by the researchers and the tec
	This task commenced by obtaining the overpass inventory and the relevant bridge plans from SDDOT. Before starting the site visits, the researchers compiled a list of site condition risk factors to be assessed during the site visits and submitted the list to the technical panel for review. Site conditions included highway geometric characteristics in the vicinity of the bridge, distance from the bridge column to the edge of the travel lane including the paved shoulder, proximity of the bridge to Interstate h
	4.4 Task 4 
	Develop a risk assessment process based on the risk factors identified in Task 3. 
	A risk assessment methodology involves identification of factors that contribute to the risk of a heavy vehicle collision with a bridge column and the consequences of a bridge collapse. 
	Factors that contribute to a risk of collision include average annual daily traffic (AADT), average daily truck traffic (ADTT), posted speed limit, geometric characteristics in the vicinity of the bridge, distance from the bridge column to the edge of the travel lane, proximity of the bridge to highway ramps, highway winter conditions, protection barriers, and other factors that were identified. After reviewing previous literature and available data, a methodology was developed to assess the risk of collisi
	4.5 Task 5 
	Meet with the technical panel to evaluate the risk assessment process and make changes as recommended by the technical panel. 
	The results from Task 4 were compiled in a PowerPoint presentation and submitted to the technical panel for review. The research team met with the technical panel on April 6, 2013 to discuss and evaluate the proposed collision risk assessment methodology. The technical panel approved the proposed risk assessment process. A copy of the presentation handout is attached in Section A.2 of Appendix A. 
	4.6 Task 6 
	Using the risk assessment process developed in Task 4, produce a list of high-risk bridges to be considered for replacement or additional safety countermeasures. 
	An elastic structural analysis was performed to evaluate the shear and flexural demands imposed by the collision force and to compare the demands to the capacities of the bridge columns. The ratio of the capacity-to-demand determined the column’s susceptibility to failure. Depending on the redundancy of the structural system, a column failure may not necessarily lead to partial or total collapse of the superstructure. A superstructure may still be capable of carrying partial traffic if the structural system
	4.7 Task 7 
	Meet with the technical panel to review the high-risk bridges. If extreme risk exists at locations and is deemed necessary by the technical panel, select up to three bridge columns to replicate for laboratory lateral load testing. 
	The results from Task 6 were compiled in a brief PowerPoint presentation and submitted to the technical panel for review. The research team met with the technical panel on June 14, 2013 to 
	discuss and evaluate the retrofit prioritization list of bridges that were deemed candidates for collision mitigation retrofit. The research team proposed two candidate bridges (single-circular column bent and two-circular column bent). The technical panel was interested in testing as-built and retrofitted scaled specimens of the two-column bent, but wanted more time to discuss the options with the technical panel members who were not present at the meeting. A copy of the presentation is shown in Section A.
	4.8 Task 8 
	If columns are selected by the technical panel, construct columns based on original design and any field modifications that were made. 
	To verify the capacity and failure mechanism of as-built and retrofitted bridge columns under vehicular collision loads, the technical panel selected Bridge No. 51-065-150 (west bent) as the prototype structure for designing the laboratory specimens. The prototype bridge carries Highway 34 over I-29 at milepost 109. The research team designed two ⅓-scaled specimens representing the as-built and the retrofitted conditions of the prototype bridge. The research team met with the technical panel on August 13, 2
	4.9 Task 9 
	Perform lateral load testing with the constructed columns to determine ultimate load capacity under impact. 
	Two 1/3-scale specimens of a vulnerable bridge bent were tested in the laboratory. One specimen represented the as-built structure and the other represented the retrofitted structure. Each specimen was tested under a constant axial load to represent the superstructure’s dead load and subjected to a monotonic lateral increasing load at the potential point of impact. The boundary conditions were consistent with the conditions present at the prototype bridge. The specimens were instrumented to collect relevant
	4.10 Task 10 
	Meet with the technical panel to review test results and decide whether additional testing is needed. 
	The results of the experimental work in Task 9 were summarized and reported to the technical panel in a meeting on March 6, 2014. A copy of the PowerPoint presentation is presented in Section A.5 of Appendix A. The results indicated that the proposed retrofit was successful in mitigating collapse of the bridge bent under the code-prescribed vehicular collision force. The 
	technical panel determined that the results of the experimental work were satisfactory and that there was no need for conducting additional tests. 
	4.11 Task 11 
	Based on laboratory results and risk assessment, make recommendations to the SDDOT for mitigation of existing bridges. 
	Two main recommendations regarding a risk mitigation plan were made. The first recommendation is to adopt the retrofit priority list that was developed in this study. The second recommendation is to implement the crash strut as a retrofit measure for vulnerable multi-column bents. The recommendations are discusses in Chapter 8 of this report. 
	4.12 Task 12 
	Prepare a final report summarizing the research findings, conclusions, and recommendations. 
	This task is satisfied through this report. 
	4.13 Task 13 
	Make an executive presentation to the SDDOT Research Review Board at the conclusion of the project. 
	A final presentation was given to SDDOT Research Review Board on . 
	  
	5 COLLISION RISK ANALYSIS 
	This chapter covers the work done to develop a collision risk assessment methodology and the results obtained from implementing the developed risk assessment method to overpass bridges on  I-29, I-90, I-229, I-190 and other miscellaneous roads selected by the technical panel. Detailed information on the bridge structures is presented in Chapter 6. 
	This chapter starts with a review of previous research in the areas of crash risk analysis, crash count models, roadside design elements, road user costs calculation, and multi-criteria decision analysis. Next, the study design and the key elements of the study are presented. This is followed by a description of data collection and processing. The methodology is presented in two major modules; the first is the crash prediction module, including the truck Run-off-the-Road (ROR) crash prediction models and co
	5.1 Literature Review 
	This section introduces the definitions, procedures, methodologies, and applications of vehicle-bridge collision risk from previous studies. The literature review includes risk analysis, crash prediction models, hazard envelope definition, road user costs calculation, and multi-criteria decision analysis. 
	5.1.1 Crash Risk Analysis 
	Risk analysis is the systematic use of available information to evaluate the likelihood for negative events to occur, as well as their potential consequences. Risk analysis helps to uncover and identify possible undesirable external and internal conditions or situations. According to the National Cooperative Highway Research Program (NCHRP) Report 492 – Roadside Safety Analysis Program (RSAP) (Mak and Sicking, 2003), roadside collision risk emerges from two primary sources: the risk for a vehicle to encroac
	In the previous studies, accident- and encroachment-based approaches were commonly used to develop the relationships between roadside crashes and roadside conditions. A roadside encroachment is defined as “an errant vehicle crosses the outside edges of the travel way and encroaches on either the inside or outside shoulder” (Miaou, 1997). RSAP (Mak and Sicking, 2003) used the encroachment-based method to elaborate on the process of analyzing collision risk and severity. Daily et al. (1997) applied a series o
	of events considered by the encroachment-based approach is: “(1) an errant vehicle leaves the travel lane and encroaches on the shoulder; (2) the location of encroachment is such that the path of travel is directed towards a potentially hazardous roadside object; (3) the hazardous object is sufficiently close to the travel lanes, the control is not regained before encounter or collision between vehicle and the object; and (4) the collision is severe enough to result in an accident of some level of severity.
	The accident-based approach is more prevalent than the encroachment-based approach because crash data are more readily available. Zegeer et al. (1988) elaborated that the accident-based approach is developed through the use of statistical regression models to determine the relationship between ROR crash frequency and traffic conditions, roadway mainline designs, roadside designs, and other explanatory variables. A ROR crash is the consequence of a roadside encroachment event, but a roadside encroachment eve
	5.1.2 Crash Count Models 
	Accident-based roadside collision models are usually developed through the use of negative binomial (NB) regression models when the equality of the mean and the variance of the crash count for a Poisson model is violated. Other model variations such as the zero-inflated Poisson (ZIP) model and the zero-inflated negative binomial (ZINB) model have also been used when crash count data have an excessive number of zero observations.  According to a study conducted in Washington State (Shankar et al., 1997), the
	5.1.3 Roadside Design 
	Safe roadside design helps to mitigate the consequence of a roadway departure event. There are two key elements in roadside design: the placement and dimension of an object within the clear zone, and the protection systems, such as the barriers and guardrails. 
	A bridge collision occurs if the bridge bent happens to be located in the erratic vehicle’s trajectory path. According to RSAP (Mak and Sicking, 2003), the hazard envelope is “along the travel way wherein an encroaching vehicle would impact the roadside feature under consideration.” The hazard envelope can be determined from a few parameters: the effective width of a vehicle (We), encroachment angle θ, and orientation angle φ. These parameters vary from case to case and their distributions will determine th
	𝐻𝐸=(15280)[𝐿ℎ+(𝑊𝑒𝑠𝑖𝑛𝜃)+𝑊ℎ𝑐𝑜𝑡𝜃] (Eq. 5-1) 
	where 
	HE = hazard envelope  
	𝐿ℎ= length of hazard (ft) 
	We= effective width of vehicle (ft) = 𝐿𝑣𝑠𝑖𝑛𝜑+𝑊𝑣𝑐𝑜𝑠𝜑 
	𝐿𝑣, 𝑊𝑣: length and width of vehicle (ft) 
	𝑊ℎ= width of hazard (ft) 
	θ = encroachment angle 
	φ = orientation angle 
	The placement of a bent determines its exposure to potential collisions. Figure 5-1 presents a typical layout of a bridge with three bents (B1, B2, B3 represent Bent #1, #2, #3, respectively) and the bridge hazard envelope. 
	 
	Figure
	Figure 5-1: Bridge Hazard Envelope 
	The overpass bridge bents on the Interstate highways in South Dakota are protected by different types of bridge barrier systems. In NCHRP Report 500 (Neuman et al., 2003), bridge railings are classified into six test levels based on the results of testing the impact of different types of vehicles on the bridge railings at different speeds and angles. AASHTO MASH (Bligh et al., 2013) updates and supersedes NCHRP Report 500 for the purpose of evaluating new safety 
	hardware devices. Table 1, from Roadside Design Guide (AASHTO, 2011), shows approved test levels of roadside barriers installed on South Dakota Interstate highways. 
	Table 1: Roadside Barriers and NCHRP Report 500 Approved Test Levels 
	Roadside Barrier System 
	Roadside Barrier System 
	Roadside Barrier System 
	Roadside Barrier System 
	Roadside Barrier System 

	Test Level 
	Test Level 

	Vehicle 
	Vehicle 

	Containment Capacity (kJ) 
	Containment Capacity (kJ) 



	W-Beam (Weak Post) 
	W-Beam (Weak Post) 
	W-Beam (Weak Post) 
	W-Beam (Weak Post) 

	2 
	2 

	2270P 
	2270P 

	70.5 
	70.5 


	Three-Strand Cable (Weak Post) 
	Three-Strand Cable (Weak Post) 
	Three-Strand Cable (Weak Post) 

	3 
	3 

	2270P 
	2270P 

	144 
	144 


	Thrie-Beam (Strong Post) 
	Thrie-Beam (Strong Post) 
	Thrie-Beam (Strong Post) 

	3 
	3 

	2270P 
	2270P 

	144 
	144 


	Concrete Barrier 
	Concrete Barrier 
	Concrete Barrier 

	5 
	5 

	36000V 
	36000V 

	548 
	548 




	5.1.4 Road User Costs 
	According to Daniels et al. (1999), road user costs (RUC) are composed of vehicle operating costs (VOC), value of time (VOT), accident costs (AC) and other indirect costs, such as vehicle emission costs and noise. To improve work zone management, the Federal Highway Administration (FHWA) did a study (Jiang and Adeli, 2003) to evaluate the economic impact of road work to the road users. In the FHWA study, the input needs and the key components of work zone RUC are discussed in detail and the step-by-step pro
	A variety of methods have been used by state DOTs to calculate RUC for their own purposes (Jiang, 1999; Collura et al., 2010; Chan et al., 2008). The majority of state DOTs used simplified calculations and spreadsheets. The components included in the calculations range from only vehicle operation costs (VOC) to VOC, value of time (VOT), accident costs (AC) and additional specific components to address safety or emergency relief situations. With respect to South Dakota, Qin and Cutler (2013) conducted a rese
	5.1.5 Multi-Criteria Decision Analysis 
	To prioritize, select, and recommend bridges for different levels of repair and maintenance budget limitations, a feasible approach is needed to evaluate the multiple criteria involved. Multi-Criteria Decision Analysis (MCDA) is a valuable tool to solve such problems as a choice among alternatives. There are various MCDA methods such as the weighted sum mode (WSM), aggregated indices randomization method (AIRM), inner product of vectors (IPV), and the analytic hierarchy process (AHP). Among these methods, t
	5.2 Study Design 
	Bridge ranking can be determined by combining the results from two modules, the truck-bridge collision risk module and the additional road user costs module. The truck-bridge collision risk module aims to develop methods for assessing the risk for collisions between trucks and Interstate highway overpass bridge bents and can be calculated in two steps: (a) build truck 
	ROR crash prediction models to calculated the truck ROR crash frequency, and (b) estimate the bridge hazard envelope on the basis of the bridge dimension, vehicle configuration, vehicle orientation angle and encroachment angle. 
	The road user costs module estimates the additional RUC after a bridge has collapsed. The purpose for introducing this module is to account for the critical location of a bridge. Extra protection may be needed when a bridge is located in an economically vital area, even if the calculated collision risk is low. On the other hand, if the overpass bridge is less important to the community, the bridge may not be considered as high a priority even if the collision risk is higher.  
	After combining the information from the two modules, a composite ranking is provided through the use of a comprehensive ranking strategy. The procedure and factors used to develop a bridge collision risk index are illustrated in Figure 5-2. The rest of this section describes the key components in Figure 5-2. 
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	Figure 5-2: Bridge Collision Risk Index Flowchart 
	5.2.1 Method for Ranking Bridges for Collision Risk 
	The method used in this study for ranking bridges for collision risk involves the following steps. 
	5.2.1.1 Quantifying Crash Risk 
	This step estimates the probability of truck run-off-the-road (ROR) crashes by using the crash count models. The five-year history of truck ROR crash data, highway geometric data, weather condition data, and traffic information were collected to predict the truck ROR crash frequency for each highway segment. The negative binomial NB model was considered in light of data dispersion. The estimation results are analyzed and compared in Section 5.5. 
	5.2.1.2 Measuring Impact Area 
	This step estimates the Hazard Envelope (HE) for each bridge bent. The probability for a truck departing the roadway is only related to segment-specific features and environmental factors such as weather and light conditions, and, therefore, is independent of the bridge dimension and location.  
	5.2.1.3 Determining Collision Risk 
	The collision risk is specified in Equation 5-2 as the product of hazard envelop of bridge i and the crash density probability. Crash density probability is defined as the probability of having n crashes at highway segment i normalized by the segment length.  
	𝑃(𝑐𝑜𝑙𝑙𝑖𝑠𝑖𝑜𝑛 𝑟𝑖𝑠𝑘)=𝑃(𝑁=𝑛𝑖)𝑠𝑒𝑔𝑚𝑒𝑛𝑡 𝑙𝑒𝑛𝑔𝑡ℎ∗𝐻𝐸 (Eq. 5-2) 
	 
	 
	5.2.1.4 Evaluating Bridge Economic Significance 
	In the event of a bridge collapse, local road users must take a longer detour route to their destination. In this study, all vehicles are assumed to take the shortest available route. The detour costs were measured as the additional RUC from the increased travel distance and increased travel time resulting from the collapse of a bridge. The value of additional RUC can represent the economic significance of a bridge to the local users. The monetary impacts to road users because of new construction, reconstru
	5.3 Data Collection and Processing 
	To develop a bridge collision risk index, the truck ROR crash frequency, bridge hazard envelope dimension, and road user costs need to be calculated. Six types of data—bridge dimensions, roadway characteristics, traffic volume, weather conditions, crash counts, and detour distance—were collected in this study. This section is focused on the field survey, data sources, and features as well as the procedures of data processing. 
	5.3.1 Bridge Survey 
	The research team conducted three field surveys to collect data on the overpass bridges and site characteristics. The first survey was conducted on November 4, 2012 and included overpass bridges on I-29 between Brookings, SD and North Dakota state line. The second survey was conducted on November 18, 2012 and included overpass bridges on I-29 between Brookings and the Iowa state line at Sioux City, I-90 between Sioux Falls and Minnesota state line, and select bridges on I-229, Highway 50 near Vermillion, an
	assesses vehicle-bridge collision risk, only the dimension and configuration of a bridge and the site characteristics are of primary interest, as described in the next section. 
	In general, three types of barrier systems are installed on the state highways in South Dakota: W-Beam (weak post), Three-Strand Cable (weak post), and Thrie-Beam (strong post). Most of the W-Beams on I-29 and I-90 are 27.7 in. high and are supported by wood or steel posts. Three-Strand Cables are composed of three cables and supported by steel posts. Three-Strand Cables are commonly used as median barriers as they can effectively reduce the number of median crossover crashes. Thrie-Beams consist of two pie
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	Figure 5-3: Crash Barrier Systems on I-29 and I-90 in South Dakota 
	Some combinations of these barrier systems are in place, such as transition from Three-Strand Cable to W-Beam, from W-Beam to Thrie-Beam, or from Three-Strand Cable to W-Beam and to Thrie-Beam. Figure 5-4 shows combined barrier systems. 
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	(c) Three-Strand Cable to W-Beam to Thrie Beam 
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	Figure 5-4: Crash Barrier Combined Systems on Highways in South Dakota 
	According to Table 1, only the barrier systems passing Test Level 4 or above (such as a concrete barrier) can stop trucks heavier than 10,000 kg from penetrating the barrier system. However, most of the current bridge barrier systems on I-29 and I-90 in South Dakota are below Test Level 4 and, consequently, are unable to protect bridge columns from being hit by heavy trucks. In most cases, the observed clear spacing between the bridge barrier and the column ranges from three inches to five inches. In a few 
	Most of the highway segments under the overpass bridges have continuous or intermittent rumble strips on the roadside shoulders. A few highway segments located in the proximity of urban areas such as Sioux Falls and Rapid City have no rumble strips on the highway shoulders. According to the Road Design Guide (AASHTO, 2011), a clear zone is “an unobstructed, traversable roadside area that allows a driver to stop safely, or regain control of a vehicle that has left the roadway.” Except for a few roadway segme
	5.3.2 Data Sources 
	5.3.2.1 Bridge Dimension and Configuration 
	The overpass bridge dimension data were collected from “Bridge Construction Plan Sets” provided by SDDOT. There is a detailed description about the configuration of each bridge and the roadway features under the bridge. In this study, the deck width and the column width of each bridge were collected for the estimation of the bridge hazard envelope. Deck width is the outside-to-outside width that includes road width, shoulder width and individual elements, such as bridge rails that are required to make up th
	5.3.2.2 Roadway Characteristics 
	The roadway characteristics data were collected from the “State_Road” shape file provided by SDDOT. This database was set up in 2008 and provides a comprehensive description about the roadway and roadside cross-sectional features of all state highways in South Dakota. The roadway characteristics include, but are not limited to, mile marker, number of lanes, lane width, shoulder width, median width, surface type, shoulder type, rumble strips, and vertical and horizontal alignment.  
	5.3.2.3 Traffic Volume 
	The traffic volume data were collected from the Highway Needs and Project Analysis Report (SDDOT, 2012) recorded by SDDOT in 2011. This report recorded the surface condition index, roughness index, asphalt and concrete index, three-year average maintenance costs, traffic volume (including the annual average daily traffic (ADT)), average daily truck traffic (ADTT), and crash information including crash rate and the number of fatal/injury/property damage crashes for the major highways in South Dakota. In this
	𝑇𝑟𝑢𝑐𝑘 𝑉𝑀𝑇=(𝐴𝐷𝑇𝑇∗365∗5∗𝑠𝑒𝑔𝑚𝑒𝑛𝑡 𝑙𝑒𝑛𝑔𝑡ℎ)/1,000,000 (Eq. 5-3) 
	5.3.2.4 Weather Conditions 
	The weather condition data were provided by Dr. Dennis Todey, a professor from the SDSU Agriculture and Biosystems Engineering department. The data were collected from 21 weather stations located in South Dakota as shown in Figure 5-5. 
	 
	Figure
	Figure 5-5: Weather Station Locations 
	The weather conditions provided by weather stations include the annual average rainfall, snowfall, and days of frost (days in which the temperature was equal to or less than 32 °F) for the last 30 years. In this study, five years (2004-2008) of annual average rainfall, snowfall and days of frost data were used. Both annual average rainfall and snowfall precipitation were measured in inches. 
	5.3.2.5 Crash Data 
	Crash data were collected from the “South Dakota Accident Records System Files” provided by the South Dakota Department of Public Safety (SDDPS). These files recorded detailed information for each crash that happened on all public roads in South Dakota from 2004 to 2008, including the crash location, occurrence time, crash type and severity, vehicle and driver information, and environmental condition. 
	Considerable care was given to identifying the ROR crashes. The key leads to such information can be found from the first harmful event (FHEvent) or the most harmful event (MHEvent) of a crash. The first harmful event refers to the first injury or damage-producing event that characterizes the crash type. The most harmful event refers to the event that resulted in the most severe injury or, if no injury, the greatest property damage involving this motor vehicle. Any harmful event involving a rollover acciden
	A vehicle was identified as a truck if the “vehicle configuration description” was light truck (2 axles, 4 tires), single-unit truck (2 axles, 6 tires and gross vehicle weight rating 10,000 lbs or less), single-unit truck (2 axles, 6 tires and gross vehicle weight rating 10,000 lbs or more), single-unit truck (3 or more axles), tractor/doubles, tractor/semitrailer, truck pulling trailer(s), and gross vehicle weight rating 10,000 lbs or more, or truck tractor only (bobtail). 
	5.3.3 Data Processing 
	Considerable effort was made to integrate the data from different data sources. ArcGIS software was used to join bridge dimension and configuration information to the corresponding highway segments by using the “Spatial Join” feature after setting the buffer as 100 feet.  Note that crashes can be located on or near a highway due to the accuracy of their coordinates.  Therefore, a buffer of certain distance along the highway is needed to spatially join all the crashes to the highway segment. Similarly, each 
	Table 2: Truck ROR Crash Frequency 
	Crash Count 
	Crash Count 
	Crash Count 
	Crash Count 
	Crash Count 

	Frequency 
	Frequency 

	Percent 
	Percent 

	Cumulative Frequency 
	Cumulative Frequency 

	Cumulative Percent 
	Cumulative Percent 



	0 
	0 
	0 
	0 

	742 
	742 

	58.79 
	58.79 

	742 
	742 

	58.79 
	58.79 


	1 
	1 
	1 

	326 
	326 

	25.84 
	25.84 

	1068 
	1068 

	84.62 
	84.62 


	2 
	2 
	2 

	103 
	103 

	8.16 
	8.16 

	1171 
	1171 

	92.79 
	92.79 


	3 
	3 
	3 

	54 
	54 

	4.28 
	4.28 

	1225 
	1225 

	97.07 
	97.07 


	4 
	4 
	4 

	22 
	22 

	1.74 
	1.74 

	1247 
	1247 

	98.81 
	98.81 


	5 
	5 
	5 

	7 
	7 

	0.55 
	0.55 

	1254 
	1254 

	99.36 
	99.36 


	>5 
	>5 
	>5 

	8 
	8 

	0.64 
	0.64 

	1262 
	1262 

	100 
	100 




	In addition to the roadway characteristics data, for the roadway segments not associated with any weather station, the weather information needed to be interpolated. The Inverse Distance Weighting (IDW) method was used to interpolate the weather data for the corresponding highway segments. IDW is a deterministic spatial interpolation method that computes the value for unknown points as the weighted mean of known points. The statistical software R (https://www.r-project.org) was used to do the IDW interpolat
	𝑧𝑗=∑𝑤𝑖𝑗𝑧𝑖𝑚𝑖=1∑𝑤𝑖𝑗𝑚𝑖=1 and 𝑤𝑖𝑗=1𝑑𝑖𝑗𝑘 (Eq. 5-4) 
	where: 
	 𝑧𝑗,𝑧𝑖 = the value for unknown point j and known point i, respectively 
	 𝑤𝑖𝑗 = the weight for the influence of point i on point j 
	 𝑑𝑖𝑗 = distance between point i and point j 
	In this study, the weather conditions for each segment were interpolated using the data from all 21 weather stations, i.e., m = 21. In the Inverse Distance Weighting (IDW) method, the information from the remote weather stations has limited effects as the distance increases. The power parameter k (k=0.8) was determined based on the minimum root mean square error (RMSE) of the values predicted by the IDW model where the error means the difference between the observation and the prediction. 
	The additional road user costs were calculated from the increased distance caused by the detour route that vehicles had to travel after the bridge collapsed. ArcGIS was used to obtain the detour distance by setting “Point Barriers” in the “Network Analyst” to locate the shortest detour route. Figure 5-6 shows an example of the shortest detour route using ArcGIS. 
	 
	Figure
	Figure 5-6: The Shortest Detour Route Using ArcGIS 
	5.3.4 Summary 
	According to the literature review, crash frequency is mainly influenced by traffic exposure, roadway and roadside characteristics, and weather conditions. Therefore, in this study, data collection focused mainly on bridge dimension and configuration, roadway characteristics, traffic volume, weather conditions, crash count, and detour distance. Table 3 shows the descriptive statistics for key variables used in the estimation of crash frequency. 
	Traffic volume, weather conditions, and the majority of the roadway characteristics data were collected from SDDOT. Staffs and students from the SDSU Civil and Environmental Engineering Department conducted field surveys to verify the bridge, roadway and roadside conditions, including the clear zone. Some information collected in the survey or from other data sources was not used for further analysis because these parameters are difficult to define and verify. For instance, the distance between the bridge b
	 
	Table 3: Summary Statistics of Explanatory Variables of Freeway Segments 
	Continuous Variable 
	Continuous Variable 
	Continuous Variable 
	Continuous Variable 
	Continuous Variable 

	Description 
	Description 

	Range 
	Range 

	Mean 
	Mean 

	Std. Dev. 
	Std. Dev. 



	Crash counts 
	Crash counts 
	Crash counts 
	Crash counts 

	Number of ROR crashes during 2004-2008 
	Number of ROR crashes during 2004-2008 

	[0,8] 
	[0,8] 

	0.70 
	0.70 

	1.09 
	1.09 


	Median shoulder width 
	Median shoulder width 
	Median shoulder width 

	Width of shoulder on the left of the travel direction (in feet) 
	Width of shoulder on the left of the travel direction (in feet) 

	[4,10] 
	[4,10] 

	4.61 
	4.61 

	1.08 
	1.08 


	Right shoulder width 
	Right shoulder width 
	Right shoulder width 

	Width of shoulder on the right of the travel direction (in feet) 
	Width of shoulder on the right of the travel direction (in feet) 

	[4,10] 
	[4,10] 

	9.60 
	9.60 

	0.80 
	0.80 


	Median width 
	Median width 
	Median width 

	Width of median grass or sod (in feet) 
	Width of median grass or sod (in feet) 

	[16,75] 
	[16,75] 

	26.31 
	26.31 

	9.26 
	9.26 


	Length 
	Length 
	Length 

	Length of segment (in miles) 
	Length of segment (in miles) 

	[0.06,38.11] 
	[0.06,38.11] 

	2.13 
	2.13 

	3.48 
	3.48 


	Truck ADT 
	Truck ADT 
	Truck ADT 

	Annual average daily truck traffic 
	Annual average daily truck traffic 

	[78,5603] 
	[78,5603] 

	2373.10 
	2373.10 

	868.84 
	868.84 


	Horizontal Curve 
	Horizontal Curve 
	Horizontal Curve 

	Degree of horizontal curve of segment 
	Degree of horizontal curve of segment 

	[0,36.9] 
	[0,36.9] 

	5.17 
	5.17 

	4.27 
	4.27 


	Vertical Curve 
	Vertical Curve 
	Vertical Curve 

	K value of vertical curve of segment 
	K value of vertical curve of segment 

	[0,110000] 
	[0,110000] 

	1722.11 
	1722.11 

	7631.68 
	7631.68 


	Annual rainfall 
	Annual rainfall 
	Annual rainfall 

	Average annually rainfall 2004-2008 (in inches) 
	Average annually rainfall 2004-2008 (in inches) 

	[17.56,27.02] 
	[17.56,27.02] 

	23.45 
	23.45 

	2.5 
	2.5 


	Annual snowfall 
	Annual snowfall 
	Annual snowfall 

	Average annually snowfall 2004-2008 (in inches) 
	Average annually snowfall 2004-2008 (in inches) 

	[29.32,52.93] 
	[29.32,52.93] 

	38.67 
	38.67 

	3.35 
	3.35 


	Number of frost days 
	Number of frost days 
	Number of frost days 

	Average number of annual frost days 2004-2008 
	Average number of annual frost days 2004-2008 

	[168,175] 
	[168,175] 

	171 
	171 

	1.15 
	1.15 


	Categorical Variable 
	Categorical Variable 
	Categorical Variable 

	Description 
	Description 

	Category 
	Category 

	Occurrence of Segments 
	Occurrence of Segments 

	Percent 
	Percent 


	Number of lanes 
	Number of lanes 
	Number of lanes 

	Total number of lanes in segment 
	Total number of lanes in segment 

	2 
	2 

	1150 
	1150 

	91.13% 
	91.13% 


	TR
	3 
	3 

	100 
	100 

	7.92% 
	7.92% 


	TR
	4 
	4 

	12 
	12 

	0.95% 
	0.95% 


	Lane width 
	Lane width 
	Lane width 

	Average width of each lane (in feet) 
	Average width of each lane (in feet) 

	12 
	12 

	926 
	926 

	73.38% 
	73.38% 


	TR
	13 
	13 

	336 
	336 

	26.62% 
	26.62% 


	Surface type 
	Surface type 
	Surface type 

	Pavement type of lanes 
	Pavement type of lanes 

	Asphalt 
	Asphalt 

	240 
	240 

	19.02% 
	19.02% 


	TR
	Concrete 
	Concrete 

	1022 
	1022 

	80.98% 
	80.98% 


	Shoulder type 
	Shoulder type 
	Shoulder type 

	Pavement type of shoulders 
	Pavement type of shoulders 

	Asphalt 
	Asphalt 

	1012 
	1012 

	80.19% 
	80.19% 


	TR
	Concrete 
	Concrete 

	250 
	250 

	19.81% 
	19.81% 


	Rumble strips  
	Rumble strips  
	Rumble strips  

	Presence of rumble strips 
	Presence of rumble strips 

	Exist 
	Exist 

	694 
	694 

	54.99% 
	54.99% 


	TR
	None 
	None 

	568 
	568 

	45.01% 
	45.01% 




	5.4 Methodology 
	The procedure of developing a bridge collision risk index has been described in the Study Design section. Detailed information about the development of the truck ROR crash prediction model, the truck-bridge collision risk analysis, the calculation of road user costs, and the ranking strategies will be introduced in this section. 
	Different regression models were applied to explore the relationship between the truck ROR crash frequency and various risk factors. The road user costs were calculated by estimating vehicle operating costs, the value of road users’ time, and accident costs. Finally, multi-criteria decision analysis methods were used to prioritize the overpass bridges included in this study. 
	5.4.1 Truck Run-Off-the-Road Crash Prediction Model 
	The dependent variable in the crash prediction model is the number of crashes, which is a non-negative integer. Probabilistic distributions for a discrete variable are usually considered for such count models. Assuming crash data have equal mean value and variance, the probability 
	of having yi truck ROR crashes for a highway segment i can be estimated by a Poisson distribution shown in Equation 5-5. 
	𝑃(𝑦𝑖)=𝑒𝑥𝑝 (−𝜆𝑖)𝜆𝑖𝑦𝑖𝑦𝑖! (Eq. 5-5) 
	where 𝑖 is the Poisson mean that can be canonically specified by a log-normal function in Equation 5-6. 
	𝜆𝑖=𝑒𝑥𝑝 (𝛽𝑋𝑖) (Eq. 5-6) 
	where Xi denotes a vector of geometric, weather and traffic-related variables on segment i and β is the vector of unknown coefficients for Xi. The probability that a vehicle will run off the road can be attributed to various factors, including the driver’s experience, attentiveness, and reaction time. Buth et al (2010) stated that the complexity of the transportation network may also influence crash probabilities. These unobserved or unmeasured factors can easily lead to data overdispersion, or extra variab
	𝜆𝑖=𝑒𝑥𝑝 (𝛽𝑋𝑖+𝜀𝑖) (Eq. 5-7) 
	where 𝑒𝑥𝑝 (𝜀𝑖) is a gamma-distributed error term with mean 1 and variance 𝛼. The variance-mean function for the NB distribution becomes: 
	𝑉𝑎𝑟(𝑦𝑖)=𝐸(𝑦𝑖)+𝛼𝐸(𝑦𝑖)2 (Eq. 5-8) 
	In Eq. 5-8, E is a statistical expression of “expected value of a random variable”. Thus, when 𝛼 equals zero, the NB model collapses to a Poisson model. If the value of 𝛼 is statistically different from zero, the NB model is more appropriate for estimating crash counts.  
	5.4.2 Bridge Hazard Envelope Estimation 
	According to RSAP (Mak and Sicking, 2003), at a vehicle speed of 70 miles per hour, the extreme values and the most likely values of vehicle encroachment angle θ and vehicle orientation angle φ can be determined, as shown in Table 4. 
	Table 4: Distribution of Vehicle Encroachment Angle and Orientation Angle 
	 
	 
	 
	 
	 

	minimum value 
	minimum value 

	most likely value 
	most likely value 

	maximum value 
	maximum value 



	Vehicle encroachment angle (degrees) 
	Vehicle encroachment angle (degrees) 
	Vehicle encroachment angle (degrees) 
	Vehicle encroachment angle (degrees) 

	2.5 
	2.5 

	10 
	10 

	32.5 
	32.5 


	Vehicle orientation angle (degrees) 
	Vehicle orientation angle (degrees) 
	Vehicle orientation angle (degrees) 

	-180 
	-180 

	0 
	0 

	180 
	180 




	Due to limited data, all the encroachment angles θ were assumed to be 10 degrees and the orientation angles φ were assumed to be 7.5 degrees based on the impact speed and angle distributions provided by NCHRP Report 492. In terms of the size and lateral offset of the hazard, the length of hazard, Lh, was assumed to be equal to the bridge deck width. The width of hazard, Wh, was assumed to be equal to the bridge bent width. Obviously, the bridge hazard envelope is linearly related to the size of the vehicle 
	5.4.3 Road User Costs Evaluation 
	RUCs quantify the impacts that road construction activities have on the mobility and safety of travelers as well as economics and environment within the local community. The components that are included are value of time (VOT), vehicle operating costs (VOC), and accident costs (AC) (Qin and Cutler, 2013). RUC is formulated as: 
	𝑅𝑈𝐶=𝑉𝑂𝑇+𝑉𝑂𝐶+𝐴𝐶 (Eq. 5-9) 
	where: 
	 VOT = value of road user’s time 
	 VOC = vehicle operating costs 
	 AV = accident costs 
	VOT is estimated on the basis of wage rates and delays because of the length of a trip on a detour route or an alternative route(s). The formulation is as follows: 
	𝑉𝑂𝑇=(𝑑𝑒𝑡𝑜𝑢𝑟 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒𝑠𝑝𝑒𝑒𝑑)∗60∗𝑣𝑜𝑙𝑢𝑚𝑒∗𝑢𝑛𝑖𝑡 𝑐𝑜𝑠𝑡∗𝑣𝑒ℎ𝑖𝑐𝑙𝑒 𝑜𝑐𝑐𝑢𝑝𝑎𝑛𝑐𝑦 𝑓𝑎𝑐𝑡𝑜𝑟  (Eq. 5-10) 
	The calculation of the detour distance has been introduced previously. The default values used were as follows: the speed for local roads was 55 mph, the unit cost was $0.19/min, and the vehicle occupancy factor was 1.67 (Qin and Cutler, 2013). 
	VOC is a composite of the costs associated with operation and ownership of the vehicle over the analysis period. Vehicle operating costs include the costs associated with fuel, oil, tire wear, vehicle maintenance and repairs. Ownership costs include the costs of insurance, license and registration fee and taxes, economic depreciation, and finance charges. The default value of the unit cost was $0.6 per automobile per mile (Qin and Cutler, 2013). The formulation is as follows: 
	𝑉𝑂𝐶=𝑑𝑒𝑡𝑜𝑢𝑟 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒∗𝑢𝑛𝑖𝑡 𝑐𝑜𝑠𝑡∗𝑣𝑜𝑙𝑢𝑚𝑒 (Eq. 5-11) 
	AC is measured from changes in the total annual cost of crashes as a result of a highway project. It takes potential accidents on the detour route into consideration. The formulation is as follows: 
	𝐴𝐶=(detour distance∗volume∗accident rate∗unit cost)/1,000,000(Eq. 5-12) 
	The accident rate for South Dakota local roads was 1.9 accidents per million vehicle miles of travel (SDDOT, 2012), and the default value of the unit cost was $7,400 per accident (Qin and Cutler, 2013). The ADT volume traveled on a specific bridge was collected from the SDDOT. A summary of the calculated RUC for the overpass bridges on I-90, I-29, I-229, I-190, and other miscellaneous roads is presented in Appendix C (Qin and Cutler, 2013). 
	5.4.4 Ranking Strategies 
	The multi-criteria decision analysis ranking strategy was used to prioritize the overpass bridges. In most cases, the MCDA divides the decision into smaller components, analyzes each component, and finally integrates the components to produce a meaningful solution. The MCDA method used in this study is the weighted sum model that calculates the sum of weighted Z-scores of collision risk and bridge RUC. 
	5.4.4.1 Weighted Sum Model 
	The bridges need to be prioritized for protection and maintenance after evaluating the collision risk and the economic significance of each bridge. Multi-criteria decision analysis (MCDA) 
	was used to prioritize the overpass bridges on I-29, I-90, I-229, I-190, and other miscellaneous roads in South Dakota. MCDA is widely used to help decision-makers deal with multiple criteria associated with objects and make their decisions in a technical and systematic manner. The first MCDA method used in this study was a weighted sum of two criteria: bridge collision risk and additional RUC due to the overpass out of service. Because the two criteria have different units and magnitudes, Z-scores were use
	The weighted sum model is one of the simplest MCDA. Suppose that a given MCDA problem is defined on m alternatives and n decision criteria. Then the weighted sum score (WSS) of alternative 𝐴𝑖, denoted as 𝐴𝑖𝑊𝑆𝑆 is defined as follows: 
	𝐴𝑖𝑊𝑆𝑆=∑𝑤𝑖𝑎𝑖𝑗𝑛𝑗=1 , for i = 1, 2, 3,… m 
	𝐴𝑖𝑊𝑆𝑆=∑𝑤𝑖𝑎𝑖𝑗𝑛𝑗=1 , for i = 1, 2, 3,… m 
	 
	(Eq. 5-13)
	 

	where
	where
	 

	𝑤𝑖𝑗= the relative weight of importance of the criteria 𝑐𝑗
	𝑤𝑖𝑗= the relative weight of importance of the criteria 𝑐𝑗
	 

	𝑎𝑖𝑗= the performance value of alternative 𝐴𝑖 when it is evaluated in terms of criteria 𝑐𝑗 
	𝑎𝑖𝑗= the performance value of alternative 𝐴𝑖 when it is evaluated in terms of criteria 𝑐𝑗 
	 

	The method of ranking was by the calculation of the sum of weighted Z-scores of the bridge collision risk (CR) and the additional RUC for the collapse of a bridge.  The collision risk for a bridge bent is the truck ROR crash density multiplying by the bridge hazard envelope. In this study, crash density is calculated as annual crash count divided by segment length. The collision risk for a bridge was calculated as the largest (maximum) risk value of individual bents used. The Z-score is an effective way to 
	Z(𝐶𝑅𝑖)=𝐶𝑅𝑖−𝑚𝑒𝑎𝑛 𝑣𝑎𝑙𝑢𝑒𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝑑𝑒𝑣𝑖𝑎𝑡𝑖𝑜𝑛
	Z(𝐶𝑅𝑖)=𝐶𝑅𝑖−𝑚𝑒𝑎𝑛 𝑣𝑎𝑙𝑢𝑒𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝑑𝑒𝑣𝑖𝑎𝑡𝑖𝑜𝑛
	 
	(Eq. 5-14)
	 

	Z(𝑅𝑈𝐶𝑖)=𝑅𝑈𝐶𝑖−𝑚𝑒𝑎𝑛 𝑣𝑎𝑙𝑢𝑒𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝑑𝑒𝑣𝑖𝑎𝑡𝑖𝑜𝑛
	Z(𝑅𝑈𝐶𝑖)=𝑅𝑈𝐶𝑖−𝑚𝑒𝑎𝑛 𝑣𝑎𝑙𝑢𝑒𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝑑𝑒𝑣𝑖𝑎𝑡𝑖𝑜𝑛
	 
	(Eq. 5-15)
	 

	Transportation agencies may weigh CR and RUC differently. Three different weights were considered to calculate the sum of weighted Z-scores for bridge collision risk and bridge RUC, i.e., 1:1, 1:3, 3:1. Pier redundancy was not considered in the collision risk section. 
	5.5 Analysis of Results 
	Truck ROR crashes were evaluated by the aforementioned methodologies. It was assumed that the probability that a truck will run off a homogeneous segment is uniform. A ranking of collision indexes for overpass bridges in South Dakota was created. 
	5.5.1 Truck ROR Crash Prediction Model Results 
	As stated in section 5.2, the Poisson and NB models were considered in this study. The results showed that the dispersion parameter 𝛼 is statistically different from zero, indicating that the crash data have unequal mean value and standard deviation. Therefore, the NB model is preferred. SAS statistical software was used (see Section I.2 of Appendix I) to calculate the coefficients of the NB model. The results are presented in Table 5. 
	Table 5: Negative Binomial Estimation 
	Variable 
	Variable 
	Variable 
	Variable 
	Variable 

	Coefficient 
	Coefficient 

	P-value 
	P-value 



	Intercept 
	Intercept 
	Intercept 
	Intercept 

	-13.2392 
	-13.2392 

	<.0001 
	<.0001 


	Truck ADT 
	Truck ADT 
	Truck ADT 

	1.3696 
	1.3696 

	<.0001 
	<.0001 


	Surface type (0 if asphalt, 1 if concrete) 
	Surface type (0 if asphalt, 1 if concrete) 
	Surface type (0 if asphalt, 1 if concrete) 

	0.3670 
	0.3670 

	0.0011 
	0.0011 


	Rumble strips (0 if exist, 1 if none) 
	Rumble strips (0 if exist, 1 if none) 
	Rumble strips (0 if exist, 1 if none) 

	0.2355 
	0.2355 

	0.0042 
	0.0042 


	Horizontal curve 
	Horizontal curve 
	Horizontal curve 

	0.0602 
	0.0602 

	<.0001 
	<.0001 


	Snowfall 
	Snowfall 
	Snowfall 

	0.0370 
	0.0370 

	0.0027 
	0.0027 


	Dispersion 
	Dispersion 
	Dispersion 

	0.2475 
	0.2475 

	 
	 




	The independent variables in the NB model can be either continuous variable such as ADT or categorical variables such as surface type, the presence of rumble strips.  In addition, a number of variables such as the number of lanes, lane width, median width, shoulder width, annual rainfall, and number of frost days are not listed in Table 5 because they were not statistically significant (P-value ≥ 0.05). This indicates that those factors do not significantly influence the truck ROR crash frequency on the Int
	According to the NB model results, the truck ADT coefficient is positive, which is consistent with the expectation of higher crash frequencies with higher truck ADTs. Additionally, a higher degree of horizontal curve results in an increased number of ROR crashes. Therefore, vehicles are more likely to run off the road on the segments with sharp horizontal curves, especially for trucks that have a higher center of gravity and off-tracking problems (Miaou et al., 2001). Similarly, increased annual snowfall is
	5.5.2 Ranking Results 
	Figure 5-7 presents the results ranked by the quartile value. In this Figure, the X-axis represents the collision risk between trucks and overpass bridges and the unit is the number of crashes per year. The Y-axis represents the additional RUC caused by the collision with a bridge. Different symbols represent the right-side, left-side and median bents of a bridge. The three horizontal lines denote the 25%, 50%, and 75% values for RUCs and the three vertical lines denote the 25%, 50%, and 75% values for brid
	 
	Figure
	Figure 5-7: Bridge Collision Risk Profile 
	 
	 
	Figure
	Figure 5-8: Bridge Collision Risk/RUC Clusters 
	Bridge bents located in Cluster 1-1 have the lowest 25% collision risk and the lowest 25% additional RUCs, while the bridge bents located in Cluster 1-2 have 25%-50% mean values for collision risk and the lowest 25% additional RUCs. Following this pattern, the bridge bents located in Cluster 4-4 have the top 25% collision risk and the top 25% additional RUCs among all the bridge bents being considered in the bridge inventory included in this study. A summary of the quartile values ranking is shown in Append
	Figure 5-9 through Figure 5-11 show the bridge ranking by the sum of weighted Z-scores (1:1, 1:3, and 3:1) of collision risk and bridge RUC for the overpass bridges considered in this study. The length of the bar chart denotes the value of the sum of weighted Z-scores and the size of the bridge symbol denotes the total collision cost, which is calculated as the product of the truck-bridge collision risk and the bridge RUC. 
	 
	 
	Figure
	Figure 5-9: Bridge Ranking by Weighted Sum Z-scores (1:1) 
	 
	Figure
	Figure 5-10: Bridge Ranking by Weighted Sum Z-scores (1:3) 
	 
	Figure
	Figure 5-11: Bridge Ranking by Weighted Sum Z-scores (3:1) 
	According to the above figures, the ranking results by the sum of different weighted Z-scores are similar. As mentioned earlier, a larger number of high collision risk bridges are located in urban areas, which is logical because of the high truck volume and additional RUC resulting from a bridge collapse. Thus, the pattern shows a higher concentration of high collision risk bridges around Rapid City and Sioux Falls. Furthermore, the overpass bridges located on I-29 between Brookings and Sioux City show high
	5.6 Summary 
	Accelerated economic development has substantially increased freight activities on South Dakota highway system. A large amount of increased traffic is from heavy vehicles, which escalates the probability of a collision between trucks and bridges. In spite of the extremely low odds, this type of collision can be catastrophic because many overpass bridges on South Dakota’s Interstate highways were designed and constructed prior to the development of the collision load design requirements. A collision of this 
	Crashes are random events, as they may be affected by several factors that are unknown or observable. The unobserved elements are the main contributor to data heterogeneity. To factor the data heterogeneities into the crash risk analysis of this study, random parameter count models were employed. The model output reveals that high truck traffic exposure, sharp horizontal curves, high annual snowfall precipitation, and concrete pavement increase truck ROR crash frequency. The effects vary across highway segm
	A bridge collision occurs if the bridge bent happens to be located in the erratic vehicle’s trajectory path. This physical exposure of a bridge to the collision can be measured by the hazard envelope which is determined by the bridge size, vehicle dimension, encroachment angle, and orientation angle (Mak and Sicking, 2003). In this study, the hazard envelope of each bridge bent has been calculated. Coupled with the unit crash counts, the collision risk can be estimated for each bridge bent, and thereby, the
	The importance of a bridge reflects the socioeconomic impact that would result from a bridge collapse. It is calculated as the RUC because of the additional distance that would need to be traveled. When both collision risk and the economic importance of a bridge were combined, two multi-criteria decision analysis methods were applied to create a bridge collision risk index and to rank the overpass bridges on I-29 and I-90 in South Dakota. The method can be transferred and applied to other state DOTs with si
	  
	6 EVALUATION AND COLLAPSE MITIGATION OF VULNERABLE OVERPASSES 
	This chapter covers structural evaluation of bridge columns supporting all overpass bridges on I-90 and I-29 in South Dakota in addition to a few other highway bridges selected by SDDOT. Literature review on cases of bridge collapse under truck collision forces, development of code specifications, and previous studies on vehicle collision loads was conducted and is reported in this chapter. Elastic structural analysis was performed using the AASHTO-LRFD Extreme Event II load combination (AASHTO, 2012), whic
	This chapter also covers experimental and analytical work on two scaled specimens representing an as-built and a retrofitted bent of an overpass that was identified as high risk for collision and vulnerable to collapse under the AASHTO vehicular collision force. A lateral load representing the AASHTO prescribed vehicular collision force was applied to the column of each specimen until failure. Conclusions and recommendations for retrofitting vulnerable bridges are presented at the end of this chapter. 
	6.1 Introduction 
	According to AASHTO-LRFD Bridge Design Specifications (2012), a bridge column that (1) is within 30.0 ft of the edge of the roadway, (2) lacks adequate protection for collision, and (3) does not qualify for exemption based on the annual frequency of impact must be designed for a collision load of 600 kips applied laterally at 5 ft above ground. This requirement is set to prevent bridge collapse under the extreme event of a tractor-semitrailer collision with the bridge column. The majority of overpass bridge
	A risk assessment and mitigation strategy for protecting critical and economically essential bridges against collapse under collision loads involves ranking the bridge inventory for crash risk and identifying bridge structures that are vulnerable to collapse should a truck collision occurs. Bridges that are considered at high crash risk and vulnerable to collapse would be the top candidates for retrofit as shown in Figure 6-1. Ranking the bridge inventory covered in this study for crash risk was covered in 
	A retrofit measure may be accomplished by either adding a protective device against collision as described in AASHTO (2012) or strengthening the bent structure to increase its capacity and meet the demand imposed by the design collision force. Protective devices can be installed only where there is adequate space around a bent such as in wide medians. The majority of existing bridges have bents located close to the roadway and do not permit for the installation of 
	protective devices. Therefore, this study was limited to investigating retrofit measures that enhance the structural capacity of inadequate bents. 
	 
	Figure
	Figure 6-1: Collision Risk Assessment and Mitigation Strategy 
	6.2 Literature Review 
	The literature review covered in this section includes notable cases of truck collisions with bridge columns, progression of code specifications for collision loads, previous analytical work on collision loads, and design of a crash strut for mitigating bridge collapse under collision loads. 
	6.2.1 Recent Cases of Bridge Collapse under Truck Collision Loads 
	Although tractor-trailer collisions with bridge columns are rare, some have led to collapse of or severe damage to bridges. Three notable cases occurred near Big Springs, NE (May 23, 2003), near Big Springs, TX (November 6, 2013), and near Worthington, MN (June 2, 2003). 
	The collision near Big Springs, NE occurred on I-80 with an overpass bridge that did not have any access to the Interstate and was only used by local traffic. The impact speed and the ensuing explosion resulting from the collision caused a complete collapse of the two interior spans of the bridge (NDOR, 2013). A second truck travelling in the opposite direction was also hit by the falling bridge. 
	Since there were no on/off ramps to detour traffic around the collapsed bridge, traffic on I-80 was detoured on a 10-mile route around the crash site (AP News, 2003). In addition to the expected socio-economic issues involved with the bridge being out of operation during the reconstruction phase, this accident occurred Friday evening of Memorial Day weekend. Crews were forced to work through the night in an effort to reopen I-80 as quickly as possible to reduce the effect on Memorial Day weekend traffic. Tr
	 
	 
	 
	 
	 
	Figure

	 
	 
	Figure



	(a) Arial View 
	(a) Arial View 
	(a) Arial View 
	(a) Arial View 
	(a) Arial View 
	(a) Arial View 



	(b) Fallen Span on Passing Truck 
	(b) Fallen Span on Passing Truck 
	(b) Fallen Span on Passing Truck 
	(b) Fallen Span on Passing Truck 






	Figure 6-2: I-80 Bridge Collapse near Big Springs, NE (NDOR, 2013) 
	The Big Springs, TX, bridge collapse occurred on I-20 when a westbound 18-wheeler loaded with pipes for the West Texas oil fields collided with a bridge column. The collision occurred close to midnight when the truck driver overcorrected after hitting the guardrail, causing the trailer to swing around and hit a column. The collision caused two spans of the bridge to collapse. Additionally, a second 18-wheeler crashed into the collapsed superstructure. According to Texas DOT (Waltrip, 2013), the cleanup of t
	 
	Figure
	Figure 6-3: I-80 Bridge Collapse near Big Springs, TX (Midland Reporter Telegram, 2013) 
	On June 2, 2003 a truck collided with a bridge column on I-90 near Worthington, MN. The collision occurred in rainy weather conditions at approximately 3:00 a.m. and was the result of a blown tire which steered the truck towards the column (Haltvick, 2013). This collision bears particular relevance to the state of South Dakota as the bridge design and traffic conditions are similar to those on the South Dakota Interstate system. Although this accident did not result in collapse of the bridge deck, the impac
	 
	Figure
	Figure 6-4: I-90 Bridge Collision near Worthington, MN (Courtesy MnDOT) 
	6.2.2 Progression of Code Specifications on Vehicular Collision Force 
	The majority of the bridges investigated in this study were built between the 1950s and the 1970s. The governing design code during that time was the Standard Specifications for Highway Bridges, which went through several updates over the years. The last edition was published in 2002 (AASHTO, 2002). The Standard Specifications did not specify any vehicular collision forces. Therefore, bridge columns built according to the Standard Specifications were not required to be designed for vehicular collision load.
	In 1994, AASHTO published the first edition of the LRFD Bridge Design Specifications (AASHTO, 1994) where vehicular collision force was first introduced. Section 3.6.5.2 of the 1994 AASHTO LRFD Bridge Design Specifications (AASHTO, 1994) stated that bridge columns should be designed for “an equivalent static force of 400 kips, assumed to act in any direction in a horizontal plane, at a distance of 4 ft above ground.” The vehicular collision force is applied to the column as a point load. The 400-kip equival
	According to the 1994 Bridge Design Specifications, columns need not be considered at risk of collision if they are protected by “a structurally independent, crashworthy ground-mounted 54-in. high barrier, located within 10 feet from the component being protected” or “a 42 in. high barrier located at more than 10 feet from the component being protected” (AASHTO, 1994). The barrier must be capable of withstanding a Performance Test Level 3 impact in order for the risk of collision to be neglected. In the 200
	Apart from the increase in the barrier requirements, no changes were made in the vehicular collision load requirements until the sixth edition of AASHTO-LRFD (AASHTO, 2012). In the sixth edition, the vehicular collision equivalent static load was increased to 600 kips and the height of impact was increased to 5 feet above the ground. Additionally, the direction of loading was changed from “any direction” to “zero to 15 degrees with the edge of the pavement.” This increase to 600 kips is based on a study per
	6.2.3 Previous Analytical Work on Vehicular Collision Loads 
	6.2.3.1 Tsang and Lam (2008) 
	The AASHTO code (AASHTO, 2012) specifies a 600 kip static load to be used in lieu of the dynamic impact load resulting from an 80,000 lb tractor-semitrailer traveling at 50 mph. Tsang and Lam (2008) analyzed concrete columns using quasi-static and dynamic analysis to evaluate collision forces at failure. Dynamic loading is time-dependent, where the inertial effects must be accounted for. Quasi-static loading is time dependent but occurs slowly enough that inertial effects can be neglected. Tsang and Lam des
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	 (Eq. 6-1) 
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	where KE is kinetic energy, G is the mass of the vehicle, and V is the initial frontal impact velocity. Initially, all of the energy is absorbed by the vehicle (approximately the first 1-2 ms) as the front of the vehicle starts to crush. After this initial phase, the impact energy is partially absorbed by the column and partially by the vehicle. The absorption of energy by the vehicle, particularly at the beginning of the impact, reduces the force that is imparted to the column. Tsang and Lam found that the
	6.2.3.2 El-Tawil et al. (2005) 
	El-Tawil et al. (2005) used finite element analysis to evaluate the validity of using an equivalent static load rather than using dynamic analysis to analyze concrete columns for impact. Finite element models were created for a circular and rectangular column bridge pier and analysis was performed using a 14 kN (3147 lb) and a 66 kN (14,837 lb) truck (note that both of these trucks are significantly smaller than the 80,000 lb truck on which the AASHTO code is based). Analyses were performed on the vehicles 
	kN truck was more than 5000 kN (1125 kips). The tractor-trailers specified in the code are almost six times heavier than the 66 kN truck but the code only specifies a 600 kip static load. This indicates that current code specifications might significantly underestimate the imposed load in the event of a tractor-semitrailer collision with a bridge column. 
	6.2.4 MnDOT Crash Strut Retrofit 
	To mitigate column or bent failure due to truck collision loads, the Minnesota Department of Transportation (MnDOT) developed a retrofitting technique that can be applied to bridges not designed for collision loads. This retrofit technique, referred to as a “crash strut,” involves the construction of a partial-height wall that spans between and is attached to the bent columns. The crash strut acts as a shear wall at the portion below the point of impact and couples the columns to which it is attached. 
	MnDOT’s preferred method of protection is to provide sufficient barriers to prevent collision. For newly constructed one- and two-column bents where collision protection cannot be provided, the individual columns are designed to withstand a 400 kip collision load. For bents with three or more columns where collision protection cannot be provided, the preferred method is to design the structure for the 400 kip collision load using the crash strut (MnDOT, 2007). The philosophy behind this design approach is t
	Per MnDOT Memo to Designers (2007), the strut is to extend a minimum of 4′-6ʺ above the ground surface while extending into the ground all the way to the top of the footing. The strut thickness should be a minimum of 3 feet and should extend at least 2 inches on each side wider than the column. The strut should be doweled to the footing using a minimum of #6 bars and should be designed as a horizontal beam able to resist a 400 kip collision load between the columns. A summary of the steps for the MnDOT desi
	In response to AASHTO’s increased vehicular collision force from 400 kips to 600 kips, MnDOT changed in 2016 the design collision load of the crash strut to 600 kips (MnDOT, 2017). 
	6.3 Description of the Bridge Inventory 
	This section presents a description of the bridges were included in this study.  
	6.3.1 Introduction 
	A total of 175 overpass bridges from the South Dakota Interstate system and several other SDDOT-selected bridges throughout the state were analyzed. Table 6 shows the distribution of these bridges based on the roads they cross. A detailed inventory showing the bridge identification number, location, and other bridge-specific details is provided in Appendix B. 
	Table 6: Distribution of Bridges by Road 
	Road 
	Road 
	Road 
	Road 
	Road 

	Number of Overpass Bridges 
	Number of Overpass Bridges 



	I-90 
	I-90 
	I-90 
	I-90 

	81 
	81 


	I-29 
	I-29 
	I-29 

	72 
	72 


	I-229 
	I-229 
	I-229 

	11 
	11 


	I-190 
	I-190 
	I-190 

	1 
	1 


	Hwy 14 (Near Brookings) 
	Hwy 14 (Near Brookings) 
	Hwy 14 (Near Brookings) 

	1 
	1 


	Hwy 50 (Near Vermillion) 
	Hwy 50 (Near Vermillion) 
	Hwy 50 (Near Vermillion) 

	2 
	2 


	Madison St. (Sioux Falls) 
	Madison St. (Sioux Falls) 
	Madison St. (Sioux Falls) 

	2 
	2 


	12th St. (Sioux Falls) 
	12th St. (Sioux Falls) 
	12th St. (Sioux Falls) 

	2 
	2 


	Mt. Rushmore Rd. (Rapid City) 
	Mt. Rushmore Rd. (Rapid City) 
	Mt. Rushmore Rd. (Rapid City) 

	1 
	1 


	Haines Ave. (Rapid City) 
	Haines Ave. (Rapid City) 
	Haines Ave. (Rapid City) 

	2 
	2 




	The overpass bridges analyzed were mostly two- and four-span bridges, with a small number of three- and five-span bridges. The bent can be either integral with the bridge deck or non-integral. An integral bent is one where the columns of that bent are monolithic with the bridge deck. For bridges that do not have bent caps, the girders rest directly on the columns. In integral abutments, the bridge girders are considered to have fixed support at the abutments. In non-integral abutments, the bridge girders ar
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	Figure
	Figure 6-5: I-90 Diagram of Typical Four-Span Bridge 
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	(a) Single Circular Column with Integral Cap 
	(a) Single Circular Column with Integral Cap 
	(a) Single Circular Column with Integral Cap 
	(a) Single Circular Column with Integral Cap 
	(a) Single Circular Column with Integral Cap 
	(a) Single Circular Column with Integral Cap 



	(b) Multi-Circular Columns 
	(b) Multi-Circular Columns 
	(b) Multi-Circular Columns 
	(b) Multi-Circular Columns 



	(c) Square Columns 
	(c) Square Columns 
	(c) Square Columns 
	(c) Square Columns 
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	(d) Flared Columns 
	(d) Flared Columns 
	(d) Flared Columns 
	(d) Flared Columns 
	(d) Flared Columns 



	(e) Tee Column 
	(e) Tee Column 
	(e) Tee Column 
	(e) Tee Column 



	(f) Hammerhead Column 
	(f) Hammerhead Column 
	(f) Hammerhead Column 
	(f) Hammerhead Column 
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	(g) Octagonal Column 
	(g) Octagonal Column 
	(g) Octagonal Column 
	(g) Octagonal Column 
	(g) Octagonal Column 



	(h) Rectangular Column 
	(h) Rectangular Column 
	(h) Rectangular Column 
	(h) Rectangular Column 



	 
	 




	Figure 6-6: Column Types 
	6.3.2 Column Types 
	The columns of the analyzed bridges can be grouped into seven different types: circular, square, flared, hammerhead, tee, rectangular, and octagonal. Figure 6-6 shows the different column types. The bridge type distribution is shown in Figure 6-7. Bridges with circular columns represented the vast majority of the bridges in this study (77%). Flared column bridges were the second highest in number (14%).  
	 
	Figure
	Figure
	Figure
	Figure 6-7: Number of Bridges by Column Type 
	The circular columns can be split into two groups, single-column and multi-column bents. The single-circular columns were much larger in diameter than the multi-circular columns. The single- circular columns were either 60 in. or 72 in. in diameter and were integral with the bridge deck or with box girders. Bents with multiple-circular columns had smaller diameter columns ranging between 27 in. and 42 in. Except for two bridges where the girders were supported directly by the columns, the multi-circular col
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	Figure
	Figure 6-8: Number of Bridges with Circular Columns  
	 
	All of the square-column bridges had at least three columns per bent. The cross-sectional dimensions of the columns ranged between 28 in. and 36 in. square. 
	The majority of the flared columns had a rectangular cross section widened in the direction perpendicular to the bridge longitudinal axis. The flares were either partial over the top segment of the column or full over the entire column height. Figure 6-9 shows partially-flared and fully-flared columns. There were five bridges with flared columns that also had varying depth perpendicular and parallel to the bridge longitudinal axis. All of the five bridges were located on I-29 and had no bent caps. Figure 6-
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	(a) Partially-Flared Columns 
	(a) Partially-Flared Columns 
	(a) Partially-Flared Columns 
	(a) Partially-Flared Columns 
	(a) Partially-Flared Columns 
	(a) Partially-Flared Columns 



	(b) Fully-Flared Columns 
	(b) Fully-Flared Columns 
	(b) Fully-Flared Columns 
	(b) Fully-Flared Columns 






	Figure 6-9: Partially- and Fully-Flared Columns 
	 
	 
	Figure
	Figure 6-10: Flared Columns with No Bent Cap 
	Two of the bridges in this study were fitted with tee columns. These bridges spanned over Haines Avenue in Rapid City and carried the westbound and eastbound traffic on I-90. 
	The hammerhead columns were similar to the tee columns except that there were two hammerhead columns per bent. The four bridges with hammerhead columns spanned Madison Street and 12th Street in Sioux Falls and carried northbound and southbound traffic on I-29. 
	One bridge in this study had octagonal columns. The bridge was located west of Rapid City on I-90 and consisted of a four-span bridge with one-column bents. The column was 72 in. wide and had a 36 in. diameter hollow core that extended over the entire column height. 
	Only one bridge had rectangular columns with inverted flares. The cross section at the top of the column was 36 in. square. The section flared outward perpendicular to the bridge along the column length. This flare was different from the flared columns discussed earlier where the column’s section flares outward towards the top of the column. The bridge with rectangular columns is a two-span bridge with a two-column bent. 
	6.3.3 Bridge Types 
	In general, there were five types of bridge superstructures on the Interstate system in South Dakota: plate girder, prestressed concrete girder, slab, square-haunch, and concrete box girder. Figure 6-11 shows the different bridge types. At the time the bridge inventory was inspected by the researchers, the most common type was the plate girder bridge (62%), followed by the 
	prestressed girder bridge (23%). Figure 6-12 shows a chart of bridge distribution by superstructure type. 
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	(a) Parabolic Plate Girder 
	(a) Parabolic Plate Girder 
	(a) Parabolic Plate Girder 
	(a) Parabolic Plate Girder 
	(a) Parabolic Plate Girder 
	(a) Parabolic Plate Girder 



	(b) Unit Plate Girder 
	(b) Unit Plate Girder 
	(b) Unit Plate Girder 
	(b) Unit Plate Girder 



	(c) Prestressed Concrete Girder 
	(c) Prestressed Concrete Girder 
	(c) Prestressed Concrete Girder 
	(c) Prestressed Concrete Girder 
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	(d) Slab 
	(d) Slab 
	(d) Slab 
	(d) Slab 
	(d) Slab 



	(e) Square Haunch 
	(e) Square Haunch 
	(e) Square Haunch 
	(e) Square Haunch 



	(f) Box Girder 
	(f) Box Girder 
	(f) Box Girder 
	(f) Box Girder 






	Figure 6-11: Bridge Superstructure Types 
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	Figure
	Figure 6-12: Number of Bridges by Superstructure Type 
	The plate girders were either “unit” or “parabolic.” A unit plate girder has a constant depth over the entire length of the girder. A parabolic plate girder is deeper at the bents and shallower at mid-span. 
	For the prestressed concrete girder bridge type, individual prestressed concrete girders spanned between the supports. At the interior supports, the girders were made continuous for live load. 
	In slab bridges, the superstructure was a slab without any supporting girders. All of the slab bridges were four spans with single circular column at the interior supports. The columns were integral with the superstructure. Therefore, upon collision the entire bridge would be engaged in resisting the impact.  
	A square haunch bridge superstructure consisted of a continuous slab that was supported by multi-column bents with integral bent caps. Slab thickening was provided in the vicinity of the bent cap. The bent cap connection to the deck slab was detailed so as to provide only translational restraint to the superstructure; therefore, the entire bridge would be engaged in the event of a collision, but no moment could be transmitted between the superstructure (deck) and the substructure (bent). One of the square h
	The box girder bridges were multi-cell reinforced concrete box girders with integral bent caps. Of the ten box girder bridges included in this study, seven were four-cell and three were three-cell box girders. All of the box girder bridges were four-span bridges with single circular column bents. The columns were 6 feet in diameter.  
	6.3.4 Foundation Types 
	Except for two bridges that were supported by drilled pier foundations, all of the bridge columns in this study were supported by spread footings or pile caps. Figure 6-13 shows the bridge distribution by foundation type. 
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	Figure 6-13: Number of Bridges by Foundation Type 
	6.3.5 Redundancy 
	A bent structure was considered redundant if it provided a path for load redistribution without losing stability in the event of a column collapse under a vehicular collision force. In this study, a bent was assumed to be redundant if it had three-or-more columns. Of the bridges included in this study, only 38% were redundant. Almost 40% of the bridges in the inventory were non-redundant two-column bents with circular columns. Figure 6-14 shows the bridge distribution by redundancy classification. 
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	Figure
	Figure 6-14: Number of Bridges by Redundancy Classification 
	6.4 Evaluation of South Dakota Bridge Structures for Vehicular Collision Force 
	Elastic structural analysis was performed to determine the flexural and shear demands in the bridge columns when subjected to the vehicular collision force. The flexural and shear capacities were determined from code equations and compared to the demands to identify the structures that did not have adequate capacity to carry the vehicular collision force specified by AASHTO (2012). No strength reduction factors were applied to the nominal capacities since the analysis was performed for the purpose of identi
	6.4.1 Dead Load Carried by the Columns 
	The shear and flexural capacities of columns are dependent on the axial load carried by the columns. Since the shear and flexural capacities of bridge columns increase with an increase in the axial load, the live load was neglected to obtain conservative lower-bound estimates for the shear and flexural capacities as described in Section 6.4.4. Thus, the analysis was performed under an axial load that accounted for the dead load only. The axial loads in the columns were determined using the self-weight of th
	6.4.2 Column Shear Capacity 
	The shear capacity of the columns was calculated based on AASHTO Guide Specifications for LRFD Seismic Bridge Design, 2nd Ed. (2011). A column’s overall shear capacity is the result of the shear capacity of the concrete and the shear capacity of the reinforcement steel. The overall shear capacity is the summation of both shear capacity components, as shown in Equation 6-2. 
	 (Eq. 6-2) 
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	where Vn is the nominal shear capacity, Vc is the concrete shear capacity, and Vs is the reinforcing steel shear capacity. In design, a reduction factor, ɸ, would be applied to the nominal shear capacity to obtain the design shear strength. Since the purpose of this study was to identify critical bridges that may require retrofitting rather than design new bridges, a strength reduction factor was not applied to the calculated nominal strengths.  
	The concrete shear capacity was determined using Equation 6-3: 
	 (Eq. 6-3) 
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	where vc is the unit shear strength and Ae is the effective shear area. 
	The unit shear strength is determined using Equation 6-4: 
	 (Eq. 6-4) 
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	where α′ is a concrete shear stress adjustment factor which accounts for concrete deterioration due to plastic hinging, Pu is the factored compressive force in kips acting on the section, Ag is the gross area of the member cross-section in in2, and f′c is the nominal concrete compressive strength in ksi. The concrete shear stress adjustment factor should not be greater than 3 and need not be less than 0.3 (AASHTO, 2011). The structural demand and capacity approach used in this analysis was based on a streng
	The flared, hammerhead, tee, and rectangular columns had dimensions that varied with height. Except for the rectangular columns, the reinforced core concrete area was constant throughout the column. The concrete area outside of the core was for architectural purposes only. Therefore, the concrete gross area was taken equal to the core area. The reinforcement in the rectangular columns flared with the columns outer dimensions. As a result, the concrete gross area varied with height; thus, the shear capacity 
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	For columns with spiral reinforcement, the shear capacity of the shear reinforcement was determined using Equation 6-6: 
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	where n is the number of interlocking spirals or hoops, Asp is the area of the spiral or hoop reinforcing bar (in2), fyh is the yield stress of reinforcing bar (ksi), D′ is the core diameter of the column (in.), and s is the pitch of the spiral or the spacing of the hoop reinforcement (in.). None of the columns had interlocking spirals or hoops, so n was taken as 1. For columns with rectilinear shear reinforcement, the shear capacity of the shear reinforcement was determined using Equation 6-7: 
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	where Av is the cross-sectional area of shear reinforcement in the direction of the shear force (in.2), d is the effective depth of section (in.), and s is the spacing of the tie sets (in.). The yield strength of the reinforcing bar was given in the plan set specifications.  
	The shear capacity of all of the columns included in this study is summarized in Section G.1 of Appendix G. 
	6.4.3 Column Flexural Capacity 
	The flexural capacity of a column is dependent upon the column geometry, reinforcement, material properties, and axial load carried by the column. The flexural capacity of a column section corresponds to an ultimate concrete compressive strain, εu, of 0.003 as required by AASHTO (2012). Bridge columns are seldom slender. Therefore, the slenderness effect was not considered in determining the flexural capacity of the columns. 
	The circular and square columns were prismatic and were reinforced with uniform main reinforcement along their entire length; thus, the flexural capacity was the same throughout the length of a column. As a result, the critical section was at the bottom of the columns where the flexural demand is highest. Except for the rectangular columns with inverted flares, the critical section of non-prismatic columns was located at the bottom of the column where the flexural demand is highest and the cross section is 
	The analytical flexural capacity was determined using the computer program spColumn (StructurePoint, 2011). The strength reduction factor was not applied to the nominal flexural capacity since the purpose of this exercise was to assess the capacity of existing rather than design new bridges. 
	The flexural capacity of all of the columns included in this study is summarized in Section G.1 of Appendix G.  
	6.4.4 Shear and Flexural Demands 
	Elastic structural analysis was performed on all 175 bridge structures included in this study in order to identify bridge columns that would be deficient under collision loads. The structural analysis was performed to determine the flexural and shear demands in the columns under AASHTO’s Extreme Event II load combination (AASHTO, 2012). This load case provides the factored load combination for dead load (DL), live load (LL) plus impact (I) due to the dynamic motion of the live load, and vehicular collision 
	Factored Load = γp (DL) + 0.5 (LL + I) + 1.0 (CV) (Eq. 6-8) 
	where γp is a dead load multiplier that can be varied between 0.90 and 1.25. Bridge columns are normally subjected to relatively low axial loads and are designed for axial load and bending combinations that fall below the balance points of the respective axial load-moment interaction diagrams. Thus, as the axial load increases, the column’s flexural capacity increases. An increase in the axial load also increases the shear capacity of the column. The structural analysis 
	in this study was performed assuming absence of the live load and impact since such an assumption would correspond to the most critical loading combination. Although the lowest dead load multiplier of 0.90 would be the most critical case, γp was taken as 1.00 since the self-weight of the columns was not added to the dead load in the analysis.  
	The analysis was done using SAP2000 finite element software (CSI 2012). The following assumptions were adopted to simplify the analysis: (1) under the vehicular collision force the soil was assumed to provide sufficient resistance against footing translation, (2) the column-footing connection was assumed to be a moment-resisting connection, and (3) the soil lateral pressure on the buried portion of the column was neglected. Neglecting the lateral soil pressure yielded conservative estimates for the shear an
	For the two bridges that had drilled pier foundations, the Equivalent Cantilever Method (PoLam et al., 1998) was used to model the soil-structure interaction. The Equivalent Cantilever Method replaces the drilled pier with a fictitious cantilever beam that is fixed at its lower end and has a flexural stiffness equivalent to that of the combined pile and surrounding soil. The depth of the fixed end of the equivalent cantilever can be determined using Equation 6-8. 
	 (Eq. 6-8) 
	 (Eq. 6-8) 
	InlineShape

	where Lc is the equivalent cantilever length (or depth below the ground surface of the equivalent cantilever), No is the number of diameter lengths to effective fixity, and D is the diameter of the drilled pier. The number of diameter lengths to effective fixity can be determined from the Standard Penetration Index (SPT) of the soil as shown in Figure 6-15. The soil at the bridge sites was a brown silt-clay as described in the construction plans. In the absence of a graph for silty-clays in Figure 6-15, the
	 
	Figure
	Figure 6-15: SPT Blow Count vs. Depth to Effective Fixity in Clay (Caltrans, 1990) 
	Prismatic columns with uniform cross-sectional reinforcement were modeled with the overall dimensions and material properties given in the plan sets. For columns that did not have constant cross-sections, average cross sectional properties were used. For example, a flared column was modeled as a prismatic column with a rectangular section based on averaging the properties of the sections at the top and the bottom of the column. A more accurate model could have been obtained by dividing the column into multi
	was minimal, it was decided to model the columns as single elements with uniform cross sections. 
	The superstructure of a bridge with integral bent caps would be mobilized under a vehicular collision load applied to one of the bent columns. However, the superstructure provides little or no resistance to a vehicular collision force when the bent caps are non-integral. Therefore, when performing structural analysis, the entire bridge (superstructure and substructure) was modeled for integral bent cap bridges, while only the bent structure was modeled for non-integral bent cap bridges. Extruded views and l
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	(a) Extruded View 
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	(b) Line Element Model 
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	Figure 6-16: Model of a Non-Integral Bent 
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	(a) Extruded View 
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	Figure 6-17: Model of an Integral Bent Bridge 
	A 600 kip load was applied horizontally at a height of 5 feet above the ground surface, as specified by AASHTO (2012). For each bridge, two different loading patterns were used in the analysis, one where the load was applied parallel to the roadway and the other where the load was applied at an angle 15° to the roadway. The higher shear and bending moment demands were selected to assess the adequacy of the columns for the vehicular impact force. A summary of shear and flexural demands is presented in Sectio
	6.4.5 Assessment of Bridge Vulnerability under a Vehicular Collision Force 
	The shear and flexural demand-to-capacity ratios (D/C) for the columns were calculated using the analytical shear and flexural capacity and demand values as determined in Sections 6.4.2, 6.4.3 and 6.4.4. Thus, a D/C ratio of greater than one indicates that a column is inadequate (insufficient) under the applied 600 kip vehicle collision force. A summary of the D/C values is presented in Section G.3 of Appendix G. Only 35 bridges had columns that were classified 
	as “Sufficient” in shear and flexure. The columns of the remaining bridges were classifies as “Insufficient.” 
	Of the 175 bridges considered in this study, the columns of 140 bridges were found to be structurally inadequate in flexure, shear, or both. In the event that a bridge has “Insufficient” columns, the redundancy of the structure becomes an important factor when considering potential collapse of the superstructure. If a bridge column fails under a collision force and the gravity load from the superstructure gets safely redistributed to the remaining columns, then collapse of the superstructure will not occur.
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	Figure
	Figure 6-18: Number of Bridges Based on Sufficiency and Redundancy 
	All of the two-column bents with circular columns were non-redundant and had “Insufficient” columns. The square haunch bridge was considered “Sufficient” because of the collision protection provided by the concrete median wall. The circular columns of the single-column bents were “Sufficient” in shear, but half of these columns were “Insufficient” in flexure. Of the 25 flared-column bridges, 15 were “Sufficient”, and one-half of the “Insufficient” flared column bridges were bridges without bent caps. 
	6.4.6 Prioritization of Vulnerable Bridge Bents for Collapse Mitigation 
	The collision risk and the collapse vulnerability analyses were combined to identify high-risk deficient bridge bents and prioritize mitigation needs. The results are presented in Appendix D. Each bent listed in the 16 clusters of the quartile risk ranking is labeled with a string of alpha-numeric characters to indicate bridge identification, road crossed by the bridge (I-90, I-29, etc.), mile marker, bent location (Left, Median, Right) relative to the bridge, bent redundancy (Redundant: R; Non-Redundant: N
	The collapse of inadequate bents that are vulnerable to vehicular collision forces could be mitigated through installing protective devices or implementing retrofit measures to enhance the strength of the bent. However, retrofitting all inadequate bents is cost prohibitive. One strategy to prioritize bridge bents for collapse mitigation retrofit would be to consider the pool of bridge bents that fall in clusters 4-4, 3-4, and 4-3. This pool of bridge bents includes 35 single- circular column bents, 35 two-c
	bents, and 16 two-or-more-flared column bents. Of those bents, almost all of the two-or-more-circular column bents, 8 of the single-circular column bents, and 5 of the flared-column bents were inadequate under a vehicular collision force. Table 7 presents a summary of the bridge bent types in the high-risk collision pool (clusters 4-4, 3-4, and 4-3). Figure 6-19 shows pictures of typical bridge bents in the high collision risk pool. By considering the vulnerable bents in the high collision risk pool, a prio
	Table 7: High Collision Risk Bents 
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	(a) Single-Circular Column Bent 
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	(c) Three-Circular Column Bent 
	(c) Three-Circular Column Bent 
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	(c) Three-Circular Column Bent 



	(d) Flared-Column Bent 
	(d) Flared-Column Bent 
	(d) Flared-Column Bent 
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	Figure 6-19: Typical Bridge Bents in Collision Risk Quadrants 4-4, 3-4, and 4-3 
	6.5 Proof Tests of As-Built and Retrofitted Two-Circular Column Bents 
	This section presents the experimental work that was conducted in this study to evaluate the structural performance of an as-built bent and a retrofitted bent when subjected to AASHTO’s vehicular collision force. The experimental work involved load tests of two 1/3-scale specimens 
	at the Lohr Structures Laboratory at South Dakota State University. One specimen represented a two-circular column bent of a prototype I-29 overpass that was determined by analysis to be inadequate for the vehicular collision force. The other specimen represented a similar bent but retrofitted with a crash strut to resist the collision force. The main objectives for the laboratory tests were to evaluate the performance of the as-built condition of the bent and verify the effectiveness of the crash strut whe
	6.5.1 Selection and Description of the Prototype Bridge 
	The prioritization analysis presented in Section 6.4.6 indicated that the two-circular column bent type represented the vast majority of the structurally inadequate bents in the high-risk collision pool (clusters 4-4, 3-4, and 4-3) and all of the 35 two-circular bents in the high-risk collision pool were also structurally inadequate. Moreover, two-column bents are non-redundant and represent worst case scenario for catastrophic collapse under a vehicular collision force. In a meeting that was held on June 1
	 
	Figure
	Figure 6-20: The Prototype Bridge 
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	Figure 6-21: Details of the Prototype Bridge Bent (Courtesy SDDOT) 
	The bridge superstructure consisted of a concrete deck supported by four steel plate girders. The girders were supported at the bent cap by roller supports, with two girders located between the columns and one girder located at each bent cap overhang. Each column was 27 in. in diameter and was reinforced with 10 #11 longitudinal bars and #4 spiral at 2 in. pitch. The bent cap was 36 in. deep, 30 in. wide, and 372 in. long, and was reinforced with six #11 top and six #11 bottom bars. The shear reinforcement 
	6.5.2 Selection and Description of the Retrofit Method 
	The research team and the technical panel agreed to test the effectiveness of the MnDOT crash strut as a retrofit measure for the inadequate bridge bents in South Dakota. The design and detailing of the MnDOT crash strut was described in Section 6.2.4. The crash strut is simply a partial height wall that spans between the bent columns and is anchored to the top of the footings. The crash strut would resist the collision load through development of shear stresses in the strut wall. A crash strut retrofit is 
	 
	Figure
	Figure 6-22: Crash Strut Retrofit (Courtesy MnDOT) 
	6.5.3 Design and Construction of the Test Specimens 
	The two test specimens were identical except for the addition of a crash strut to the retrofitted specimen. The as-built specimen was labeled NCS (No Crash Strut) and the retrofitted specimen was labeled CSR (Crash Strut Retrofit). 
	The columns were 9 in. in diameter and were reinforced with 8-#4 longitudinal bars and W5 smooth wire spiral at 1.75 in. pitch. The column clear height between the top of the footing and the bent cap soffit was 80 in. The clear concrete cover was 5/8 in. Since the only steel reinforcement available for the construction of the specimens was Grade 60, the provided steel reinforcement was slightly lower than what would be required based on Grade 50. The reduced steel amount was selected to maintain the target 
	 
	Figure
	Figure 6-23: Details of the Test Specimen Columns 
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	Figure 6-24: Details of the Test Specimen Bent Cap 
	Minnesota DOT crash strut design requires the strut to be extend vertically from the top of the footing to a minimum distance of 4.5 ft above the ground level. In this study, the crash strut of the prototype was considered to extend to 5 ft above ground level to match the collision force application point specified by AASHTO. MnDOT also specifies that the crash strut should extend horizontally a minimum of 6 in. past each column in the longitudinal direction and a minimum of 2 in. on each side of each colum
	The MnDOT design method for the crash strut is based on assuming the strut to behave as a flexural member subjected to a collision force between the column supports. Based upon the design of the prototype crash strut, the specimen crash strut was 12 in. wide by 41.5 in. high. The length of the strut was 92 in. on one side and 95.25 in. on the other side as shown in Figure 6-25. The different lengths were needed to form a chamfered vertical face that would allow for lateral load application at 15˚ to the bent
	 
	Figure
	Figure 6-25: Details of the Test Specimen Crash Strut 
	The design of the test specimen footing did not follow the prototype footing. Instead of a single footing under each column, one continuous footing was designed to support both columns of each specimen. The continuous footing was needed to facilitate moving the test specimens inside the laboratory. Since uplift of the footing during the test was retrained by tie-downs, the footing needed to be designed for both a positive and negative bending moment. To simplify the construction of the footing, identical re
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	Figure 6-26: Details of the Test Specimen Footing 
	The specimens were cast using ready-mixed concrete. The measured concrete strengths on the day of testing were 4890 psi and 5450 psi for the NCS specimen and the CSR specimen columns, respectively, and 5700 psi for the crash strut. Figure 6-27 shows the test specimens during construction. 
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	(a) Specimen NCS 
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	(b) Specimen CSR 
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	Figure 6-27: Test Specimens during Construction 
	6.5.4 Instrumentation 
	The specimens were instrumented using a combination of strain gages to determine the stress in the reinforcement and cable-extension transducers to measure the displacement of the bent cap. A total of sixteen strain gages and four cable-extension transducers were used in each test. 
	All of the strain gages were installed in the front (South) column. Twelve strain gages were installed on the longitudinal bars—six on the front (South) bar and six on the back (North) bar as shown in Figure 6-28. The gages were placed at the base of the column and at the location of the lateral load. The longitudinal bar gages were labeled N for North (back bar) or S for South (front bar), followed by a number (1 to 6) that corresponded to the vertical location of the gage. Four strain gages were installed
	Two cable-extension transducers were attached to each end of the bent cap to measure the end displacement in two directions. This allowed for determining the displaced location of the bent cap under the applied out-of-plane lateral load and the potential for unseating of the outer girders. A schematic view of the transducers arrangement is shown in Figure 6-28. 
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	(a) Strain Gages on Main Reinforcement 
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	(b) Strain Gages on Transverse Reinforcement 
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	(c) Cable-Extension Transducers 
	(c) Cable-Extension Transducers 
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	Figure 6-28: Instrumentation of the Test Specimens 
	6.5.5 Test Set Up 
	Each specimen was subjected to four static vertical loads along the bent cap length and an increasing lateral load. The lateral load was applied to the column at 39.5 in. above the footing 
	and at an angle of 15˚ to the bent plane since the out-of-plane lateral load was determined to be more critical than the in-plane load. The vertical loads represented the dead load from the superstructure while the horizontal load represented the vehicular collision force. Figure 6-29 shows the test set up.  
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	(a) Schematic diagram 
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	Figure 6-29: Test Set Up 
	The vertical loads were applied by means of four concrete blocks that were mounted on top of the bent cap. The horizontal load was applied by means of a 146 kip hydraulic actuator that reacted against a steel frame anchored to the strong floor. To prevent overturning and sliding of the specimen, the footing was tied down to the floor by means of four post tensioning rods and was held in place by means of steel beams that were anchored to the floor. The lateral loading was applied under displacement-controll
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	(a) Specimen NCS Set Up 
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	(b) Actuator Set Up (15° Out-of-Plane) 
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	Figure 6-30: Specimen NCS after Set Up 
	6.5.6 Experimental Results 
	Prior to testing, an elastic structural analysis was performed for the test specimens to compare the internal forces during the elastic response phase. The analysis was performed using the structural analysis software SAP2000 (CSI, 2012). Figure 6-31 shows plots of the shear and bending moments for the two specimens. All of the bending moment values are shown relative to the maximum bending moment M for a given lateral load. The maximum bending moment occurs at the bottom of the loaded column and the bendin
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	(a) Specimen NCR 
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	Figure 6-31: Elastic Analysis Shear and Bending Moment Diagrams 
	6.5.6.1 Specimen NCS 
	Specimen NCS was tested first. The measured actuator load versus the actuator displacement is shown in Figure 3-32. 
	 
	Figure
	Figure 6-32: Measured Actuator Load-Displacement – Specimen NCS 
	The first flexural cracks started to form at the bottom of the loaded column at a lateral load of 7.97 kips and a corresponding actuator displacement of 0.13 in. At a displacement of 0.25 in. and a corresponding lateral of 12.14 kips, flexural cracks were visible at the mid-height of the loaded column and at the top and bottom ends of the unloaded column (back column). As the 
	load increased, the loaded column started to exhibit inclined shear cracks at its base and distributed flexural cracks along its height. At approximately 30 kips and a corresponding displacement of 2.30 in., the lateral load started to plateau. The maximum recorded lateral load was 31.3 kips at a displacement of 6.06 in. At a displacement of 9.33 in. two longitudinal bars ruptured in tension at the base of the loaded column. The bar rupture was followed immediately by a drop in the lateral load to 20 kips. 
	The strain measurements obtained from the strain gauges attached to the reinforcing steel showed that yielding of the tension steel in the loaded column started at the base at approximately 15 kips and at the mid-height of the column at approximately 20 kips. The transverse reinforcement remained essentially elastic throughout the test. Plots of the strain measurements are presented in Appendix H. At the end of the test, it was visually observed that significant inelastic deformations had also occurred at t
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	(b) Cracking in the Loaded Column 
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	(c) Cracking in the Back Column 
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	(d) Plastic Deformation in the Loaded Column 
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	Figure 6-33: Specimen NCS at Different Stages of the Test 
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	Figure 6-34: Plastic Hinging in Specimen NCS 
	Figure 6-35 shows the displaced location of the bent cap at the end of the test. The displaced location was determined from the measured displacements at the bent cap ends. The rotation experienced by the bent was the result of the out-of-plane lateral load. Excessive out-of-plane displacement of the bent cap could result in unseating of the edge girder at the collision force side. The maximum out-of-plane displacement at the edge girder location (on the loaded columns side) of specimen NCS was 8.5 in. This
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	Figure 6-35: Displacement of the Bent Cap – Specimen NCS 
	6.5.6.2 Specimen CSR 
	Specimen CSR was tested under the same conditions that were applied to specimen NCS. However, the actuator head was aligned with the top of the crash strut. Thus, the load was applied to the top of strut instead of the column. The measured actuator load versus the actuator displacement is shown in Figure 6-36. 
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	Figure 6-36: Measured Actuator Load-Displacement – Specimen CSR 
	 
	The crash strut increased the elastic stiffness of specimen CSR by approximately 7.5 times that of specimen NCS. The response was essentially elastic throughout the test. At a load of 71.2 kips and a corresponding displacement of 0.38 in., a horizontal crack initiated at the top of the crash strut. It was observed that the crack had formed in the cover concrete as a result of the direct horizontal loading at the top of the strut. Failure occurred in the footing at a load of 100 kips and a corresponding disp
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	(a) Specimen CSR at the Start of the Test 
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	(b) Horizontal Crack at the Top of the Strut 
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	Figure 6-37: Specimen CSR Different Stages of the Test 
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	Inclined Crack in Footing 
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	Figure 6-38: Footing Failure in Specimen CSR 
	The strain measurements obtained from the steel strain gages indicated that the strains remained significantly below yield throughout the entire test. Plots of the measured strains are shown in Appendix H. Strain gages S3 and W2 malfunctioned during the test. 
	Figure 6-39 shows the displacement of the bent at the end of the test. The maximum displacement at the locations of the girders was 0.5 in. or less. On the full-scale prototype, the corresponding displacement would be less than 1.5 in. Therefore none of the girders in the prototype structure would be at risk of unseating.  
	 
	Figure
	Figure 6-39: Displacement of the Bent Cap – Specimen CSR 
	6.6 Summary 
	Elastic structural analysis was performed on 175 overpass bridges on I-29, I-90, I-229, I-190, and other roads in South Dakota. The purpose for the analysis was to assess the vulnerability of those bridges to vehicular collision forces. The collision risk assessment discussed in Chapter 5 and the vulnerability assessment were used to develop a retrofit prioritization list for mitigating collapse of bridge bents of the bridges included in this study.  
	Based upon collision risk assessment and collapse vulnerability under vehicular collision force of 175 bridges in South Dakota, a high collision risk and vulnerable two-column bent prototype was selected for an experimental study. The study was designed to examine the structural performance under design collision loads of as-built and retrofitted cases. Two ⅓-scale bridge 
	bents were tested in the laboratory. One specimen represented the vulnerable prototype bent. The other specimen was retrofitted with a MnDOT “crash strut” to prevent bridge collapse under collision loads. The test results were analyzed and the effectiveness of the crash strut was evaluated. The test results indicated that the as-built bent is severely inadequate if subjected to the design collision force. The specimen failed at less than one-half the scaled design load and the bent cap underwent excessive d
	  
	7 ESTIMATION OF THE COLLISION FORCE USING COMPUTATIONAL MODELS 
	This chapter covers the finite element analysis performed in this study to simulate trucks crashing into the column of the prototype bent that was discussed in Chapter 6. Comparison between the analytical results and the AASHTO vehicular collision force are also presented. 
	7.1 Introduction 
	Many researchers have used finite element (FE) simulation to determine collision forces on bridge piers and crash barriers resulting from truck crashes (Buth et al., 2010; El-Tawil et al., 2005; Sharma et al., 2011; Itoh et al., 2007). The 600 kip vehicular collision force specified by AASHTO (2012) was based on recommendations by Buth et al (2010, 2011) who performed FE simulation and full-scale testing of an 80 kip tractor-semitrailer crashing into a concrete column. Since the collision force is dependent
	7.2 Vehicle Finite Element Models 
	Two vehicle models were used in the FE analysis, the 15,000 lb Single Unit Truck (SUT) and the 80,000 lb Tractor-Trailer (TT). The FE models for the two vehicles were developed at George Washington University and were downloaded from the National Crash Analysis Center website (
	Two vehicle models were used in the FE analysis, the 15,000 lb Single Unit Truck (SUT) and the 80,000 lb Tractor-Trailer (TT). The FE models for the two vehicles were developed at George Washington University and were downloaded from the National Crash Analysis Center website (
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	). Figure 7.1 and Figure 7.2 show the FE models for the SUT and the TT vehicles, respectively. The models take into account the stiffness of the engine block and drive train parts. The SUT model represents a medium-weight vehicle, while the TT model corresponds to the truck size for which the AASHTO vehicle collision force was developed.  Although the impact load resulting from an SUT model is less critical than that of a TT model, the SUT model was included in the FE analysis to assess the response of the 

	 
	Figure
	Figure 7-1: 15,000 lb Single Unit Truck FE Model 
	 
	 
	Figure
	Figure 7-2: 80,000 lb Truck-Trailer FE Model 
	7.3 Structure Finite Element Model 
	The FE model for the structure was based on the two-column bent of the prototype bridge described in Section 6.5.1. 
	LS-DYNA provides a variety of material types that can be used to represent the concrete behavior. In this study, MAT_CSCM_CONC (MAT 159 in LS-DYNA) was selected to model the concrete material since it factors in the effect of strain rate on the performance of the concrete and can model concrete in tension and compression based on strain limits. The failure criteria were set to eliminate a concrete element from the FE model at 6% compressive strain. The unconfined compressive strength was set at 4000 psi. Th
	 
	Figure
	Figure 7-3: Concrete Stress-Strain Model 
	The reinforcing steel material was modeled using MAT_PIECEWISE_LINEAR_PLASTICITY (MAT 24 in LS-DYNA). This material incorporates the effects of the strain rate and can model the inelastic behavior of steel after yielding. Steel grade 50 with modulus of elasticity of 29,000 ksi and ultimate stress of 64 ksi was used to model the material for all of steel reinforcement. The strain at the beginning of 
	strain hardening and at ultimate strain were set at 0.0017 in./in. and 0.17 in./in., respectively. Figure 7-4 shows the stress-strain model for the grade 50 steel. 
	 
	Figure
	Figure 7-4: Reinforcing Steel Stress-Strain Model 
	Fully integrated solid elements were used to model all concrete members. An AUTOMATIC_SURFACE_TO_SURFACE contact was assigned between all of the concrete elements. The Lagrangian coupling method was used to model the contact between the steel bars and the concrete. The translational and rotational degrees of freedom at the footings were restrained since the footings were supported by piles. Figure 7-5 shows the FE model for the bent. 
	 
	 
	 
	 
	 
	Figure

	 
	 
	Figure



	(a) Concrete Elements Mesh 
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	Figure 7-5: FE Model of the Bent Structure 
	7.4 Simulation Cases and Results 
	Finite element dynamic analysis was performed for the SUT and the TT truck models. The approach angle was set at 15° and the truck placement was configured such that the impact with the column was at 5 feet above ground level. For each truck, dynamic analysis was conducted at speeds of 55 mph, 65 mph, and 75 mph. Figure 7-6 shows computer-generated images of the trucks at impact. The total simulation time was set to 200 ms for the SUT model and 300 ms 
	for the TT model to capture the significant collision events and optimize the computer program run time. Figure 7-7 shows the trucks and the bent after impact for the 55 mph run. 
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	(a) SUT at Impact 
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	Figure 7-6: Isometric Views of the Trucks at Impact 
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	(a) SUT after Impact 
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	Figure 7-7: Isometric Views after Impact – 55 mph Approach Speed 
	For each run, the collision dynamic force was plotted versus the time after initial contact. The collision dynamic force is defined as the force corresponding to 1 ms moving average. Figure 7-8 and Figure 7-9 show the collision dynamic force at approach speeds of 55 mph, 65 mph, and 75 mph versus time after initial impact for the SUT and the TT models, respectively.  
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	Figure 7-8: Collision Dynamic Force – SUT Simulation 
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	Figure 7-9: Collision Dynamic Force – TT Simulation 
	The peaks in Figure 7-8 and 7-9 correspond to the impact of the engine block with the column. For the SUT simulation, the peak collision dynamic forces were 1,229 kips, 1,988 kips, and 2,312 kips at approach speeds of 55 mph, 65 mph, and 75 mph, respectively. For the TT simulation, the peak collision dynamic forces were 2,359 kips, 3,384 kips, and 3,433 kips at approach speeds of 55 mph, 65 mph, and 75 mph, respectively. The results indicate that higher approach speeds result in higher peak collision dynami
	The simulation results also revealed the effects of the approach speed and vehicle size on the damage caused to the bent structure. Figure 7-10 and 7-11 show computer-generated images of the damage to the bent structure inflicted by the SUT and TT vehicles, respectively. The SUT collision events resulted in localized damage to the impacted column and did not lead to global failure of the bent structure. On the other hand, the TT collision events resulted in severe damage to the substructure (columns, footin
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	(a) Speed = 55 mph 
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	Figure 7-10: Damaged Bent after Collision – SUT Simulation 
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	Figure 7-11: Damaged Bent after Collision – TT Simulation 
	7.5 Analysis of the Simulation Results 
	The peak collision dynamic force is a short-duration event that does not allow sufficient time for the structure to respond in proportion to the magnitude of the applied force. Thus, the peak collision dynamic force should not be used for determining the load demand on a structure. In this study the collision force was determined at 1 ms, 10 ms, and 50 ms moving averages. Figure 7-12 and Figure 7-13 show the results for the SUT and TT vehicles, respectively. A summary of the peak forces at the 1ms, 10 ms, a
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	Figure 7-12: 1 ms, 10 ms, and 50 ms Moving Average Collision Force – SUT Simulation 
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	Figure 7-13: 1 ms, 10 ms, and 50 ms Moving Average Collision Force – TT Simulation 
	 
	Table 8: Peak Collision Force at 1 ms, 10 ms, and 50 ms Moving Average 
	Case 
	Case 
	Case 
	Case 
	Case 

	Peak Load (Kip) 
	Peak Load (Kip) 



	TBody
	TR
	1 ms 
	1 ms 
	Moving Average 

	10 ms 
	10 ms 
	Moving Average 

	50 ms 
	50 ms 
	Moving Average 


	SUT 
	SUT 
	SUT 
	V = 55 mph 

	1229 
	1229 

	512 
	512 

	335 
	335 


	SUT 
	SUT 
	SUT 
	V = 65 mph 

	1988 
	1988 

	593 
	593 

	402 
	402 


	SUT 
	SUT 
	SUT 
	V = 75 mph 

	2312 
	2312 

	680 
	680 

	475 
	475 


	TT 
	TT 
	TT 
	V = 55 mph 

	2359 
	2359 

	949 
	949 

	585 
	585 


	TT 
	TT 
	TT 
	V = 65 mph 

	3384 
	3384 

	1091 
	1091 

	751 
	751 


	TT 
	TT 
	TT 
	V = 75 mph 

	3433 
	3433 

	1145 
	1145 

	853 
	853 




	 
	It is customary in the automotive industry to use the collision force obtained from the 50 ms moving average for determining the equivalent static design force (El-Tawil et al., 2005). The 50 ms moving average method also has been evaluated by researchers for determining equivalent static collision forces on bridge piers (Buth et al., 2010; El-Tawil et al., 2005). The peak forces at 1 ms and 50 ms moving averages are plotted in Figure 7-14 and Figure 7-15 for the SUT and TT vehicles. Also shown on the plots
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	Figure 7-14: 1 ms and 50 ms Moving Average Peak Forces – SUT Simulation 
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	Figure 7-15: 1 ms and 50 ms Moving Average Peak Forces – TT Simulation 
	8 FINDINGS AND CONCLUSIONS 1 
	Crashes of heavy trucks with bridge columns are random events with low probability of 2 occurrence. In spite of the low odds, previous collision events in other states have resulted in 3 catastrophic partial or full collapse of bridges. Increased truck traffic on South Dakota highways 4 escalates the probability of collision. Collapse of an important bridge may result in significant 5 negative socioeconomic impact at the local, state, and national levels. Therefore, a risk 6 evaluation and mitigation plan i
	8.1 Findings 11 
	Based on the results obtained from this study, the following findings were identified. 12 
	▪ The uncertainties involved in truck collision events lead to a range of outcomes for 13 calculating the hazard envelope, a physical exposure of a bridge to the collision. 14 Therefore, statistical models have been developed to identify statistically significant 15 collision contributing factors as well as their impacts. The model results show that high 16 truck traffic exposure, sharp horizontal curves, high annual snowfall precipitation, and 17 concrete pavement surfaces all increase the truck ROR crash 
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	▪ The importance of a bridge reflects the severity of the socioeconomic impact that would 23 result from a bridge collapse. It is calculated as the RUC because of the additional 24 distance that would need to be traveled. 25 
	▪ The importance of a bridge reflects the severity of the socioeconomic impact that would 23 result from a bridge collapse. It is calculated as the RUC because of the additional 24 distance that would need to be traveled. 25 

	▪ When the collision risk and the economic importance of a bridge were combined, a 26 decision analysis method was applied to rank the overpass bridges. The quartile 27 distribution, based on collision risk and RUC, resulted in 16 clusters of bridges that can 28 be used to form a prioritization policy for the implementation of risk mitigation 29 procedures. The highest risk cluster (quartile 4-4, i.e. RUC 4 and Collision Risk 4) 30 contained 24 bridge bents. Quartiles 3-4 and 4-3 contained 49 and 25 bridge 
	▪ When the collision risk and the economic importance of a bridge were combined, a 26 decision analysis method was applied to rank the overpass bridges. The quartile 27 distribution, based on collision risk and RUC, resulted in 16 clusters of bridges that can 28 be used to form a prioritization policy for the implementation of risk mitigation 29 procedures. The highest risk cluster (quartile 4-4, i.e. RUC 4 and Collision Risk 4) 30 contained 24 bridge bents. Quartiles 3-4 and 4-3 contained 49 and 25 bridge 

	▪ AASHTO’s Standard Specifications for Highway Bridges did not include provisions for 33 truck collision with bridge columns and abutments. The vehicular collision force 34 requirements first appeared in AASHTO’s LRFD Bridge Design Specifications first 35 edition in 1994. 36 
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	▪ In the early editions of AASHTO-LRFD, the vehicular collision force requirements for 37 bridges without adequate protection for collision consisted of a 400 kip static force 38 applied horizontally to a bridge column at 4 feet above ground level. In 2012, the 39 vehicular collision force was increased to 600 kips and the point of application was 40 changed to 5 feet above ground level.  41 
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	▪ The vast majority of the 175 bridges included in this study were designed and constructed 1 prior to the development and implementation of the vehicular collision force 2 requirements for unprotected bridge columns. Using elastic structural analysis and code 3 methods for determining structural capacity, the columns of 140 bridges were found to 4 be structurally inadequate in flexure, shear, or both. 5 
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	▪ Bents with less than three columns were considered non-redundant. Of the 175 bridges 6 included in this study, 107 had non-redundant bents (61%). 7 
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	▪ Bridges with circular columns represented the vast majority of the bridge inventory in 8 this study (77%). Flared column bridges were the second highest in number (14%). 9 Almost 40% of the bridges in the inventory were non-redundant two-column bents with 10 circular columns. 11 
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	▪ Laboratory testing of 1/3-scale of a vulnerable two-circular column bent indicated 14 structural failure at less than one-half the design collision force and potential for 15 unseating of the edge girder. A similar specimen but with a crash strut retrofit was 16 capable of resisting 1.5 times the design collision force. 17 
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	▪ The finite element dynamic analysis performed in this study showed that for the 18 prototype bridge considered in the analysis, the 600 kip vehicle collision force specified 19 by AASHTO is a reasonable estimate for the load demand induced by the collision with 20 the bridge column of an 80,000 lb tractor-trailer travelling at 55 mph. 21 
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	8.2 Conclusions 22 
	Following are the conclusions of this study. 23 
	▪ Crashes are random events, as they may be affected by several factors that are unknown 24 or observable. Unobserved elements are the main contributor to data dispersion. To 25 account for data dispersion in the crash risk analysis of this study, the NB count models 26 can be employed. The model output reveals that high truck traffic exposure, sharp 27 horizontal curves, high annual snowfall precipitation as well as the concrete pavement 28 surface all increase the truck ROR crash frequency. 29 
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	▪ By considering the vulnerable bents in the high collision risk pool, a priority list for 30 protection or retrofit can be generated by SDDOT engineers and planners. The 31 prioritization should take into consideration additional factors such as the remaining 32 useful life of the bridge, bridge replacement schedule, availability of resources, and cost 33 effectiveness of implementing the same retrofit method for a group of bents that share 34 the same features. 35 
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	▪ The columns of the vast majority of two- and three-circular column bents are inadequate 36 in shear, flexure, or both under the 600 kip vehicular collision force. 37 
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	▪ The crash strut used in this study provides an effective measure for retrofitting high risk 38 and vulnerable bridge bents. The MnDOT method for designing the crash strut yielded 39 adequate results. 40 
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	9 RECOMMENDATIONS 1 
	Based on the findings of this study, the research team offer the following recommendations. 2 
	9.1 Recommendation 1 3 
	The South Dakota Department of Transportation should adopt the prioritization list generated 4 in this study, coupled with other factors such as the remaining useful life of the bridge, bridge 5 replacement schedule, availability of resources, and cost effectiveness of using the same retrofit 6 method for a group of bents that share the same features, for implementing protection or retrofit 7 measures for vehicular collision forces. 8 
	The collapse risk of inadequate bents that are vulnerable to vehicular collision forces could be 9 mitigated through implementing retrofit measures to enhance the strength of the bent. However, 10 retrofitting all inadequate bents is cost prohibitive. One strategy to prioritize bridge bents for 11 collapse mitigation retrofit would be to consider the pool of bridge bents that fall in the high 12 risk quartiles 4-4, 3-4, and 4-3 (listed in Appendix D) and are vulnerable to collapse under the 13 vehicular col
	9.2 Recommendation 2 18 
	The South Dakota Department of Transportation should adopt a crash strut, similar to the 19 one tested in this study, for retrofit of two- and three-column bents.  20 
	The test results of the 1/3-scaled two-column bent indicated that the as-built bent is severely 21 inadequate if subjected to the design collision force. The as-built specimen failed at less than 22 one-half the scaled design load and the bent cap underwent excessive displacement that could 23 cause unseating of the superstructure’s girders. The addition of a concrete crash strut between 24 the columns increased the bent collision load capacity to at least 1.5 times the collision force 25 demand. Thus, the 
	 28 
	10 RESEARCH BENEFITS 1 
	Collapse of critical bridges due to truck collision loads may result in significant negative 2 socioeconomic impact at the local, state, and national levels. SDDOT currently does not have 3 a method to evaluate the risk of heavy truck collisions to bridge columns. Mitigation measures 4 to prevent collapse of bridge piers under truck collisions have not been explored before this 5 study. Currently, bridge column protection on South Dakota highways consists of guardrails to 6 redirect passenger vehicles and p
	This study provides SDDOT with a risk assessment and mitigation procedures. The 10 recommendations provided in this report would enable SDDOT to implement a relatively 11 inexpensive retrofit technique to manage the risk of truck collision with bridge columns. 12 
	In addition, this study provides a compilation of critical geographic, safety, and structural data 13 on 175 bridges on I-29, I-90, I-229, I-190, and other roads in South Dakota. This data can be 14 used by SDDOT and other researchers in future studies related to overpasses on major highways 15 in South Dakota. 16 
	* 17 
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	APPENDIX C: COLLISION RISK ANALYSIS RESULTS 
	C.1: Calculated Bridge Collision Risk, RUC, and Quartile 
	Table C.1-1: Bridge Collision Risk, RUC, and Quartile – I-29 Overpass Bridges 
	I-29 
	I-29 
	I-29 
	I-29 
	I-29 


	Bridge ID 
	Bridge ID 
	Bridge ID 

	Mile Marker 
	Mile Marker 

	Risk of Collision 
	Risk of Collision 

	RUC 
	RUC 
	(S) 

	Quartiles 
	Quartiles 


	TR
	Right 
	Right 

	Left 
	Left 

	Median 
	Median 

	L 
	L 

	M 
	M 

	R 
	R 



	64158399 
	64158399 
	64158399 
	64158399 

	1 
	1 

	  
	  

	  
	  

	0.056% 
	0.056% 

	20352 
	20352 

	NA 
	NA 

	4-3 
	4-3 

	NA 
	NA 


	64149367 
	64149367 
	64149367 

	4 
	4 

	0.066% 
	0.066% 

	0.067% 
	0.067% 

	0.062% 
	0.062% 

	6116 
	6116 

	3-4 
	3-4 

	3-4 
	3-4 

	3-4 
	3-4 


	64140355 
	64140355 
	64140355 

	6 
	6 

	0.062% 
	0.062% 

	0.063% 
	0.063% 

	0.041% 
	0.041% 

	270.874 
	270.874 

	1-4 
	1-4 

	1-2 
	1-2 

	1-4 
	1-4 


	64120336 
	64120336 
	64120336 

	8 
	8 

	0.059% 
	0.059% 

	0.060% 
	0.060% 

	0.039% 
	0.039% 

	267 
	267 

	1-4 
	1-4 

	1-2 
	1-2 

	1-4 
	1-4 


	64115330 
	64115330 
	64115330 

	9 
	9 

	0.062% 
	0.062% 

	0.062% 
	0.062% 

	0.041% 
	0.041% 

	1988 
	1988 

	3-4 
	3-4 

	3-2 
	3-2 

	3-4 
	3-4 


	64100315 
	64100315 
	64100315 

	11 
	11 

	0.059% 
	0.059% 

	0.059% 
	0.059% 

	0.039% 
	0.039% 

	579 
	579 

	1-4 
	1-4 

	1-2 
	1-2 

	1-4 
	1-4 


	64080296 
	64080296 
	64080296 

	14 
	14 

	0.059% 
	0.059% 

	0.059% 
	0.059% 

	0.039% 
	0.039% 

	402 
	402 

	1-4 
	1-4 

	1-2 
	1-2 

	1-4 
	1-4 


	64070287 
	64070287 
	64070287 

	15 
	15 

	0.057% 
	0.057% 

	0.062% 
	0.062% 

	0.039% 
	0.039% 

	6872 
	6872 

	3-4 
	3-4 

	3-2 
	3-2 

	3-4 
	3-4 


	64050250 
	64050250 
	64050250 

	20 
	20 

	0.048% 
	0.048% 

	0.048% 
	0.048% 

	0.031% 
	0.031% 

	1562 
	1562 

	2-3 
	2-3 

	2-2 
	2-2 

	2-3 
	2-3 


	64020220 
	64020220 
	64020220 

	24 
	24 

	0.051% 
	0.051% 

	0.049% 
	0.049% 

	0.032% 
	0.032% 

	1562 
	1562 

	2-3 
	2-3 

	2-2 
	2-2 

	2-3 
	2-3 


	64008205 
	64008205 
	64008205 

	26 
	26 

	0.053% 
	0.053% 

	0.053% 
	0.053% 

	0.035% 
	0.035% 

	16166 
	16166 

	4-3 
	4-3 

	4-2 
	4-2 

	4-3 
	4-3 


	64006160 
	64006160 
	64006160 

	31 
	31 

	0.047% 
	0.047% 

	0.047% 
	0.047% 

	0.029% 
	0.029% 

	10189 
	10189 

	4-3 
	4-3 

	4-2 
	4-2 

	4-3 
	4-3 


	64006120 
	64006120 
	64006120 

	35 
	35 

	0.044% 
	0.044% 

	0.044% 
	0.044% 

	0.028% 
	0.028% 

	622 
	622 

	2-3 
	2-3 

	2-2 
	2-2 

	2-3 
	2-3 


	64006100 
	64006100 
	64006100 

	37 
	37 

	0.044% 
	0.044% 

	0.044% 
	0.044% 

	0.028% 
	0.028% 

	434 
	434 

	1-3 
	1-3 

	1-2 
	1-2 

	1-3 
	1-3 


	64006090 
	64006090 
	64006090 

	38 
	38 

	0.048% 
	0.048% 

	0.047% 
	0.047% 

	0.029% 
	0.029% 

	1517 
	1517 

	2-3 
	2-3 

	2-2 
	2-2 

	2-3 
	2-3 


	64006030 
	64006030 
	64006030 

	44 
	44 

	0.047% 
	0.047% 

	0.047% 
	0.047% 

	0.030% 
	0.030% 

	261 
	261 

	1-3 
	1-3 

	1-2 
	1-2 

	1-3 
	1-3 


	64006010 
	64006010 
	64006010 

	46 
	46 

	0.047% 
	0.047% 

	0.047% 
	0.047% 

	0.029% 
	0.029% 

	426 
	426 

	1-3 
	1-3 

	1-2 
	1-2 

	1-3 
	1-3 


	64006000 
	64006000 
	64006000 

	47 
	47 

	  
	  

	  
	  

	0.047% 
	0.047% 

	11292 
	11292 

	NA 
	NA 

	4-3 
	4-3 

	NA 
	NA 


	42065260 
	42065260 
	42065260 

	50 
	50 

	0.060% 
	0.060% 

	0.062% 
	0.062% 

	0.043% 
	0.043% 

	5848 
	5848 

	3-4 
	3-4 

	3-3 
	3-3 

	3-4 
	3-4 


	42065230 
	42065230 
	42065230 

	53 
	53 

	0.063% 
	0.063% 

	0.063% 
	0.063% 

	0.037% 
	0.037% 

	2362 
	2362 

	3-4 
	3-4 

	3-2 
	3-2 

	3-4 
	3-4 


	42065200 
	42065200 
	42065200 

	56 
	56 

	0.063% 
	0.063% 

	0.063% 
	0.063% 

	0.041% 
	0.041% 

	1152 
	1152 

	2-4 
	2-4 

	2-2 
	2-2 

	2-4 
	2-4 


	42065170 
	42065170 
	42065170 

	59 
	59 

	0.064% 
	0.064% 

	0.064% 
	0.064% 

	0.038% 
	0.038% 

	6453 
	6453 

	3-4 
	3-4 

	3-2 
	3-2 

	3-4 
	3-4 


	42065140 
	42065140 
	42065140 

	62 
	62 

	0.077% 
	0.077% 

	0.086% 
	0.086% 

	0.054% 
	0.054% 

	5704 
	5704 

	3-4 
	3-4 

	3-3 
	3-3 

	3-4 
	3-4 


	42065141 
	42065141 
	42065141 

	62 
	62 

	0.077% 
	0.077% 

	0.086% 
	0.086% 

	0.054% 
	0.054% 

	5704 
	5704 

	3-4 
	3-4 

	3-3 
	3-3 

	3-4 
	3-4 


	42065130 
	42065130 
	42065130 

	63 
	63 

	0.084% 
	0.084% 

	0.095% 
	0.095% 

	0.061% 
	0.061% 

	2804 
	2804 

	3-4 
	3-4 

	3-4 
	3-4 

	3-4 
	3-4 


	42065120 
	42065120 
	42065120 

	64 
	64 

	0.077% 
	0.077% 

	0.086% 
	0.086% 

	0.054% 
	0.054% 

	3534 
	3534 

	3-4 
	3-4 

	3-3 
	3-3 

	3-4 
	3-4 


	42065100 
	42065100 
	42065100 

	67 
	67 

	0.100% 
	0.100% 

	0.096% 
	0.096% 

	0.065% 
	0.065% 

	4394 
	4394 

	3-4 
	3-4 

	3-4 
	3-4 

	3-4 
	3-4 


	42065080 
	42065080 
	42065080 

	68 
	68 

	  
	  

	  
	  

	0.053% 
	0.053% 

	910 
	910 

	NA 
	NA 

	2-3 
	2-3 

	NA 
	NA 


	42065050 
	42065050 
	42065050 

	71 
	71 

	0.090% 
	0.090% 

	0.086% 
	0.086% 

	0.062% 
	0.062% 

	8834 
	8834 

	4-4 
	4-4 

	4-4 
	4-4 

	4-4 
	4-4 


	50172240 
	50172240 
	50172240 

	76 
	76 

	  
	  

	  
	  

	0.107% 
	0.107% 

	9506 
	9506 

	NA 
	NA 

	4-4 
	4-4 

	NA 
	NA 


	50173235 
	50173235 
	50173235 

	76.5 
	76.5 

	0.128% 
	0.128% 

	0.128% 
	0.128% 

	0.077% 
	0.077% 

	31802 
	31802 

	4-4 
	4-4 

	4-4 
	4-4 

	4-4 
	4-4 


	50175230 
	50175230 
	50175230 

	77 
	77 

	  
	  

	  
	  

	0.105% 
	0.105% 

	25493 
	25493 

	NA 
	NA 

	4-4 
	4-4 

	NA 
	NA 


	50175222 
	50175222 
	50175222 

	78 
	78 

	  
	  

	  
	  

	0.116% 
	0.116% 

	37333 
	37333 

	NA 
	NA 

	4-4 
	4-4 

	NA 
	NA 


	50178191 
	50178191 
	50178191 

	81 
	81 

	  
	  

	  
	  

	0.048% 
	0.048% 

	25926 
	25926 

	NA 
	NA 

	4-3 
	4-3 

	NA 
	NA 


	50180170 
	50180170 
	50180170 

	83 
	83 

	  
	  

	  
	  

	0.071% 
	0.071% 

	21345 
	21345 

	NA 
	NA 

	4-4 
	4-4 

	NA 
	NA 


	50180162 
	50180162 
	50180162 

	84 
	84 

	0.114% 
	0.114% 

	0.123% 
	0.123% 

	0.050% 
	0.050% 

	7739 
	7739 

	3-4 
	3-4 

	3-3 
	3-3 

	3-4 
	3-4 


	50180163 
	50180163 
	50180163 

	84 
	84 

	0.114% 
	0.114% 

	0.123% 
	0.123% 

	0.050% 
	0.050% 

	7739 
	7739 

	3-4 
	3-4 

	3-3 
	3-3 

	3-4 
	3-4 


	50180140 
	50180140 
	50180140 

	86 
	86 

	0.067% 
	0.067% 

	0.067% 
	0.067% 

	0.040% 
	0.040% 

	5409 
	5409 

	3-4 
	3-4 

	3-2 
	3-2 

	3-4 
	3-4 


	50177130 
	50177130 
	50177130 

	87 
	87 

	0.066% 
	0.066% 

	0.066% 
	0.066% 

	0.034% 
	0.034% 

	1479 
	1479 

	2-4 
	2-4 

	2-2 
	2-2 

	2-4 
	2-4 


	50175040 
	50175040 
	50175040 

	96 
	96 

	0.065% 
	0.065% 

	0.065% 
	0.065% 

	0.032% 
	0.032% 

	864 
	864 

	2-4 
	2-4 

	2-2 
	2-2 

	2-4 
	2-4 


	50175020 
	50175020 
	50175020 

	98 
	98 

	0.069% 
	0.069% 

	0.057% 
	0.057% 

	0.033% 
	0.033% 

	5608 
	5608 

	3-4 
	3-4 

	3-2 
	3-2 

	3-4 
	3-4 




	I-29 
	I-29 
	I-29 
	I-29 
	I-29 


	Bridge ID 
	Bridge ID 
	Bridge ID 

	Mile Marker 
	Mile Marker 

	Risk of Collision 
	Risk of Collision 

	RUC 
	RUC 
	(S) 

	Quartiles 
	Quartiles 


	TR
	Right 
	Right 

	Left 
	Left 

	Median 
	Median 

	L 
	L 

	M 
	M 

	R 
	R 



	51065210 
	51065210 
	51065210 
	51065210 

	102 
	102 

	0.057% 
	0.057% 

	0.057% 
	0.057% 

	0.031% 
	0.031% 

	622 
	622 

	2-4 
	2-4 

	2-2 
	2-2 

	2-4 
	2-4 


	51065200 
	51065200 
	51065200 

	104 
	104 

	0.057% 
	0.057% 

	0.057% 
	0.057% 

	0.031% 
	0.031% 

	1354 
	1354 

	2-4 
	2-4 

	2-2 
	2-2 

	2-4 
	2-4 


	51065150 
	51065150 
	51065150 

	109 
	109 

	0.057% 
	0.057% 

	0.057% 
	0.057% 

	0.031% 
	0.031% 

	15421 
	15421 

	4-4 
	4-4 

	4-2 
	4-2 

	4-4 
	4-4 


	51066100 
	51066100 
	51066100 

	114 
	114 

	0.054% 
	0.054% 

	0.054% 
	0.054% 

	0.028% 
	0.028% 

	7048 
	7048 

	3-3 
	3-3 

	3-2 
	3-2 

	3-3 
	3-3 


	51065050 
	51065050 
	51065050 

	120 
	120 

	0.052% 
	0.052% 

	0.052% 
	0.052% 

	0.027% 
	0.027% 

	2105 
	2105 

	3-3 
	3-3 

	3-2 
	3-2 

	3-3 
	3-3 


	06185230 
	06185230 
	06185230 

	126 
	126 

	0.053% 
	0.053% 

	0.053% 
	0.053% 

	0.023% 
	0.023% 

	380 
	380 

	1-3 
	1-3 

	1-1 
	1-1 

	1-3 
	1-3 


	06185210 
	06185210 
	06185210 

	127 
	127 

	0.051% 
	0.051% 

	0.051% 
	0.051% 

	0.022% 
	0.022% 

	13750 
	13750 

	4-3 
	4-3 

	4-1 
	4-1 

	4-3 
	4-3 


	06185190 
	06185190 
	06185190 

	129 
	129 

	0.052% 
	0.052% 

	0.053% 
	0.053% 

	0.023% 
	0.023% 

	1456 
	1456 

	2-3 
	2-3 

	2-1 
	2-1 

	2-3 
	2-3 


	06185159 
	06185159 
	06185159 

	132 
	132 

	0.052% 
	0.052% 

	0.052% 
	0.052% 

	0.023% 
	0.023% 

	8162 
	8162 

	4-3 
	4-3 

	4-1 
	4-1 

	4-3 
	4-3 


	06185160 
	06185160 
	06185160 

	132 
	132 

	0.052% 
	0.052% 

	0.052% 
	0.052% 

	0.022% 
	0.022% 

	8162 
	8162 

	4-3 
	4-3 

	4-1 
	4-1 

	4-3 
	4-3 


	06185150 
	06185150 
	06185150 

	133 
	133 

	0.051% 
	0.051% 

	0.051% 
	0.051% 

	0.022% 
	0.022% 

	9064 
	9064 

	4-3 
	4-3 

	4-1 
	4-1 

	4-3 
	4-3 


	06185130 
	06185130 
	06185130 

	135 
	135 

	  
	  

	  
	  

	0.012% 
	0.012% 

	1142 
	1142 

	NA 
	NA 

	2-1 
	2-1 

	NA 
	NA 


	06185110 
	06185110 
	06185110 

	137 
	137 

	  
	  

	  
	  

	0.013% 
	0.013% 

	511 
	511 

	NA 
	NA 

	1-1 
	1-1 

	NA 
	NA 


	06185080 
	06185080 
	06185080 

	140 
	140 

	  
	  

	  
	  

	0.012% 
	0.012% 

	12185 
	12185 

	NA 
	NA 

	4-1 
	4-1 

	NA 
	NA 


	20061280 
	20061280 
	20061280 

	150 
	150 

	  
	  

	  
	  

	0.009% 
	0.009% 

	17689 
	17689 

	NA 
	NA 

	4-1 
	4-1 

	NA 
	NA 


	29280020 
	29280020 
	29280020 

	167 
	167 

	0.078% 
	0.078% 

	0.081% 
	0.081% 

	0.026% 
	0.026% 

	674 
	674 

	2-4 
	2-4 

	2-2 
	2-2 

	2-4 
	2-4 


	15240220 
	15240220 
	15240220 

	173 
	173 

	0.028% 
	0.028% 

	0.028% 
	0.028% 

	0.009% 
	0.009% 

	1060 
	1060 

	2-2 
	2-2 

	2-1 
	2-1 

	2-2 
	2-2 


	15215150 
	15215150 
	15215150 

	180 
	180 

	  
	  

	  
	  

	0.008% 
	0.008% 

	8988 
	8988 

	NA 
	NA 

	4-1 
	4-1 

	NA 
	NA 


	15215120 
	15215120 
	15215120 

	183 
	183 

	  
	  

	  
	  

	0.007% 
	0.007% 

	1536 
	1536 

	NA 
	NA 

	2-1 
	2-1 

	NA 
	NA 


	15215070 
	15215070 
	15215070 

	189 
	189 

	  
	  

	  
	  

	0.007% 
	0.007% 

	98 
	98 

	NA 
	NA 

	1-1 
	1-1 

	NA 
	NA 


	15215030 
	15215030 
	15215030 

	193 
	193 

	  
	  

	  
	  

	0.008% 
	0.008% 

	16055 
	16055 

	NA 
	NA 

	4-1 
	4-1 

	NA 
	NA 


	55085440 
	55085440 
	55085440 

	206 
	206 

	  
	  

	  
	  

	0.009% 
	0.009% 

	2106 
	2106 

	NA 
	NA 

	3-1 
	3-1 

	NA 
	NA 


	55085429 
	55085429 
	55085429 

	207 
	207 

	0.037% 
	0.037% 

	0.033% 
	0.033% 

	0.011% 
	0.011% 

	4597. 
	4597. 

	3-2 
	3-2 

	3-1 
	3-1 

	3-2 
	3-2 


	55100367 
	55100367 
	55100367 

	213 
	213 

	0.030% 
	0.030% 

	0.030% 
	0.030% 

	0.009% 
	0.009% 

	4379 
	4379 

	3-2 
	3-2 

	3-1 
	3-1 

	3-2 
	3-2 


	55115330 
	55115330 
	55115330 

	218 
	218 

	  
	  

	  
	  

	0.008% 
	0.008% 

	452 
	452 

	NA 
	NA 

	1-1 
	1-1 

	NA 
	NA 


	55115290 
	55115290 
	55115290 

	222 
	222 

	  
	  

	  
	  

	0.008% 
	0.008% 

	1821 
	1821 

	NA 
	NA 

	2-1 
	2-1 

	NA 
	NA 


	55115220 
	55115220 
	55115220 

	229 
	229 

	  
	  

	  
	  

	0.008% 
	0.008% 

	637 
	637 

	NA 
	NA 

	2-1 
	2-1 

	NA 
	NA 


	55116190 
	55116190 
	55116190 

	232 
	232 

	0.026% 
	0.026% 

	0.026% 
	0.026% 

	0.008% 
	0.008% 

	5435 
	5435 

	3-2 
	3-2 

	3-1 
	3-1 

	3-2 
	3-2 


	55124170 
	55124170 
	55124170 

	234 
	234 

	0.025% 
	0.025% 

	0.024% 
	0.024% 

	0.007% 
	0.007% 

	159 
	159 

	1-1 
	1-1 

	1-1 
	1-1 

	1-1 
	1-1 


	55144130 
	55144130 
	55144130 

	239 
	239 

	0.024% 
	0.024% 

	0.024% 
	0.024% 

	0.008% 
	0.008% 

	253 
	253 

	1-1 
	1-1 

	1-1 
	1-1 

	1-1 
	1-1 


	55175040 
	55175040 
	55175040 

	248 
	248 

	  
	  

	  
	  

	0.010% 
	0.010% 

	1330 
	1330 

	NA 
	NA 

	2-1 
	2-1 

	NA 
	NA 




	 
	  
	Table C.1-2: Bridge Collision Risk, RUC, and Quartile – I-90 Overpass Bridges 
	I-90 
	I-90 
	I-90 
	I-90 
	I-90 


	Bridge ID 
	Bridge ID 
	Bridge ID 

	Mile Marker 
	Mile Marker 

	Risk of Collision 
	Risk of Collision 

	RUC 
	RUC 
	($) 

	Quartiles 
	Quartiles 


	TR
	Right 
	Right 

	Left 
	Left 

	Median 
	Median 

	L 
	L 

	M 
	M 

	R 
	R 



	41095059 
	41095059 
	41095059 
	41095059 

	10 
	10 

	0.028% 
	0.028% 

	0.035% 
	0.035% 

	0.020% 
	0.020% 

	8795.482 
	8795.482 

	4-2 
	4-2 

	4-1 
	4-1 

	4-2 
	4-2 


	41116088 
	41116088 
	41116088 

	12 
	12 

	0.019% 
	0.019% 

	0.019% 
	0.019% 

	0.011% 
	0.011% 

	11099.98 
	11099.98 

	4-1 
	4-1 

	4-1 
	4-1 

	4-1 
	4-1 


	41101077 
	41101077 
	41101077 

	14 
	14 

	0.019% 
	0.019% 

	0.019% 
	0.019% 

	0.012% 
	0.012% 

	20193.12 
	20193.12 

	4-1 
	4-1 

	4-1 
	4-1 

	4-1 
	4-1 


	41154087 
	41154087 
	41154087 

	17 
	17 

	0.019% 
	0.019% 

	0.019% 
	0.019% 

	0.012% 
	0.012% 

	14086.21 
	14086.21 

	4-1 
	4-1 

	4-1 
	4-1 

	4-1 
	4-1 


	41155087 
	41155087 
	41155087 

	17 
	17 

	0.019% 
	0.019% 

	0.019% 
	0.019% 

	0.012% 
	0.012% 

	14086.21 
	14086.21 

	4-1 
	4-1 

	4-1 
	4-1 

	4-1 
	4-1 


	41185086 
	41185086 
	41185086 

	21 
	21 

	0.032% 
	0.032% 

	0.033% 
	0.033% 

	0.021% 
	0.021% 

	1125.361 
	1125.361 

	2-2 
	2-2 

	2-1 
	2-1 

	2-2 
	2-2 


	41207092 
	41207092 
	41207092 

	23 
	23 

	0.037% 
	0.037% 

	0.039% 
	0.039% 

	0.024% 
	0.024% 

	4032.863 
	4032.863 

	3-2 
	3-2 

	3-1 
	3-1 

	3-2 
	3-2 


	41226107 
	41226107 
	41226107 

	25.5 
	25.5 

	0.034% 
	0.034% 

	0.034% 
	0.034% 

	0.020% 
	0.020% 

	756.1618 
	756.1618 

	2-2 
	2-2 

	2-1 
	2-1 

	2-2 
	2-2 


	47061480 
	47061480 
	47061480 

	36.5 
	36.5 

	0.035% 
	0.035% 

	0.038% 
	0.038% 

	0.031% 
	0.031% 

	1142.644 
	1142.644 

	2-2 
	2-2 

	2-2 
	2-2 

	2-2 
	2-2 


	47069510 
	47069510 
	47069510 

	40 
	40 

	0.046% 
	0.046% 

	0.041% 
	0.041% 

	0.035% 
	0.035% 

	1075.43 
	1075.43 

	2-2 
	2-2 

	2-2 
	2-2 

	2-3 
	2-3 


	47098563 
	47098563 
	47098563 

	46 
	46 

	0.074% 
	0.074% 

	0.074% 
	0.074% 

	0.065% 
	0.065% 

	6867.101 
	6867.101 

	3-4 
	3-4 

	3-4 
	3-4 

	3-4 
	3-4 


	47111580 
	47111580 
	47111580 

	48 
	48 

	  
	  

	  
	  

	0.074% 
	0.074% 

	16045.03 
	16045.03 

	NA 
	NA 

	4-4 
	4-4 

	NA 
	NA 


	47135609 
	47135609 
	47135609 

	52 
	52 

	  
	  

	  
	  

	0.044% 
	0.044% 

	3013.125 
	3013.125 

	NA 
	NA 

	3-3 
	3-3 

	NA 
	NA 


	52390278 
	52390278 
	52390278 

	55 
	55 

	  
	  

	  
	  

	0.046% 
	0.046% 

	21441.39 
	21441.39 

	NA 
	NA 

	4-3 
	4-3 

	NA 
	NA 


	52410285 
	52410285 
	52410285 

	57 
	57 

	  
	  

	  
	  

	0.102% 
	0.102% 

	6548.601 
	6548.601 

	NA 
	NA 

	3-4 
	3-4 

	NA 
	NA 


	52424285 
	52424285 
	52424285 

	59 
	59 

	  
	  

	  
	  

	0.077% 
	0.077% 

	30985.83 
	30985.83 

	NA 
	NA 

	4-4 
	4-4 

	NA 
	NA 


	52450287 
	52450287 
	52450287 

	61 
	61 

	  
	  

	  
	  

	0.045% 
	0.045% 

	5746.83 
	5746.83 

	NA 
	NA 

	3-3 
	3-3 

	NA 
	NA 


	52467276 
	52467276 
	52467276 

	63 
	63 

	0.060% 
	0.060% 

	0.059% 
	0.059% 

	0.037% 
	0.037% 

	1755.256 
	1755.256 

	2-4 
	2-4 

	2-2 
	2-2 

	2-4 
	2-4 


	52470276 
	52470276 
	52470276 

	63.5 
	63.5 

	  
	  

	  
	  

	0.060% 
	0.060% 

	1755.256 
	1755.256 

	NA 
	NA 

	2-4 
	2-4 

	NA 
	NA 


	52500275 
	52500275 
	52500275 

	67 
	67 

	  
	  

	  
	  

	0.060% 
	0.060% 

	8502.619 
	8502.619 

	NA 
	NA 

	4-4 
	4-4 

	NA 
	NA 


	52540275 
	52540275 
	52540275 

	71 
	71 

	0.031% 
	0.031% 

	0.071% 
	0.071% 

	0.029% 
	0.029% 

	4101.998 
	4101.998 

	3-4 
	3-4 

	3-2 
	3-2 

	3-2 
	3-2 


	52610285 
	52610285 
	52610285 

	78 
	78 

	0.042% 
	0.042% 

	0.042% 
	0.042% 

	0.028% 
	0.028% 

	2866.213 
	2866.213 

	3-3 
	3-3 

	3-2 
	3-2 

	3-3 
	3-3 


	52640285 
	52640285 
	52640285 

	81 
	81 

	0.043% 
	0.043% 

	0.041% 
	0.041% 

	0.028% 
	0.028% 

	51.85109 
	51.85109 

	1-2 
	1-2 

	1-2 
	1-2 

	1-3 
	1-3 


	52670285 
	52670285 
	52670285 

	84 
	84 

	0.045% 
	0.045% 

	0.045% 
	0.045% 

	0.031% 
	0.031% 

	259.2555 
	259.2555 

	1-3 
	1-3 

	1-2 
	1-2 

	1-3 
	1-3 


	52710283 
	52710283 
	52710283 

	88 
	88 

	0.043% 
	0.043% 

	0.042% 
	0.042% 

	0.029% 
	0.029% 

	115.2247 
	115.2247 

	1-3 
	1-3 

	1-2 
	1-2 

	1-3 
	1-3 


	52830310 
	52830310 
	52830310 

	101 
	101 

	0.033% 
	0.033% 

	0.032% 
	0.032% 

	0.019% 
	0.019% 

	374.4801 
	374.4801 

	1-2 
	1-2 

	1-1 
	1-1 

	1-2 
	1-2 


	52880346 
	52880346 
	52880346 

	107 
	107 

	0.036% 
	0.036% 

	0.038% 
	0.038% 

	0.018% 
	0.018% 

	1766.778 
	1766.778 

	2-2 
	2-2 

	2-1 
	2-1 

	2-2 
	2-2 


	52900360 
	52900360 
	52900360 

	109 
	109 

	0.038% 
	0.038% 

	0.040% 
	0.040% 

	0.020% 
	0.020% 

	2314.095 
	2314.095 

	3-2 
	3-2 

	3-1 
	3-1 

	3-2 
	3-2 


	52925365 
	52925365 
	52925365 

	112 
	112 

	0.031% 
	0.031% 

	0.038% 
	0.038% 

	0.017% 
	0.017% 

	504.1079 
	504.1079 

	1-2 
	1-2 

	1-1 
	1-1 

	1-2 
	1-2 


	52926366 
	52926366 
	52926366 

	112 
	112 

	0.031% 
	0.031% 

	0.038% 
	0.038% 

	0.017% 
	0.017% 

	504.1079 
	504.1079 

	1-2 
	1-2 

	1-1 
	1-1 

	1-2 
	1-2 


	36120107 
	36120107 
	36120107 

	131 
	131 

	0.024% 
	0.024% 

	0.028% 
	0.028% 

	0.022% 
	0.022% 

	23260.98 
	23260.98 

	4-2 
	4-2 

	4-1 
	4-1 

	4-1 
	4-1 


	36309106 
	36309106 
	36309106 

	150 
	150 

	0.023% 
	0.023% 

	0.023% 
	0.023% 

	0.012% 
	0.012% 

	47342.93 
	47342.93 

	4-1 
	4-1 

	4-1 
	4-1 

	4-1 
	4-1 


	38030185 
	38030185 
	38030185 

	177 
	177 

	  
	  

	  
	  

	0.016% 
	0.016% 

	148.8318 
	148.8318 

	NA 
	NA 

	1-1 
	1-1 

	NA 
	NA 


	38166196 
	38166196 
	38166196 

	191 
	191 

	0.069% 
	0.069% 

	0.069% 
	0.069% 

	0.026% 
	0.026% 

	552.1181 
	552.1181 

	1-4 
	1-4 

	1-1 
	1-1 

	1-4 
	1-4 


	38180198 
	38180198 
	38180198 

	192 
	192 

	  
	  

	  
	  

	0.026% 
	0.026% 

	2971.836 
	2971.836 

	NA 
	NA 

	3-2 
	3-2 

	NA 
	NA 


	43026195 
	43026195 
	43026195 

	212 
	212 

	0.058% 
	0.058% 

	0.058% 
	0.058% 

	0.022% 
	0.022% 

	46.08986 
	46.08986 

	1-4 
	1-4 

	1-1 
	1-1 

	1-4 
	1-4 


	08069103 
	08069103 
	08069103 

	264 
	264 

	  
	  

	  
	  

	0.023% 
	0.023% 

	1854.157 
	1854.157 

	NA 
	NA 

	2-1 
	2-1 

	NA 
	NA 


	08080112 
	08080112 
	08080112 

	265 
	265 

	0.033% 
	0.033% 

	0.033% 
	0.033% 

	0.020% 
	0.020% 

	1541.13 
	1541.13 

	2-2 
	2-2 

	2-1 
	2-1 

	2-2 
	2-2 


	08120125 
	08120125 
	08120125 

	269 
	269 

	0.028% 
	0.028% 

	0.028% 
	0.028% 

	0.014% 
	0.014% 

	337.0321 
	337.0321 

	1-2 
	1-2 

	1-1 
	1-1 

	1-2 
	1-2 


	08145124 
	08145124 
	08145124 

	272 
	272 

	0.030% 
	0.030% 

	0.032% 
	0.032% 

	0.018% 
	0.018% 

	748.9603 
	748.9603 

	2-2 
	2-2 

	2-1 
	2-1 

	2-2 
	2-2 


	08290135 
	08290135 
	08290135 

	286 
	286 

	0.031% 
	0.031% 

	0.030% 
	0.030% 

	0.012% 
	0.012% 

	80.65726 
	80.65726 

	1-2 
	1-2 

	1-1 
	1-1 

	1-2 
	1-2 


	08310135 
	08310135 
	08310135 

	289 
	289 

	0.030% 
	0.030% 

	0.029% 
	0.029% 

	0.017% 
	0.017% 

	288.0616 
	288.0616 

	1-2 
	1-2 

	1-1 
	1-1 

	1-2 
	1-2 




	I-90 
	I-90 
	I-90 
	I-90 
	I-90 


	Bridge ID 
	Bridge ID 
	Bridge ID 

	Mile Marker 
	Mile Marker 

	Risk of Collision 
	Risk of Collision 

	RUC 
	RUC 
	($) 

	Quartiles 
	Quartiles 


	TR
	Right 
	Right 

	Left 
	Left 

	Median 
	Median 

	L 
	L 

	M 
	M 

	R 
	R 



	02000135 
	02000135 
	02000135 
	02000135 

	291 
	291 

	0.028% 
	0.028% 

	0.028% 
	0.028% 

	0.021% 
	0.021% 

	44.16945 
	44.16945 

	1-2 
	1-2 

	1-1 
	1-1 

	1-2 
	1-2 


	02018140 
	02018140 
	02018140 

	293 
	293 

	0.031% 
	0.031% 

	0.031% 
	0.031% 

	0.016% 
	0.016% 

	469 
	469 

	1-2 
	1-2 

	1-1 
	1-1 

	1-2 
	1-2 


	02040149 
	02040149 
	02040149 

	296 
	296 

	0.032% 
	0.032% 

	0.032% 
	0.032% 

	0.016% 
	0.016% 

	1239 
	1239 

	2-2 
	2-2 

	2-1 
	2-1 

	2-2 
	2-2 


	02070155 
	02070155 
	02070155 

	299 
	299 

	0.031% 
	0.031% 

	0.036% 
	0.036% 

	0.018% 
	0.018% 

	81 
	81 

	1-2 
	1-2 

	1-1 
	1-1 

	1-2 
	1-2 


	02100155 
	02100155 
	02100155 

	302 
	302 

	0.031% 
	0.031% 

	0.036% 
	0.036% 

	0.018% 
	0.018% 

	35 
	35 

	1-2 
	1-2 

	1-1 
	1-1 

	1-2 
	1-2 


	02140155 
	02140155 
	02140155 

	306 
	306 

	0.031% 
	0.031% 

	0.036% 
	0.036% 

	0.018% 
	0.018% 

	200 
	200 

	1-2 
	1-2 

	1-1 
	1-1 

	1-2 
	1-2 


	0215C158 
	0215C158 
	0215C158 

	308 
	308 

	0.034% 
	0.034% 

	0.037% 
	0.037% 

	0.018% 
	0.018% 

	1258 
	1258 

	2-2 
	2-2 

	2-1 
	2-1 

	2-2 
	2-2 


	02180165 
	02180165 
	02180165 

	310 
	310 

	0.041% 
	0.041% 

	0.037% 
	0.037% 

	0.020% 
	0.020% 

	5396 
	5396 

	3-2 
	3-2 

	3-1 
	3-1 

	3-2 
	3-2 


	02220165 
	02220165 
	02220165 

	312 
	312 

	0.041% 
	0.041% 

	0.036% 
	0.036% 

	0.020% 
	0.020% 

	196 
	196 

	1-2 
	1-2 

	1-1 
	1-1 

	1-2 
	1-2 


	18010105 
	18010105 
	18010105 

	317 
	317 

	0.041% 
	0.041% 

	0.036% 
	0.036% 

	0.024% 
	0.024% 

	780 
	780 

	2-2 
	2-2 

	2-1 
	2-1 

	2-2 
	2-2 


	18030105 
	18030105 
	18030105 

	319 
	319 

	0.041% 
	0.041% 

	0.037% 
	0.037% 

	0.024% 
	0.024% 

	1123 
	1123 

	2-2 
	2-2 

	2-1 
	2-1 

	2-2 
	2-2 


	18050105 
	18050105 
	18050105 

	321 
	321 

	0.043% 
	0.043% 

	0.043% 
	0.043% 

	0.026% 
	0.026% 

	67 
	67 

	1-3 
	1-3 

	1-2 
	1-2 

	1-3 
	1-3 


	18070105 
	18070105 
	18070105 

	323 
	323 

	0.043% 
	0.043% 

	0.043% 
	0.043% 

	0.026% 
	0.026% 

	67 
	67 

	1-3 
	1-3 

	1-2 
	1-2 

	1-3 
	1-3 


	18090105 
	18090105 
	18090105 

	325 
	325 

	0.044% 
	0.044% 

	0.045% 
	0.045% 

	0.027% 
	0.027% 

	1296 
	1296 

	2-3 
	2-3 

	2-2 
	2-2 

	2-3 
	2-3 


	18120105 
	18120105 
	18120105 

	328 
	328 

	0.043% 
	0.043% 

	0.044% 
	0.044% 

	0.024% 
	0.024% 

	1940 
	1940 

	2-3 
	2-3 

	2-1 
	2-1 

	2-3 
	2-3 


	18140107 
	18140107 
	18140107 

	330 
	330 

	0.044% 
	0.044% 

	0.043% 
	0.043% 

	0.019% 
	0.019% 

	30559 
	30559 

	4-3 
	4-3 

	4-1 
	4-1 

	4-3 
	4-3 


	31040105 
	31040105 
	31040105 

	337 
	337 

	0.045% 
	0.045% 

	0.045% 
	0.045% 

	0.024% 
	0.024% 

	1532 
	1532 

	2-3 
	2-3 

	2-1 
	2-1 

	2-3 
	2-3 


	31090126 
	31090126 
	31090126 

	344 
	344 

	0.045% 
	0.045% 

	0.046% 
	0.046% 

	0.022% 
	0.022% 

	5617 
	5617 

	3-3 
	3-3 

	3-1 
	3-1 

	3-3 
	3-3 


	31120126 
	31120126 
	31120126 

	347 
	347 

	0.046% 
	0.046% 

	0.046% 
	0.046% 

	0.025% 
	0.025% 

	1512 
	1512 

	2-3 
	2-3 

	2-1 
	2-1 

	2-3 
	2-3 


	31150125 
	31150125 
	31150125 

	350 
	350 

	0.046% 
	0.046% 

	0.046% 
	0.046% 

	0.024% 
	0.024% 

	471 
	471 

	1-3 
	1-3 

	1-1 
	1-1 

	1-3 
	1-3 


	31160125 
	31160125 
	31160125 

	351 
	351 

	0.044% 
	0.044% 

	0.046% 
	0.046% 

	0.024% 
	0.024% 

	49 
	49 

	1-3 
	1-3 

	1-1 
	1-1 

	1-3 
	1-3 


	44010126 
	44010126 
	44010126 

	354 
	354 

	0.046% 
	0.046% 

	0.046% 
	0.046% 

	0.025% 
	0.025% 

	847 
	847 

	2-3 
	2-3 

	2-1 
	2-1 

	2-3 
	2-3 


	44050127 
	44050127 
	44050127 

	358 
	358 

	0.046% 
	0.046% 

	0.046% 
	0.046% 

	0.024% 
	0.024% 

	565 
	565 

	1-3 
	1-3 

	1-1 
	1-1 

	1-3 
	1-3 


	44080125 
	44080125 
	44080125 

	361 
	361 

	0.043% 
	0.043% 

	0.043% 
	0.043% 

	0.022% 
	0.022% 

	104 
	104 

	1-3 
	1-3 

	1-1 
	1-1 

	1-3 
	1-3 


	44110125 
	44110125 
	44110125 

	364 
	364 

	  
	  

	  
	  

	0.146% 
	0.146% 

	6179 
	6179 

	NA 
	NA 

	3-4 
	3-4 

	NA 
	NA 


	44150126 
	44150126 
	44150126 

	368 
	368 

	0.041% 
	0.041% 

	0.041% 
	0.041% 

	0.021% 
	0.021% 

	595 
	595 

	1-2 
	1-2 

	1-1 
	1-1 

	1-2 
	1-2 


	44170126 
	44170126 
	44170126 

	370 
	370 

	0.038% 
	0.038% 

	0.038% 
	0.038% 

	0.020% 
	0.020% 

	119 
	119 

	1-2 
	1-2 

	1-1 
	1-1 

	1-2 
	1-2 


	44210126 
	44210126 
	44210126 

	374 
	374 

	0.043% 
	0.043% 

	0.043% 
	0.043% 

	0.022% 
	0.022% 

	1671 
	1671 

	2-3 
	2-3 

	2-1 
	2-1 

	2-3 
	2-3 


	50030149 
	50030149 
	50030149 

	381 
	381 

	0.079% 
	0.079% 

	0.079% 
	0.079% 

	0.042% 
	0.042% 

	657 
	657 

	2-4 
	2-4 

	2-3 
	2-3 

	2-4 
	2-4 


	50050164 
	50050164 
	50050164 

	384 
	384 

	0.091% 
	0.091% 

	0.085% 
	0.085% 

	0.043% 
	0.043% 

	438 
	438 

	1-4 
	1-4 

	1-3 
	1-3 

	1-4 
	1-4 


	50070165 
	50070165 
	50070165 

	386 
	386 

	0.076% 
	0.076% 

	0.076% 
	0.076% 

	0.045% 
	0.045% 

	438 
	438 

	1-4 
	1-4 

	1-3 
	1-3 

	1-4 
	1-4 


	50090165 
	50090165 
	50090165 

	388 
	388 

	0.076% 
	0.076% 

	0.076% 
	0.076% 

	0.045% 
	0.045% 

	5385 
	5385 

	3-4 
	3-4 

	3-3 
	3-3 

	3-4 
	3-4 


	50160166 
	50160166 
	50160166 

	394 
	394 

	0.045% 
	0.045% 

	0.044% 
	0.044% 

	0.027% 
	0.027% 

	1009 
	1009 

	2-3 
	2-3 

	2-2 
	2-2 

	2-3 
	2-3 


	50170164 
	50170164 
	50170164 

	395 
	395 

	  
	  

	  
	  

	0.037% 
	0.037% 

	3799 
	3799 

	NA 
	NA 

	3-2 
	3-2 

	NA 
	NA 


	50185163 
	50185163 
	50185163 

	396.5 
	396.5 

	0.050% 
	0.050% 

	0.052% 
	0.052% 

	0.034% 
	0.034% 

	1152 
	1152 

	2-3 
	2-3 

	2-2 
	2-2 

	2-3 
	2-3 


	50240165 
	50240165 
	50240165 

	402 
	402 

	0.092% 
	0.092% 

	0.096% 
	0.096% 

	0.064% 
	0.064% 

	11542 
	11542 

	4-4 
	4-4 

	4-4 
	4-4 

	4-4 
	4-4 


	50280165 
	50280165 
	50280165 

	406 
	406 

	0.083% 
	0.083% 

	0.083% 
	0.083% 

	0.056% 
	0.056% 

	15920 
	15920 

	4-4 
	4-4 

	4-3 
	4-3 

	4-4 
	4-4 


	50300166 
	50300166 
	50300166 

	408 
	408 

	0.081% 
	0.081% 

	0.080% 
	0.080% 

	0.055% 
	0.055% 

	365 
	365 

	1-4 
	1-4 

	1-3 
	1-3 

	1-4 
	1-4 


	50320166 
	50320166 
	50320166 

	410 
	410 

	0.086% 
	0.086% 

	0.086% 
	0.086% 

	0.059% 
	0.059% 

	1815 
	1815 

	2-4 
	2-4 

	2-4 
	2-4 

	2-4 
	2-4 




	 
	  
	Table C.1-3: Bridge Collision Risk, RUC, and Quartile – I-229 Overpass Bridges 
	I-229 
	I-229 
	I-229 
	I-229 
	I-229 



	Bridge ID 
	Bridge ID 
	Bridge ID 
	Bridge ID 

	Mile Marker 
	Mile Marker 

	Risk of Collision 
	Risk of Collision 

	RUC 
	RUC 
	($) 

	Quartiles 
	Quartiles 


	TR
	Right 
	Right 

	Left 
	Left 

	Median 
	Median 

	L 
	L 

	M 
	M 

	R 
	R 


	42079004 
	42079004 
	42079004 

	1 
	1 

	  
	  

	  
	  

	0.053% 
	0.053% 

	38255 
	38255 

	NA 
	NA 

	4-3 
	4-3 

	NA 
	NA 


	50191238 
	50191238 
	50191238 

	2 
	2 

	  
	  

	  
	  

	0.067% 
	0.067% 

	39023 
	39023 

	NA 
	NA 

	4-4 
	4-4 

	NA 
	NA 


	50216220 
	50216220 
	50216220 

	5 
	5 

	0.079% 
	0.079% 

	0.079% 
	0.079% 

	0.053% 
	0.053% 

	19306 
	19306 

	4-4 
	4-4 

	4-3 
	4-3 

	4-4 
	4-4 


	50219215 
	50219215 
	50219215 

	5.5 
	5.5 

	0.085% 
	0.085% 

	0.085% 
	0.085% 

	0.056% 
	0.056% 

	3299 
	3299 

	3-4 
	3-4 

	3-3 
	3-3 

	3-4 
	3-4 


	50219210 
	50219210 
	50219210 

	5.75 
	5.75 

	  
	  

	  
	  

	0.199% 
	0.199% 

	1959 
	1959 

	NA 
	NA 

	2-4 
	2-4 

	NA 
	NA 


	50219208 
	50219208 
	50219208 

	6 
	6 

	  
	  

	  
	  

	0.247% 
	0.247% 

	5504 
	5504 

	NA 
	NA 

	3-4 
	3-4 

	NA 
	NA 


	50219205 
	50219205 
	50219205 

	6.25 
	6.25 

	  
	  

	  
	  

	0.172% 
	0.172% 

	6924 
	6924 

	NA 
	NA 

	3-4 
	3-4 

	NA 
	NA 


	50219180 
	50219180 
	50219180 

	9 
	9 

	  
	  

	  
	  

	0.159% 
	0.159% 

	24095 
	24095 

	NA 
	NA 

	4-4 
	4-4 

	NA 
	NA 


	50221170 
	50221170 
	50221170 

	9.7 
	9.7 

	0.076% 
	0.076% 

	0.076% 
	0.076% 

	0.044% 
	0.044% 

	6505 
	6505 

	3-4 
	3-4 

	3-3 
	3-3 

	3-4 
	3-4 


	50221167 
	50221167 
	50221167 

	10 
	10 

	  
	  

	  
	  

	0.046% 
	0.046% 

	6136 
	6136 

	NA 
	NA 

	3-3 
	3-3 

	NA 
	NA 


	50221166 
	50221166 
	50221166 

	10.1 
	10.1 

	  
	  

	  
	  

	0.050% 
	0.050% 

	6136 
	6136 

	NA 
	NA 

	3-3 
	3-3 

	NA 
	NA 




	 
	Table C.1-4: Bridge Collision Risk, RUC, and Quartile – I-190 Bridges 
	I-190 
	I-190 
	I-190 
	I-190 
	I-190 



	Bridge ID 
	Bridge ID 
	Bridge ID 
	Bridge ID 

	Mile Marker 
	Mile Marker 

	Risk of Collision 
	Risk of Collision 

	RUC 
	RUC 
	($) 

	Quartiles 
	Quartiles 


	TR
	Right 
	Right 

	Left 
	Left 

	Median 
	Median 

	L 
	L 

	M 
	M 

	R 
	R 


	52410290 
	52410290 
	52410290 

	1 
	1 

	0.054% 
	0.054% 

	0.055% 
	0.055% 

	0.109% 
	0.109% 

	4600 
	4600 

	NA 
	NA 

	4-3 
	4-3 

	NA 
	NA 




	 
	Table C.1-5: Bridge Collision Risk, RUC, and Quartile – Miscellaneous Roads 
	Miscellaneous Roads 
	Miscellaneous Roads 
	Miscellaneous Roads 
	Miscellaneous Roads 
	Miscellaneous Roads 



	Bridge ID 
	Bridge ID 
	Bridge ID 
	Bridge ID 

	Mile Marker 
	Mile Marker 

	Risk of Collision 
	Risk of Collision 

	RUC 
	RUC 
	($) 

	Quartiles 
	Quartiles 


	TR
	Right 
	Right 

	Left 
	Left 

	Median 
	Median 

	L 
	L 

	M 
	M 

	R 
	R 


	06154150 
	06154150 
	06154150 
	Hwy 14 Bypass 

	 
	 

	0.004% 
	0.004% 

	0.004% 
	0.004% 

	0.002% 
	0.002% 

	209 
	209 

	1-1 
	1-1 

	1-1 
	1-1 

	1-1 
	1-1 


	14092199 
	14092199 
	14092199 
	Hwy 50W 

	 
	 

	0.040% 
	0.040% 

	0.086% 
	0.086% 

	 
	 

	2379 
	2379 

	3-4 
	3-4 

	NA 
	NA 

	3-2 
	3-2 


	14131205 
	14131205 
	14131205 
	Hwy 50E 

	 
	 

	0.008% 
	0.008% 

	0.010% 
	0.010% 

	 
	 

	2839 
	2839 

	3-1 
	3-1 

	NA 
	NA 

	3-1 
	3-1 


	50175210 
	50175210 
	50175210 
	Madison St 

	 
	 

	0.001% 
	0.001% 

	0.001% 
	0.001% 

	 
	 

	22885 
	22885 

	4-1 
	4-1 

	NA 
	NA 

	4-1 
	4-1 


	50176210 
	50176210 
	50176210 
	Madison St 

	 
	 

	0.001% 
	0.001% 

	0.001% 
	0.001% 

	 
	 

	22885 
	22885 

	4-1 
	4-1 

	NA 
	NA 

	4-1 
	4-1 


	50177199 
	50177199 
	50177199 
	12th St 

	 
	 

	0.001% 
	0.001% 

	0.001% 
	0.001% 

	 
	 

	36721 
	36721 

	4-1 
	4-1 

	NA 
	NA 

	4-1 
	4-1 


	50178199 
	50178199 
	50178199 
	12th St 

	 
	 

	0.001% 
	0.001% 

	0.001% 
	0.001% 

	 
	 

	36721 
	36721 

	4-1 
	4-1 

	NA 
	NA 

	4-1 
	4-1 


	52410318 
	52410318 
	52410318 
	Mt. Rushmore Rd. 

	 
	 

	0.011% 
	0.011% 

	0.012% 
	0.012% 

	0.015% 
	0.015% 

	1567 
	1567 

	2-1 
	2-1 

	2-1 
	2-1 

	2-1 
	2-1 


	52415285 
	52415285 
	52415285 
	Haines Ave. 

	 
	 

	0.052% 
	0.052% 

	0.042% 
	0.042% 

	 
	 

	12105 
	12105 

	4-3 
	4-3 

	NA 
	NA 

	4-3 
	4-3 


	52415286 
	52415286 
	52415286 
	Haines Ave. 

	 
	 

	0.052% 
	0.052% 

	0.042% 
	0.042% 

	 
	 

	12105 
	12105 

	4-3 
	4-3 

	NA 
	NA 

	4-3 
	4-3 




	  
	APPENDIX D: PRIORITIZATION OF BRIDGE BENTS FOR COLLAPSE MITIGATION 
	Interpretation of the alpha-numeric characters: 
	1st String: Bridge identification 
	2nd String: Road crossed by the bridge (I-90, I-29, etc.) 
	3rd String: Mile marker 
	4th String: Bent location (Left, Median, Right) as shown on the construction plans 
	5th String: Bent redundancy (Redundant: R; Non-Redundant: NR) 
	6th String: Column strength adequacy (Sufficient; Insufficient). Bent structures with inadequate column strength are labeled with red font. 
	 
	Quartile cluster 4-4 
	Quartile cluster 4-4 
	Quartile cluster 4-4 
	Quartile cluster 4-4 
	Quartile cluster 4-4 



	50240165-I90-402-L-NR-S 
	50240165-I90-402-L-NR-S 
	50240165-I90-402-L-NR-S 
	50240165-I90-402-L-NR-S 

	50173235-I29-76.5-M-R-I 
	50173235-I29-76.5-M-R-I 


	50280165-I90-406-L-NR-S 
	50280165-I90-406-L-NR-S 
	50280165-I90-406-L-NR-S 

	50175230-I29-77-M-R-I 
	50175230-I29-77-M-R-I 


	42065050-I29-71-L-NR-I 
	42065050-I29-71-L-NR-I 
	42065050-I29-71-L-NR-I 

	50175222-I29-78-M-R-I 
	50175222-I29-78-M-R-I 


	50173235-I29-76.5-L-R-I 
	50173235-I29-76.5-L-R-I 
	50173235-I29-76.5-L-R-I 

	50180170-I29-83-M-R-S 
	50180170-I29-83-M-R-S 


	51065150-I29-109-L-NR-I 
	51065150-I29-109-L-NR-I 
	51065150-I29-109-L-NR-I 

	50191238-I229-2-M-R-S 
	50191238-I229-2-M-R-S 


	50216220-I229-5-L-R-I 
	50216220-I229-5-L-R-I 
	50216220-I229-5-L-R-I 

	50219180-I229-9-M-NR-S 
	50219180-I229-9-M-NR-S 


	50240165-I90-402-R-NR-S 
	50240165-I90-402-R-NR-S 
	50240165-I90-402-R-NR-S 

	47111580-I90-48-M-R-I 
	47111580-I90-48-M-R-I 


	50280165-I90-406-R-NR-S 
	50280165-I90-406-R-NR-S 
	50280165-I90-406-R-NR-S 

	52424285-I90-59-M-R-I 
	52424285-I90-59-M-R-I 


	42065050-I29-71-R-NR-I 
	42065050-I29-71-R-NR-I 
	42065050-I29-71-R-NR-I 

	52500275-I90-67-M-R-S 
	52500275-I90-67-M-R-S 


	50173235-I29-76.5-R-R-I 
	50173235-I29-76.5-R-R-I 
	50173235-I29-76.5-R-R-I 

	50240165-I90-402-M-NR-S 
	50240165-I90-402-M-NR-S 


	51065150-I29-109-R-NR-I 
	51065150-I29-109-R-NR-I 
	51065150-I29-109-R-NR-I 

	42065050-I29-71-M-NR-S 
	42065050-I29-71-M-NR-S 


	50216220-I229-5-R-R-I 
	50216220-I229-5-R-R-I 
	50216220-I229-5-R-R-I 

	50172240-I29-76-M-R-I 
	50172240-I29-76-M-R-I 




	 
	 
	Quartile cluster 4-3 
	Quartile cluster 4-3 
	Quartile cluster 4-3 
	Quartile cluster 4-3 
	Quartile cluster 4-3 



	18140107-I90-330-L-NR-I 
	18140107-I90-330-L-NR-I 
	18140107-I90-330-L-NR-I 
	18140107-I90-330-L-NR-I 

	52390278-I90-55-M-R-I 
	52390278-I90-55-M-R-I 


	64008205-I29-26-L-NR-I 
	64008205-I29-26-L-NR-I 
	64008205-I29-26-L-NR-I 

	50280165-I90-406-M-NR-S 
	50280165-I90-406-M-NR-S 


	64006160-I29-31-L-NR-I 
	64006160-I29-31-L-NR-I 
	64006160-I29-31-L-NR-I 

	64158399-I29-1-M-R-I 
	64158399-I29-1-M-R-I 


	06185210-I29-127-L-NR-I 
	06185210-I29-127-L-NR-I 
	06185210-I29-127-L-NR-I 

	64006000-I29-47-M-R-S 
	64006000-I29-47-M-R-S 


	06185159-I29-132-L-NR-I 
	06185159-I29-132-L-NR-I 
	06185159-I29-132-L-NR-I 

	50178191-I29-81-M-R-S 
	50178191-I29-81-M-R-S 


	06185160-I29-132-L-NR-I 
	06185160-I29-132-L-NR-I 
	06185160-I29-132-L-NR-I 

	42079004-I229-1-M-R-S 
	42079004-I229-1-M-R-S 


	06185150-I29-133-L-NR-I 
	06185150-I29-133-L-NR-I 
	06185150-I29-133-L-NR-I 

	50216220-I229-5-M-R-I 
	50216220-I229-5-M-R-I 


	52415285-Misc.-Haines Ave.-L-NR-S 
	52415285-Misc.-Haines Ave.-L-NR-S 
	52415285-Misc.-Haines Ave.-L-NR-S 

	06185159-I29-132-R-NR-I 
	06185159-I29-132-R-NR-I 


	52415286-Misc.-Haines Ave.-L-NR-S 
	52415286-Misc.-Haines Ave.-L-NR-S 
	52415286-Misc.-Haines Ave.-L-NR-S 

	06185160-I29-132-R-NR-I 
	06185160-I29-132-R-NR-I 


	18140107-I90-330-R-NR-I 
	18140107-I90-330-R-NR-I 
	18140107-I90-330-R-NR-I 

	06185150-I29-133-R-NR-I 
	06185150-I29-133-R-NR-I 


	64008205-I29-26-R-NR-I 
	64008205-I29-26-R-NR-I 
	64008205-I29-26-R-NR-I 

	52415285-Misc.-Haines Ave.-R-NR-S 
	52415285-Misc.-Haines Ave.-R-NR-S 


	64006160-I29-31-R-NR-I 
	64006160-I29-31-R-NR-I 
	64006160-I29-31-R-NR-I 

	52415286-Misc.-Haines Ave.-R-NR-S 
	52415286-Misc.-Haines Ave.-R-NR-S 


	06185210-I29-127-R-NR-I 
	06185210-I29-127-R-NR-I 
	06185210-I29-127-R-NR-I 

	 
	 




	 
	 
	Quartile cluster 4-2 
	Quartile cluster 4-2 
	Quartile cluster 4-2 
	Quartile cluster 4-2 
	Quartile cluster 4-2 



	41095059-I90-10-L-R-I 
	41095059-I90-10-L-R-I 
	41095059-I90-10-L-R-I 
	41095059-I90-10-L-R-I 

	64008205-I29-26-M-NR-S 
	64008205-I29-26-M-NR-S 


	36120107-I90-131-L-R-I 
	36120107-I90-131-L-R-I 
	36120107-I90-131-L-R-I 

	64006160-I29-31-M-NR-I 
	64006160-I29-31-M-NR-I 


	41095059-I90-10-R-R-I 
	41095059-I90-10-R-R-I 
	41095059-I90-10-R-R-I 

	51065150-I29-109-M-NR-I 
	51065150-I29-109-M-NR-I 




	 
	 
	Quartile cluster 4-1 
	Quartile cluster 4-1 
	Quartile cluster 4-1 
	Quartile cluster 4-1 
	Quartile cluster 4-1 



	41116088-I90-12-L-R-I 
	41116088-I90-12-L-R-I 
	41116088-I90-12-L-R-I 
	41116088-I90-12-L-R-I 

	50178199-Misc.-12th St-R-NR-S 
	50178199-Misc.-12th St-R-NR-S 


	41101077-I90-14-L-R-I 
	41101077-I90-14-L-R-I 
	41101077-I90-14-L-R-I 

	41095059-I90-10-M-R-I 
	41095059-I90-10-M-R-I 


	41154087-I90-17-L-R-I 
	41154087-I90-17-L-R-I 
	41154087-I90-17-L-R-I 

	41116088-I90-12-M-R-I 
	41116088-I90-12-M-R-I 


	41155087-I90-17-L-R-I 
	41155087-I90-17-L-R-I 
	41155087-I90-17-L-R-I 

	41101077-I90-14-M-R-I 
	41101077-I90-14-M-R-I 


	36309106-I90-150-L-NR-I 
	36309106-I90-150-L-NR-I 
	36309106-I90-150-L-NR-I 

	41154087-I90-17-M-R-I 
	41154087-I90-17-M-R-I 


	50175210-Misc.-Madison St-L-NR-S 
	50175210-Misc.-Madison St-L-NR-S 
	50175210-Misc.-Madison St-L-NR-S 

	41155087-I90-17-M-R-I 
	41155087-I90-17-M-R-I 


	50176210-Misc.-Madison St-L-NR-S 
	50176210-Misc.-Madison St-L-NR-S 
	50176210-Misc.-Madison St-L-NR-S 

	36120107-I90-131-M-R-I 
	36120107-I90-131-M-R-I 


	50177199-Misc.-12th St-L-NR-S 
	50177199-Misc.-12th St-L-NR-S 
	50177199-Misc.-12th St-L-NR-S 

	36309106-I90-150-M-NR-I 
	36309106-I90-150-M-NR-I 


	50178199-Misc.-12th St-L-NR-S 
	50178199-Misc.-12th St-L-NR-S 
	50178199-Misc.-12th St-L-NR-S 

	18140107-I90-330-M-NR-I 
	18140107-I90-330-M-NR-I 


	41116088-I90-12-R-R-I 
	41116088-I90-12-R-R-I 
	41116088-I90-12-R-R-I 

	06185210-I29-127-M-NR-I 
	06185210-I29-127-M-NR-I 


	41101077-I90-14-R-R-I 
	41101077-I90-14-R-R-I 
	41101077-I90-14-R-R-I 

	06185159-I29-132-M-NR-I 
	06185159-I29-132-M-NR-I 


	41154087-I90-17-R-R-I 
	41154087-I90-17-R-R-I 
	41154087-I90-17-R-R-I 

	06185160-I29-132-M-NR-I 
	06185160-I29-132-M-NR-I 


	41155087-I90-17-R-R-I 
	41155087-I90-17-R-R-I 
	41155087-I90-17-R-R-I 

	06185150-I29-133-M-NR-I 
	06185150-I29-133-M-NR-I 


	36120107-I90-131-R-R-I 
	36120107-I90-131-R-R-I 
	36120107-I90-131-R-R-I 

	06185080-I29-140-M-R-I 
	06185080-I29-140-M-R-I 


	36309106-I90-150-R-NR-I 
	36309106-I90-150-R-NR-I 
	36309106-I90-150-R-NR-I 

	20061280-I29-150-M-R-I 
	20061280-I29-150-M-R-I 


	50175210-Misc.-Madison St-R-NR-S 
	50175210-Misc.-Madison St-R-NR-S 
	50175210-Misc.-Madison St-R-NR-S 

	15215150-I29-180-M-R-I 
	15215150-I29-180-M-R-I 


	50176210-Misc.-Madison St-R-NR-S 
	50176210-Misc.-Madison St-R-NR-S 
	50176210-Misc.-Madison St-R-NR-S 

	15215030-I29-193-M-R-I 
	15215030-I29-193-M-R-I 


	50177199-Misc.-12th St-R-NR-S 
	50177199-Misc.-12th St-R-NR-S 
	50177199-Misc.-12th St-R-NR-S 

	  
	  




	 
	 
	Quartile cluster 3-4 
	Quartile cluster 3-4 
	Quartile cluster 3-4 
	Quartile cluster 3-4 
	Quartile cluster 3-4 



	47098563-I90-46-L-NR-S 
	47098563-I90-46-L-NR-S 
	47098563-I90-46-L-NR-S 
	47098563-I90-46-L-NR-S 

	64070287-I29-15-R-NR-I 
	64070287-I29-15-R-NR-I 


	52540275-I90-71-L-NR-I 
	52540275-I90-71-L-NR-I 
	52540275-I90-71-L-NR-I 

	42065260-I29-50-R-NR-I 
	42065260-I29-50-R-NR-I 


	50090165-I90-388-L-NR-I 
	50090165-I90-388-L-NR-I 
	50090165-I90-388-L-NR-I 

	42065230-I29-53-R-NR-I 
	42065230-I29-53-R-NR-I 


	64149367-I29-4-L-NR-I 
	64149367-I29-4-L-NR-I 
	64149367-I29-4-L-NR-I 

	42065170-I29-59-R-NR-I 
	42065170-I29-59-R-NR-I 


	64115330-I29-9-L-NR-S 
	64115330-I29-9-L-NR-S 
	64115330-I29-9-L-NR-S 

	42065140-I29-62-R-NR-S 
	42065140-I29-62-R-NR-S 


	64070287-I29-15-L-NR-I 
	64070287-I29-15-L-NR-I 
	64070287-I29-15-L-NR-I 

	42065141-I29-62-R-NR-S 
	42065141-I29-62-R-NR-S 


	42065260-I29-50-L-NR-I 
	42065260-I29-50-L-NR-I 
	42065260-I29-50-L-NR-I 

	42065130-I29-63-R-NR-I 
	42065130-I29-63-R-NR-I 


	42065230-I29-53-L-NR-I 
	42065230-I29-53-L-NR-I 
	42065230-I29-53-L-NR-I 

	42065120-I29-64-R-NR-S 
	42065120-I29-64-R-NR-S 


	42065170-I29-59-L-NR-I 
	42065170-I29-59-L-NR-I 
	42065170-I29-59-L-NR-I 

	42065100-I29-67-R-NR-I 
	42065100-I29-67-R-NR-I 


	42065140-I29-62-L-NR-S 
	42065140-I29-62-L-NR-S 
	42065140-I29-62-L-NR-S 

	50180162-I29-84-R-R-I 
	50180162-I29-84-R-R-I 


	42065141-I29-62-L-NR-S 
	42065141-I29-62-L-NR-S 
	42065141-I29-62-L-NR-S 

	50180163-I29-84-R-R-I 
	50180163-I29-84-R-R-I 


	42065130-I29-63-L-NR-I 
	42065130-I29-63-L-NR-I 
	42065130-I29-63-L-NR-I 

	50180140-I29-86-R-NR-I 
	50180140-I29-86-R-NR-I 


	42065120-I29-64-L-NR-S 
	42065120-I29-64-L-NR-S 
	42065120-I29-64-L-NR-S 

	50175020-I29-98-R-NR-I 
	50175020-I29-98-R-NR-I 


	42065100-I29-67-L-NR-I 
	42065100-I29-67-L-NR-I 
	42065100-I29-67-L-NR-I 

	50219215-I229-5.5-R-R-I 
	50219215-I229-5.5-R-R-I 


	50180162-I29-84-L-R-I 
	50180162-I29-84-L-R-I 
	50180162-I29-84-L-R-I 

	50221170-I229-9.7-R-R-I 
	50221170-I229-9.7-R-R-I 


	50180163-I29-84-L-R-I 
	50180163-I29-84-L-R-I 
	50180163-I29-84-L-R-I 

	47098563-I90-46-M-NR-S 
	47098563-I90-46-M-NR-S 


	50180140-I29-86-L-NR-I 
	50180140-I29-86-L-NR-I 
	50180140-I29-86-L-NR-I 

	52410285-I90-57-M-R-S 
	52410285-I90-57-M-R-S 


	50175020-I29-98-L-NR-I 
	50175020-I29-98-L-NR-I 
	50175020-I29-98-L-NR-I 

	44110125-I90-364-M-R-S 
	44110125-I90-364-M-R-S 


	50219215-I229-5.5-L-R-I 
	50219215-I229-5.5-L-R-I 
	50219215-I229-5.5-L-R-I 

	64149367-I29-4-M-NR-S 
	64149367-I29-4-M-NR-S 


	50221170-I229-9.7-L-R-I 
	50221170-I229-9.7-L-R-I 
	50221170-I229-9.7-L-R-I 

	42065130-I29-63-M-NR-S 
	42065130-I29-63-M-NR-S 


	14092199-Misc.-Hwy 50W-L-R-I 
	14092199-Misc.-Hwy 50W-L-R-I 
	14092199-Misc.-Hwy 50W-L-R-I 

	42065100-I29-67-M-NR-S 
	42065100-I29-67-M-NR-S 


	47098563-I90-46-R-NR-S 
	47098563-I90-46-R-NR-S 
	47098563-I90-46-R-NR-S 

	50219208-I229-6-M-R-S 
	50219208-I229-6-M-R-S 


	50090165-I90-388-R-NR-I 
	50090165-I90-388-R-NR-I 
	50090165-I90-388-R-NR-I 

	50219205-I229-6.25-M-R-S 
	50219205-I229-6.25-M-R-S 


	64149367-I29-4-R-NR-I 
	64149367-I29-4-R-NR-I 
	64149367-I29-4-R-NR-I 

	52410290-I190-1-M-R-S 
	52410290-I190-1-M-R-S 


	64115330-I29-9-R-NR-S 
	64115330-I29-9-R-NR-S 
	64115330-I29-9-R-NR-S 

	 
	 




	 
	 
	Quartile cluster 3-3 
	Quartile cluster 3-3 
	Quartile cluster 3-3 
	Quartile cluster 3-3 
	Quartile cluster 3-3 



	52610285-I90-78-L-NR-S 
	52610285-I90-78-L-NR-S 
	52610285-I90-78-L-NR-S 
	52610285-I90-78-L-NR-S 

	50090165-I90-388-M-NR-I 
	50090165-I90-388-M-NR-I 


	31090126-I90-344-L-NR-I 
	31090126-I90-344-L-NR-I 
	31090126-I90-344-L-NR-I 

	42065260-I29-50-M-NR-I 
	42065260-I29-50-M-NR-I 


	51066100-I29-114-L-NR-I 
	51066100-I29-114-L-NR-I 
	51066100-I29-114-L-NR-I 

	42065140-I29-62-M-NR-S 
	42065140-I29-62-M-NR-S 


	51065050-I29-120-L-NR-I 
	51065050-I29-120-L-NR-I 
	51065050-I29-120-L-NR-I 

	42065141-I29-62-M-NR-S 
	42065141-I29-62-M-NR-S 


	52410290-I190-1-L-R-I 
	52410290-I190-1-L-R-I 
	52410290-I190-1-L-R-I 

	42065120-I29-64-M-NR-S 
	42065120-I29-64-M-NR-S 


	52610285-I90-78-R-NR-S 
	52610285-I90-78-R-NR-S 
	52610285-I90-78-R-NR-S 

	50180162-I29-84-M-R-I 
	50180162-I29-84-M-R-I 


	31090126-I90-344-R-NR-I 
	31090126-I90-344-R-NR-I 
	31090126-I90-344-R-NR-I 

	50180163-I29-84-M-R-I 
	50180163-I29-84-M-R-I 


	51066100-I29-114-R-NR-I 
	51066100-I29-114-R-NR-I 
	51066100-I29-114-R-NR-I 

	50219215-I229-5.5-M-R-S 
	50219215-I229-5.5-M-R-S 


	51065050-I29-120-R-NR-I 
	51065050-I29-120-R-NR-I 
	51065050-I29-120-R-NR-I 

	50221170-I229-9.7-M-R-I 
	50221170-I229-9.7-M-R-I 


	52410290-I190-1-R-R-I 
	52410290-I190-1-R-R-I 
	52410290-I190-1-R-R-I 

	50221167-I229-10-M-R-I 
	50221167-I229-10-M-R-I 


	47135609-I90-52-M-R-S 
	47135609-I90-52-M-R-S 
	47135609-I90-52-M-R-S 

	50221166-I229-10-M-R-I 
	50221166-I229-10-M-R-I 


	52450287-I90-61-M-R-I 
	52450287-I90-61-M-R-I 
	52450287-I90-61-M-R-I 

	 
	 




	 
	Quartile cluster 3-2 
	Quartile cluster 3-2 
	Quartile cluster 3-2 
	Quartile cluster 3-2 
	Quartile cluster 3-2 



	41207092-I90-23-L-NR-I 
	41207092-I90-23-L-NR-I 
	41207092-I90-23-L-NR-I 
	41207092-I90-23-L-NR-I 

	52540275-I90-71-M-NR-I 
	52540275-I90-71-M-NR-I 


	52900360-I90-109-L-R-I 
	52900360-I90-109-L-R-I 
	52900360-I90-109-L-R-I 

	52610285-I90-78-M-NR-S 
	52610285-I90-78-M-NR-S 


	02180165-I90-310-L-NR-I 
	02180165-I90-310-L-NR-I 
	02180165-I90-310-L-NR-I 

	50170164-I90-395-M-R-S 
	50170164-I90-395-M-R-S 


	55085429-I29-207-L-R-I 
	55085429-I29-207-L-R-I 
	55085429-I29-207-L-R-I 

	64115330-I29-9-M-NR-S 
	64115330-I29-9-M-NR-S 


	55100367-I29-213-L-R-I 
	55100367-I29-213-L-R-I 
	55100367-I29-213-L-R-I 

	64070287-I29-15-M-NR-S 
	64070287-I29-15-M-NR-S 


	41207092-I90-23-R-NR-I 
	41207092-I90-23-R-NR-I 
	41207092-I90-23-R-NR-I 

	42065230-I29-53-M-NR-I 
	42065230-I29-53-M-NR-I 


	52540275-I90-71-R-NR-I 
	52540275-I90-71-R-NR-I 
	52540275-I90-71-R-NR-I 

	42065170-I29-59-M-NR-I 
	42065170-I29-59-M-NR-I 


	52900360-I90-109-R-R-I 
	52900360-I90-109-R-R-I 
	52900360-I90-109-R-R-I 

	50180140-I29-86-M-NR-I 
	50180140-I29-86-M-NR-I 


	02180165-I90-310-R-NR-I 
	02180165-I90-310-R-NR-I 
	02180165-I90-310-R-NR-I 

	50175020-I29-98-M-NR-I 
	50175020-I29-98-M-NR-I 


	55085429-I29-207-R-R-I 
	55085429-I29-207-R-R-I 
	55085429-I29-207-R-R-I 

	51066100-I29-114-M-NR-I 
	51066100-I29-114-M-NR-I 


	55100367-I29-213-R-R-I 
	55100367-I29-213-R-R-I 
	55100367-I29-213-R-R-I 

	51065050-I29-120-M-NR-I 
	51065050-I29-120-M-NR-I 


	14092199-Misc.-Hwy 50W-R-R-I 
	14092199-Misc.-Hwy 50W-R-R-I 
	14092199-Misc.-Hwy 50W-R-R-I 

	 
	 




	 
	 
	Quartile cluster 3-1 
	Quartile cluster 3-1 
	Quartile cluster 3-1 
	Quartile cluster 3-1 
	Quartile cluster 3-1 



	55116190-I29-232-L-R-I 
	55116190-I29-232-L-R-I 
	55116190-I29-232-L-R-I 
	55116190-I29-232-L-R-I 

	02180165-I90-310-M-NR-I 
	02180165-I90-310-M-NR-I 


	14131205-Misc.-Hwy 50E-L-R-I 
	14131205-Misc.-Hwy 50E-L-R-I 
	14131205-Misc.-Hwy 50E-L-R-I 

	31090126-I90-344-M-NR-I 
	31090126-I90-344-M-NR-I 


	55116190-I29-232-R-R-I 
	55116190-I29-232-R-R-I 
	55116190-I29-232-R-R-I 

	55085440-I29-206-M-NR-I 
	55085440-I29-206-M-NR-I 


	14131205-Misc.-Hwy 50E-R-R-I 
	14131205-Misc.-Hwy 50E-R-R-I 
	14131205-Misc.-Hwy 50E-R-R-I 

	55085429-I29-207-M-R-I 
	55085429-I29-207-M-R-I 


	41207092-I90-23-M-NR-I 
	41207092-I90-23-M-NR-I 
	41207092-I90-23-M-NR-I 

	55100367-I29-213-M-R-I 
	55100367-I29-213-M-R-I 


	52900360-I90-109-M-R-I 
	52900360-I90-109-M-R-I 
	52900360-I90-109-M-R-I 

	55116190-I29-232-M-R-I 
	55116190-I29-232-M-R-I 


	38180198-I90-192-M-R-I 
	38180198-I90-192-M-R-I 
	38180198-I90-192-M-R-I 

	 
	 




	 
	 
	Quartile cluster 2-4 
	Quartile cluster 2-4 
	Quartile cluster 2-4 
	Quartile cluster 2-4 
	Quartile cluster 2-4 



	52467276-I90-63-L-R-I 
	52467276-I90-63-L-R-I 
	52467276-I90-63-L-R-I 
	52467276-I90-63-L-R-I 

	50320166-I90-410-R-NR-S 
	50320166-I90-410-R-NR-S 


	50030149-I90-381-L-R-I 
	50030149-I90-381-L-R-I 
	50030149-I90-381-L-R-I 

	42065200-I29-56-R-NR-I 
	42065200-I29-56-R-NR-I 


	50320166-I90-410-L-NR-S 
	50320166-I90-410-L-NR-S 
	50320166-I90-410-L-NR-S 

	50177130-I29-87-R-NR-I 
	50177130-I29-87-R-NR-I 


	42065200-I29-56-L-NR-I 
	42065200-I29-56-L-NR-I 
	42065200-I29-56-L-NR-I 

	50175040-I29-96-R-NR-I 
	50175040-I29-96-R-NR-I 


	50177130-I29-87-L-NR-I 
	50177130-I29-87-L-NR-I 
	50177130-I29-87-L-NR-I 

	51065210-I29-102-R-NR-I 
	51065210-I29-102-R-NR-I 


	50175040-I29-96-L-NR-I 
	50175040-I29-96-L-NR-I 
	50175040-I29-96-L-NR-I 

	51065200-I29-104-R-NR-I 
	51065200-I29-104-R-NR-I 


	51065210-I29-102-L-NR-I 
	51065210-I29-102-L-NR-I 
	51065210-I29-102-L-NR-I 

	29280020-I29-167-R-R-I 
	29280020-I29-167-R-R-I 


	51065200-I29-104-L-NR-I 
	51065200-I29-104-L-NR-I 
	51065200-I29-104-L-NR-I 

	52470276-I90-63.5-M-R-S 
	52470276-I90-63.5-M-R-S 


	29280020-I29-167-L-R-I 
	29280020-I29-167-L-R-I 
	29280020-I29-167-L-R-I 

	50320166-I90-410-M-NR-S 
	50320166-I90-410-M-NR-S 


	52467276-I90-63-R-R-I 
	52467276-I90-63-R-R-I 
	52467276-I90-63-R-R-I 

	50219210-I229-5.75-M-R-S 
	50219210-I229-5.75-M-R-S 


	50030149-I90-381-R-R-I 
	50030149-I90-381-R-R-I 
	50030149-I90-381-R-R-I 

	 
	 




	 
	 
	Quartile cluster 2-3 
	Quartile cluster 2-3 
	Quartile cluster 2-3 
	Quartile cluster 2-3 
	Quartile cluster 2-3 



	18090105-I90-325-L-NR-I 
	18090105-I90-325-L-NR-I 
	18090105-I90-325-L-NR-I 
	18090105-I90-325-L-NR-I 

	18090105-I90-325-R-NR-I 
	18090105-I90-325-R-NR-I 


	18120105-I90-328-L-NR-I 
	18120105-I90-328-L-NR-I 
	18120105-I90-328-L-NR-I 

	18120105-I90-328-R-NR-I 
	18120105-I90-328-R-NR-I 


	31040105-I90-337-L-NR-I 
	31040105-I90-337-L-NR-I 
	31040105-I90-337-L-NR-I 

	31040105-I90-337-R-NR-I 
	31040105-I90-337-R-NR-I 


	31120126-I90-347-L-NR-I 
	31120126-I90-347-L-NR-I 
	31120126-I90-347-L-NR-I 

	31120126-I90-347-R-NR-I 
	31120126-I90-347-R-NR-I 


	44010126-I90-354-L-NR-I 
	44010126-I90-354-L-NR-I 
	44010126-I90-354-L-NR-I 

	44010126-I90-354-R-NR-I 
	44010126-I90-354-R-NR-I 


	44210126-I90-374-L-NR-I 
	44210126-I90-374-L-NR-I 
	44210126-I90-374-L-NR-I 

	44210126-I90-374-R-NR-I 
	44210126-I90-374-R-NR-I 


	50160166-I90-394-L-NR-I 
	50160166-I90-394-L-NR-I 
	50160166-I90-394-L-NR-I 

	50160166-I90-394-R-NR-I 
	50160166-I90-394-R-NR-I 


	50185163-I90-396.5-L-R-I 
	50185163-I90-396.5-L-R-I 
	50185163-I90-396.5-L-R-I 

	50185163-I90-396.5-R-R-I 
	50185163-I90-396.5-R-R-I 


	64050250-I29-20-L-NR-I 
	64050250-I29-20-L-NR-I 
	64050250-I29-20-L-NR-I 

	64050250-I29-20-R-NR-I 
	64050250-I29-20-R-NR-I 


	64020220-I29-24-L-NR-I 
	64020220-I29-24-L-NR-I 
	64020220-I29-24-L-NR-I 

	64020220-I29-24-R-NR-I 
	64020220-I29-24-R-NR-I 


	64006120-I29-35-L-NR-I 
	64006120-I29-35-L-NR-I 
	64006120-I29-35-L-NR-I 

	64006120-I29-35-R-NR-I 
	64006120-I29-35-R-NR-I 


	64006090-I29-38-L-NR-I 
	64006090-I29-38-L-NR-I 
	64006090-I29-38-L-NR-I 

	64006090-I29-38-R-NR-I 
	64006090-I29-38-R-NR-I 


	06185190-I29-129-L-NR-I 
	06185190-I29-129-L-NR-I 
	06185190-I29-129-L-NR-I 

	06185190-I29-129-R-NR-I 
	06185190-I29-129-R-NR-I 


	47069510-I90-40-R-NR-I 
	47069510-I90-40-R-NR-I 
	47069510-I90-40-R-NR-I 

	42065080-I29-68-M-R-S 
	42065080-I29-68-M-R-S 




	 
	 
	Quartile cluster 2-2 
	Quartile cluster 2-2 
	Quartile cluster 2-2 
	Quartile cluster 2-2 
	Quartile cluster 2-2 



	41185086-I90-21-L-NR-I 
	41185086-I90-21-L-NR-I 
	41185086-I90-21-L-NR-I 
	41185086-I90-21-L-NR-I 

	18010105-I90-317-R-NR-I 
	18010105-I90-317-R-NR-I 


	41226107-I90-25.5-L-R-I 
	41226107-I90-25.5-L-R-I 
	41226107-I90-25.5-L-R-I 

	18030105-I90-319-R-NR-I 
	18030105-I90-319-R-NR-I 


	47061480-I90-36.5-L-NR-I 
	47061480-I90-36.5-L-NR-I 
	47061480-I90-36.5-L-NR-I 

	15240220-I29-173-R-R-I 
	15240220-I29-173-R-R-I 


	47069510-I90-40-L-NR-I 
	47069510-I90-40-L-NR-I 
	47069510-I90-40-L-NR-I 

	47061480-I90-36.5-M-NR-I 
	47061480-I90-36.5-M-NR-I 


	52880346-I90-107-L-R-I 
	52880346-I90-107-L-R-I 
	52880346-I90-107-L-R-I 

	47069510-I90-40-M-NR-I 
	47069510-I90-40-M-NR-I 


	08080112-I90-265-L-R-I 
	08080112-I90-265-L-R-I 
	08080112-I90-265-L-R-I 

	52467276-I90-63-M-R-I 
	52467276-I90-63-M-R-I 


	08145124-I90-272-L-NR-I 
	08145124-I90-272-L-NR-I 
	08145124-I90-272-L-NR-I 

	18090105-I90-325-M-NR-I 
	18090105-I90-325-M-NR-I 


	02040149-I90-296-L-NR-I 
	02040149-I90-296-L-NR-I 
	02040149-I90-296-L-NR-I 

	50030149-I90-381-M-R-I 
	50030149-I90-381-M-R-I 


	0215C158-I90-308-L-NR-I 
	0215C158-I90-308-L-NR-I 
	0215C158-I90-308-L-NR-I 

	50160166-I90-394-M-NR-I 
	50160166-I90-394-M-NR-I 


	18010105-I90-317-L-NR-I 
	18010105-I90-317-L-NR-I 
	18010105-I90-317-L-NR-I 

	50185163-I90-396.5-M-R-I 
	50185163-I90-396.5-M-R-I 


	18030105-I90-319-L-NR-I 
	18030105-I90-319-L-NR-I 
	18030105-I90-319-L-NR-I 

	64050250-I29-20-M-NR-S 
	64050250-I29-20-M-NR-S 


	15240220-I29-173-L-R-I 
	15240220-I29-173-L-R-I 
	15240220-I29-173-L-R-I 

	64020220-I29-24-M-NR-S 
	64020220-I29-24-M-NR-S 


	41185086-I90-21-R-NR-I 
	41185086-I90-21-R-NR-I 
	41185086-I90-21-R-NR-I 

	64006120-I29-35-M-NR-I 
	64006120-I29-35-M-NR-I 


	41226107-I90-25.5-R-R-I 
	41226107-I90-25.5-R-R-I 
	41226107-I90-25.5-R-R-I 

	64006090-I29-38-M-NR-I 
	64006090-I29-38-M-NR-I 


	47061480-I90-36.5-R-NR-I 
	47061480-I90-36.5-R-NR-I 
	47061480-I90-36.5-R-NR-I 

	42065200-I29-56-M-NR-I 
	42065200-I29-56-M-NR-I 


	52880346-I90-107-R-R-I 
	52880346-I90-107-R-R-I 
	52880346-I90-107-R-R-I 

	50177130-I29-87-M-NR-I 
	50177130-I29-87-M-NR-I 


	08080112-I90-265-R-R-I 
	08080112-I90-265-R-R-I 
	08080112-I90-265-R-R-I 

	50175040-I29-96-M-NR-I 
	50175040-I29-96-M-NR-I 


	08145124-I90-272-R-NR-I 
	08145124-I90-272-R-NR-I 
	08145124-I90-272-R-NR-I 

	51065210-I29-102-M-NR-I 
	51065210-I29-102-M-NR-I 


	02040149-I90-296-R-NR-I 
	02040149-I90-296-R-NR-I 
	02040149-I90-296-R-NR-I 

	51065200-I29-104-M-NR-I 
	51065200-I29-104-M-NR-I 


	0215C158-I90-308-R-NR-I 
	0215C158-I90-308-R-NR-I 
	0215C158-I90-308-R-NR-I 

	 
	 




	 
	 
	Quartile cluster 2-1 
	Quartile cluster 2-1 
	Quartile cluster 2-1 
	Quartile cluster 2-1 
	Quartile cluster 2-1 



	52410318-Misc.-Mt. Rushmore Rd.-L-NR-I 
	52410318-Misc.-Mt. Rushmore Rd.-L-NR-I 
	52410318-Misc.-Mt. Rushmore Rd.-L-NR-I 
	52410318-Misc.-Mt. Rushmore Rd.-L-NR-I 

	31040105-I90-337-M-NR-I 
	31040105-I90-337-M-NR-I 


	52410318-Misc.-Mt. Rushmore Rd.-R-NR-I 
	52410318-Misc.-Mt. Rushmore Rd.-R-NR-I 
	52410318-Misc.-Mt. Rushmore Rd.-R-NR-I 

	31120126-I90-347-M-NR-I 
	31120126-I90-347-M-NR-I 


	41185086-I90-21-M-NR-I 
	41185086-I90-21-M-NR-I 
	41185086-I90-21-M-NR-I 

	44010126-I90-354-M-NR-I 
	44010126-I90-354-M-NR-I 


	41226107-I90-25.5-M-R-I 
	41226107-I90-25.5-M-R-I 
	41226107-I90-25.5-M-R-I 

	44210126-I90-374-M-NR-I 
	44210126-I90-374-M-NR-I 


	52880346-I90-107-M-R-I 
	52880346-I90-107-M-R-I 
	52880346-I90-107-M-R-I 

	06185190-I29-129-M-NR-I 
	06185190-I29-129-M-NR-I 


	08069103-I90-264-M-R-I 
	08069103-I90-264-M-R-I 
	08069103-I90-264-M-R-I 

	06185130-I29-135-M-R-I 
	06185130-I29-135-M-R-I 


	08080112-I90-265-M-R-I 
	08080112-I90-265-M-R-I 
	08080112-I90-265-M-R-I 

	29280020-I29-167-M-R-I 
	29280020-I29-167-M-R-I 


	08145124-I90-272-M-NR-I 
	08145124-I90-272-M-NR-I 
	08145124-I90-272-M-NR-I 

	15240220-I29-173-M-R-I 
	15240220-I29-173-M-R-I 


	02040149-I90-296-M-NR-I 
	02040149-I90-296-M-NR-I 
	02040149-I90-296-M-NR-I 

	15215120-I29-183-M-R-I 
	15215120-I29-183-M-R-I 


	0215C158-I90-308-M-NR-I 
	0215C158-I90-308-M-NR-I 
	0215C158-I90-308-M-NR-I 

	55115290-I29-222-M-NR-I 
	55115290-I29-222-M-NR-I 


	18010105-I90-317-M-NR-I 
	18010105-I90-317-M-NR-I 
	18010105-I90-317-M-NR-I 

	55115220-I29-229-M-NR-I 
	55115220-I29-229-M-NR-I 


	18030105-I90-319-M-NR-I 
	18030105-I90-319-M-NR-I 
	18030105-I90-319-M-NR-I 

	55175040-I29-248-M-NR-I 
	55175040-I29-248-M-NR-I 


	18120105-I90-328-M-NR-I 
	18120105-I90-328-M-NR-I 
	18120105-I90-328-M-NR-I 

	52410318-Misc.-Mt. Rushmore Rd.-M-NR-I 
	52410318-Misc.-Mt. Rushmore Rd.-M-NR-I 




	 
	 
	Quartile cluster 1-4 
	Quartile cluster 1-4 
	Quartile cluster 1-4 
	Quartile cluster 1-4 
	Quartile cluster 1-4 



	38166196-I90-191-L-R-I 
	38166196-I90-191-L-R-I 
	38166196-I90-191-L-R-I 
	38166196-I90-191-L-R-I 

	38166196-I90-191-R-R-I 
	38166196-I90-191-R-R-I 


	43026195-I90-212-L-R-I 
	43026195-I90-212-L-R-I 
	43026195-I90-212-L-R-I 

	43026195-I90-212-R-R-I 
	43026195-I90-212-R-R-I 


	50050164-I90-384-L-NR-I 
	50050164-I90-384-L-NR-I 
	50050164-I90-384-L-NR-I 

	50050164-I90-384-R-NR-I 
	50050164-I90-384-R-NR-I 


	50070165-I90-386-L-NR-I 
	50070165-I90-386-L-NR-I 
	50070165-I90-386-L-NR-I 

	50070165-I90-386-R-NR-I 
	50070165-I90-386-R-NR-I 


	50300166-I90-408-L-NR-S 
	50300166-I90-408-L-NR-S 
	50300166-I90-408-L-NR-S 

	50300166-I90-408-R-NR-S 
	50300166-I90-408-R-NR-S 


	64140355-I29-6-L-NR-S 
	64140355-I29-6-L-NR-S 
	64140355-I29-6-L-NR-S 

	64140355-I29-6-R-NR-S 
	64140355-I29-6-R-NR-S 


	64120336-I29-8-L-NR-I 
	64120336-I29-8-L-NR-I 
	64120336-I29-8-L-NR-I 

	64120336-I29-8-R-NR-I 
	64120336-I29-8-R-NR-I 


	64100315-I29-11-L-NR-S 
	64100315-I29-11-L-NR-S 
	64100315-I29-11-L-NR-S 

	64100315-I29-11-R-NR-S 
	64100315-I29-11-R-NR-S 


	64080296-I29-14-L-NR-I 
	64080296-I29-14-L-NR-I 
	64080296-I29-14-L-NR-I 

	64080296-I29-14-R-NR-I 
	64080296-I29-14-R-NR-I 




	 
	 
	1-3 
	1-3 
	1-3 
	1-3 
	1-3 



	52670285-I90-84-L-NR-S 
	52670285-I90-84-L-NR-S 
	52670285-I90-84-L-NR-S 
	52670285-I90-84-L-NR-S 

	52710283-I90-88-R-NR-I 
	52710283-I90-88-R-NR-I 


	52710283-I90-88-L-NR-I 
	52710283-I90-88-L-NR-I 
	52710283-I90-88-L-NR-I 

	18050105-I90-321-R-NR-I 
	18050105-I90-321-R-NR-I 


	18050105-I90-321-L-NR-I 
	18050105-I90-321-L-NR-I 
	18050105-I90-321-L-NR-I 

	18070105-I90-323-R-NR-I 
	18070105-I90-323-R-NR-I 


	18070105-I90-323-L-NR-I 
	18070105-I90-323-L-NR-I 
	18070105-I90-323-L-NR-I 

	31150125-I90-350-R-NR-I 
	31150125-I90-350-R-NR-I 


	31150125-I90-350-L-NR-I 
	31150125-I90-350-L-NR-I 
	31150125-I90-350-L-NR-I 

	31160125-I90-351-R-NR-I 
	31160125-I90-351-R-NR-I 


	31160125-I90-351-L-NR-I 
	31160125-I90-351-L-NR-I 
	31160125-I90-351-L-NR-I 

	44050127-I90-358-R-NR-I 
	44050127-I90-358-R-NR-I 


	44050127-I90-358-L-NR-I 
	44050127-I90-358-L-NR-I 
	44050127-I90-358-L-NR-I 

	44080125-I90-361-R-NR-I 
	44080125-I90-361-R-NR-I 


	44080125-I90-361-L-NR-I 
	44080125-I90-361-L-NR-I 
	44080125-I90-361-L-NR-I 

	64006100-I29-37-R-NR-I 
	64006100-I29-37-R-NR-I 


	64006100-I29-37-L-NR-I 
	64006100-I29-37-L-NR-I 
	64006100-I29-37-L-NR-I 

	64006030-I29-44-R-NR-I 
	64006030-I29-44-R-NR-I 


	64006030-I29-44-L-NR-I 
	64006030-I29-44-L-NR-I 
	64006030-I29-44-L-NR-I 

	64006010-I29-46-R-NR-I 
	64006010-I29-46-R-NR-I 


	64006010-I29-46-L-NR-I 
	64006010-I29-46-L-NR-I 
	64006010-I29-46-L-NR-I 

	06185230-I29-126-R-NR-I 
	06185230-I29-126-R-NR-I 


	06185230-I29-126-L-NR-I 
	06185230-I29-126-L-NR-I 
	06185230-I29-126-L-NR-I 

	50050164-I90-384-M-NR-I 
	50050164-I90-384-M-NR-I 


	52640285-I90-81-R-NR-I 
	52640285-I90-81-R-NR-I 
	52640285-I90-81-R-NR-I 

	50070165-I90-386-M-NR-I 
	50070165-I90-386-M-NR-I 


	52670285-I90-84-R-NR-S 
	52670285-I90-84-R-NR-S 
	52670285-I90-84-R-NR-S 

	50300166-I90-408-M-NR-S 
	50300166-I90-408-M-NR-S 




	 
	 
	1-2 
	1-2 
	1-2 
	1-2 
	1-2 



	52640285-I90-81-L-NR-I 
	52640285-I90-81-L-NR-I 
	52640285-I90-81-L-NR-I 
	52640285-I90-81-L-NR-I 

	08310135-I90-289-R-NR-I 
	08310135-I90-289-R-NR-I 


	52830310-I90-101-L-NR-I 
	52830310-I90-101-L-NR-I 
	52830310-I90-101-L-NR-I 

	02000135-I90-291-R-NR-I 
	02000135-I90-291-R-NR-I 


	52925365-I90-112-L-NR-I 
	52925365-I90-112-L-NR-I 
	52925365-I90-112-L-NR-I 

	02018140-I90-293-R-R-I 
	02018140-I90-293-R-R-I 


	52926366-I90-112-L-R-I 
	52926366-I90-112-L-R-I 
	52926366-I90-112-L-R-I 

	02070155-I90-299-R-NR-I 
	02070155-I90-299-R-NR-I 


	08120125-I90-269-L-NR-I 
	08120125-I90-269-L-NR-I 
	08120125-I90-269-L-NR-I 

	02100155-I90-302-R-NR-I 
	02100155-I90-302-R-NR-I 


	08290135-I90-286-L-R-I 
	08290135-I90-286-L-R-I 
	08290135-I90-286-L-R-I 

	02140155-I90-306-R-NR-I 
	02140155-I90-306-R-NR-I 


	08310135-I90-289-L-NR-I 
	08310135-I90-289-L-NR-I 
	08310135-I90-289-L-NR-I 

	02220165-I90-312-R-NR-I 
	02220165-I90-312-R-NR-I 


	02000135-I90-291-L-NR-I 
	02000135-I90-291-L-NR-I 
	02000135-I90-291-L-NR-I 

	44150126-I90-368-R-NR-I 
	44150126-I90-368-R-NR-I 


	02018140-I90-293-L-R-I 
	02018140-I90-293-L-R-I 
	02018140-I90-293-L-R-I 

	44170126-I90-370-R-NR-I 
	44170126-I90-370-R-NR-I 


	02070155-I90-299-L-NR-I 
	02070155-I90-299-L-NR-I 
	02070155-I90-299-L-NR-I 

	52640285-I90-81-M-NR-S 
	52640285-I90-81-M-NR-S 


	02100155-I90-302-L-NR-I 
	02100155-I90-302-L-NR-I 
	02100155-I90-302-L-NR-I 

	52670285-I90-84-M-NR-S 
	52670285-I90-84-M-NR-S 


	02140155-I90-306-L-NR-I 
	02140155-I90-306-L-NR-I 
	02140155-I90-306-L-NR-I 

	52710283-I90-88-M-NR-S 
	52710283-I90-88-M-NR-S 


	02220165-I90-312-L-NR-I 
	02220165-I90-312-L-NR-I 
	02220165-I90-312-L-NR-I 

	64140355-I29-6-M-NR-S 
	64140355-I29-6-M-NR-S 


	44150126-I90-368-L-NR-I 
	44150126-I90-368-L-NR-I 
	44150126-I90-368-L-NR-I 

	64120336-I29-8-M-NR-S 
	64120336-I29-8-M-NR-S 


	44170126-I90-370-L-NR-I 
	44170126-I90-370-L-NR-I 
	44170126-I90-370-L-NR-I 

	64100315-I29-11-M-NR-S 
	64100315-I29-11-M-NR-S 


	52830310-I90-101-R-NR-I 
	52830310-I90-101-R-NR-I 
	52830310-I90-101-R-NR-I 

	64080296-I29-14-M-NR-S 
	64080296-I29-14-M-NR-S 


	52925365-I90-112-R-NR-I 
	52925365-I90-112-R-NR-I 
	52925365-I90-112-R-NR-I 

	64006100-I29-37-M-NR-I 
	64006100-I29-37-M-NR-I 


	52926366-I90-112-R-R-I 
	52926366-I90-112-R-R-I 
	52926366-I90-112-R-R-I 

	64006030-I29-44-M-NR-I 
	64006030-I29-44-M-NR-I 


	08120125-I90-269-R-NR-I 
	08120125-I90-269-R-NR-I 
	08120125-I90-269-R-NR-I 

	64006010-I29-46-M-NR-I 
	64006010-I29-46-M-NR-I 


	08290135-I90-286-R-R-I 
	08290135-I90-286-R-R-I 
	08290135-I90-286-R-R-I 

	 
	 




	 
	 
	1-1 
	1-1 
	1-1 
	1-1 
	1-1 



	55124170-I29-234-L-NR-I 
	55124170-I29-234-L-NR-I 
	55124170-I29-234-L-NR-I 
	55124170-I29-234-L-NR-I 

	02100155-I90-302-M-NR-I 
	02100155-I90-302-M-NR-I 


	55144130-I29-239-L-NR-I 
	55144130-I29-239-L-NR-I 
	55144130-I29-239-L-NR-I 

	02140155-I90-306-M-NR-I 
	02140155-I90-306-M-NR-I 


	06154150-Misc.-Hwy 14 Bypass-L-R-I 
	06154150-Misc.-Hwy 14 Bypass-L-R-I 
	06154150-Misc.-Hwy 14 Bypass-L-R-I 

	02220165-I90-312-M-NR-I 
	02220165-I90-312-M-NR-I 


	55124170-I29-234-R-NR-I 
	55124170-I29-234-R-NR-I 
	55124170-I29-234-R-NR-I 

	18050105-I90-321-M-NR-I 
	18050105-I90-321-M-NR-I 


	55144130-I29-239-R-NR-I 
	55144130-I29-239-R-NR-I 
	55144130-I29-239-R-NR-I 

	18070105-I90-323-M-NR-I 
	18070105-I90-323-M-NR-I 


	06154150-Misc.-Hwy 14 Bypass-R-R-I 
	06154150-Misc.-Hwy 14 Bypass-R-R-I 
	06154150-Misc.-Hwy 14 Bypass-R-R-I 

	31150125-I90-350-M-NR-I 
	31150125-I90-350-M-NR-I 


	52830310-I90-101-M-NR-I 
	52830310-I90-101-M-NR-I 
	52830310-I90-101-M-NR-I 

	31160125-I90-351-M-NR-I 
	31160125-I90-351-M-NR-I 


	52925365-I90-112-M-NR-I 
	52925365-I90-112-M-NR-I 
	52925365-I90-112-M-NR-I 

	44050127-I90-358-M-NR-I 
	44050127-I90-358-M-NR-I 


	52926366-I90-112-M-R-I 
	52926366-I90-112-M-R-I 
	52926366-I90-112-M-R-I 

	44080125-I90-361-M-NR-I 
	44080125-I90-361-M-NR-I 


	38030185-I90-177-M-NR-I 
	38030185-I90-177-M-NR-I 
	38030185-I90-177-M-NR-I 

	44150126-I90-368-M-NR-I 
	44150126-I90-368-M-NR-I 


	38166196-I90-191-M-R-I 
	38166196-I90-191-M-R-I 
	38166196-I90-191-M-R-I 

	44170126-I90-370-M-NR-I 
	44170126-I90-370-M-NR-I 


	43026195-I90-212-M-R-I 
	43026195-I90-212-M-R-I 
	43026195-I90-212-M-R-I 

	06185230-I29-126-M-NR-I 
	06185230-I29-126-M-NR-I 


	08120125-I90-269-M-NR-I 
	08120125-I90-269-M-NR-I 
	08120125-I90-269-M-NR-I 

	06185110-I29-137-M-R-I 
	06185110-I29-137-M-R-I 


	08290135-I90-286-M-R-I 
	08290135-I90-286-M-R-I 
	08290135-I90-286-M-R-I 

	15215070-I29-189-M-R-I 
	15215070-I29-189-M-R-I 


	08310135-I90-289-M-NR-I 
	08310135-I90-289-M-NR-I 
	08310135-I90-289-M-NR-I 

	55115330-I29-218-M-NR-I 
	55115330-I29-218-M-NR-I 


	02000135-I90-291-M-NR-I 
	02000135-I90-291-M-NR-I 
	02000135-I90-291-M-NR-I 

	55124170-I29-234-M-NR-I 
	55124170-I29-234-M-NR-I 


	02018140-I90-293-M-R-I 
	02018140-I90-293-M-R-I 
	02018140-I90-293-M-R-I 

	55144130-I29-239-M-NR-I 
	55144130-I29-239-M-NR-I 


	02070155-I90-299-M-NR-I 
	02070155-I90-299-M-NR-I 
	02070155-I90-299-M-NR-I 

	06154150-Misc.-Hwy 14 Bypass-M-R-I 
	06154150-Misc.-Hwy 14 Bypass-M-R-I 




	 
	APPENDIX E: MNDOT CRASH STRUT DESIGN PROCEDURE 
	1. Determine Design Loads 
	1. Determine Design Loads 
	1. Determine Design Loads 
	1. Determine Design Loads 
	a. Determine the skew of the bent from the roadway (typically parallel) 
	a. Determine the skew of the bent from the roadway (typically parallel) 
	a. Determine the skew of the bent from the roadway (typically parallel) 

	b. Givens: 
	b. Givens: 
	b. Givens: 
	i. Pcrash = 400 k 
	i. Pcrash = 400 k 
	i. Pcrash = 400 k 
	i. Pcrash = 400 k 
	1. Note: This is now 600 k 
	1. Note: This is now 600 k 
	1. Note: This is now 600 k 




	ii. Θmax = 30° 
	ii. Θmax = 30° 

	iii. Lt = 5′ (impact width if designing as distributed crash load instead of point load) 
	iii. Lt = 5′ (impact width if designing as distributed crash load instead of point load) 

	iv. Ltop = 6ʺ (conservative distance to top of the strut) 
	iv. Ltop = 6ʺ (conservative distance to top of the strut) 




	c. Design Loads: 
	c. Design Loads: 
	c. Design Loads: 
	i. 
	i. 
	i. 
	i. 
	 
	InlineShape


	ii. 
	ii. 
	ii. 
	 
	InlineShape


	iii. 
	iii. 
	iii. 
	 
	InlineShape





	d. Resistance Factors: 
	d. Resistance Factors: 
	d. Resistance Factors: 
	i. 
	i. 
	i. 
	i. 
	 (for extreme events) 
	InlineShape


	ii. 
	ii. 
	ii. 
	 (for strength) 
	InlineShape









	 
	Figure
	2. Determine Strut Dimensions 
	2. Determine Strut Dimensions 
	2. Determine Strut Dimensions 
	2. Determine Strut Dimensions 
	a. Height 
	a. Height 
	a. Height 
	a. Height 
	i. H = 4.5′ + depth to footing 
	i. H = 4.5′ + depth to footing 
	i. H = 4.5′ + depth to footing 
	i. H = 4.5′ + depth to footing 
	1. Note: 4.5′ increased to 5.5′ 
	1. Note: 4.5′ increased to 5.5′ 
	1. Note: 4.5′ increased to 5.5′ 

	2. Note: Round height up 
	2. Note: Round height up 







	b. Length 
	b. Length 
	b. Length 
	i. Typically extend strut to 6ʺ from outside of footings (End Offset) 
	i. Typically extend strut to 6ʺ from outside of footings (End Offset) 
	i. Typically extend strut to 6ʺ from outside of footings (End Offset) 

	ii. Minimum of 1′ extension past columns 
	ii. Minimum of 1′ extension past columns 




	c. Width 
	c. Width 
	c. Width 
	i. b= bcol + 2ʺ min. each side 
	i. b= bcol + 2ʺ min. each side 
	i. b= bcol + 2ʺ min. each side 
	i. b= bcol + 2ʺ min. each side 
	1. Can increase by more than 2ʺ each side to ease constructability 
	1. Can increase by more than 2ʺ each side to ease constructability 
	1. Can increase by more than 2ʺ each side to ease constructability 




	ii. bmin = 3′ 
	ii. bmin = 3′ 







	3. Design Strut Reinforcement 
	3. Design Strut Reinforcement 
	3. Design Strut Reinforcement 
	a. Select reinforcement 
	a. Select reinforcement 
	a. Select reinforcement 
	a. Select reinforcement 
	i. Shear Stirrups 
	i. Shear Stirrups 
	i. Shear Stirrups 
	i. Shear Stirrups 
	1. Approximately #6 bars @ 12ʺ spacing (in interior region – bars spaced with dowels in end regions) 
	1. Approximately #6 bars @ 12ʺ spacing (in interior region – bars spaced with dowels in end regions) 
	1. Approximately #6 bars @ 12ʺ spacing (in interior region – bars spaced with dowels in end regions) 

	2. Clear to stirrups = 2ʺ 
	2. Clear to stirrups = 2ʺ 




	ii. Horizontal Bars 
	ii. Horizontal Bars 
	ii. Horizontal Bars 
	1. Minimum #6 bars @ approximately 12ʺ spacing 
	1. Minimum #6 bars @ approximately 12ʺ spacing 
	1. Minimum #6 bars @ approximately 12ʺ spacing 




	iii. Dowel Bars 
	iii. Dowel Bars 
	iii. Dowel Bars 
	1. #6 bars @ TBD spacing 
	1. #6 bars @ TBD spacing 
	1. #6 bars @ TBD spacing 







	b. Determine dowel bar spacing 
	b. Determine dowel bar spacing 
	b. Determine dowel bar spacing 
	i. End clearance 
	i. End clearance 
	i. End clearance 
	i. End clearance 
	1. clrend = clr + diav (rounded to nearest inch) 
	1. clrend = clr + diav (rounded to nearest inch) 
	1. clrend = clr + diav (rounded to nearest inch) 




	ii. Dowel Spacing 
	ii. Dowel Spacing 
	ii. Dowel Spacing 
	1. #6 bar @ 6ʺ spacing over a minimum length of 7′ 
	1. #6 bar @ 6ʺ spacing over a minimum length of 7′ 
	1. #6 bar @ 6ʺ spacing over a minimum length of 7′ 

	2. Dowel Spacing = 
	2. Dowel Spacing = 
	2. Dowel Spacing = 
	 
	InlineShape


	3. If footing is continuous, install anchorage over entire length of footings. 
	3. If footing is continuous, install anchorage over entire length of footings. 







	c. Determine development length of dowels 
	c. Determine development length of dowels 
	c. Determine development length of dowels 
	i. Calculate required projection of dowel into the strut. 
	i. Calculate required projection of dowel into the strut. 
	i. Calculate required projection of dowel into the strut. 

	ii. Determine embedment of dowel into the footing. 
	ii. Determine embedment of dowel into the footing. 








	 
	  
	APPENDIX F: DEAD LOAD 
	 
	I-90 
	I-90 
	I-90 
	I-90 
	I-90 

	Dead Load (kips) 
	Dead Load (kips) 


	Bridge ID 
	Bridge ID 
	Bridge ID 

	Mile Marker 
	Mile Marker 

	Bent 2 
	Bent 2 

	Bent 3 
	Bent 3 

	Bent 4 
	Bent 4 

	Bent 5 
	Bent 5 



	41095059 
	41095059 
	41095059 
	41095059 

	10 
	10 

	65 
	65 

	76 
	76 

	67 
	67 

	NA 
	NA 


	41116088 
	41116088 
	41116088 

	12 
	12 

	114 
	114 

	134 
	134 

	114 
	114 

	NA 
	NA 


	41101077 
	41101077 
	41101077 

	14 
	14 

	113 
	113 

	133 
	133 

	113 
	113 

	NA 
	NA 


	41154087 
	41154087 
	41154087 

	17 
	17 

	113 
	113 

	133 
	133 

	113 
	113 

	NA 
	NA 


	41155087 
	41155087 
	41155087 

	17 
	17 

	113 
	113 

	133 
	133 

	113 
	113 

	NA 
	NA 


	41185086 
	41185086 
	41185086 

	21 
	21 

	40 
	40 

	42 
	42 

	40 
	40 

	NA 
	NA 


	41207092 
	41207092 
	41207092 

	23 
	23 

	57 
	57 

	61 
	61 

	57 
	57 

	NA 
	NA 


	41226107 
	41226107 
	41226107 

	25.5 
	25.5 

	76 
	76 

	86 
	86 

	76 
	76 

	NA 
	NA 


	47061480 
	47061480 
	47061480 

	36.5 
	36.5 

	50 
	50 

	55 
	55 

	50 
	50 

	NA 
	NA 


	47069510 
	47069510 
	47069510 

	40 
	40 

	42 
	42 

	45 
	45 

	42 
	42 

	NA 
	NA 


	47098563 
	47098563 
	47098563 

	44 
	44 

	128 
	128 

	154 
	154 

	124 
	124 

	NA 
	NA 


	47111580 
	47111580 
	47111580 

	46 
	46 

	96 
	96 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 


	47135609 
	47135609 
	47135609 

	52 
	52 

	364 
	364 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 


	52390278 
	52390278 
	52390278 

	55 
	55 

	176 
	176 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 


	52410285 
	52410285 
	52410285 

	57 
	57 

	125 
	125 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 


	52424285 
	52424285 
	52424285 

	59 
	59 

	97 
	97 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 


	52450287 
	52450287 
	52450287 

	61 
	61 

	185 
	185 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 


	52467276 
	52467276 
	52467276 

	63 
	63 

	33 
	33 

	36 
	36 

	33 
	33 

	NA 
	NA 


	52470276 
	52470276 
	52470276 

	63.5 
	63.5 

	317 
	317 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 


	52500275 
	52500275 
	52500275 

	67 
	67 

	341 
	341 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 


	52540275 
	52540275 
	52540275 

	71 
	71 

	35 
	35 

	37 
	37 

	35 
	35 

	NA 
	NA 


	52610285 
	52610285 
	52610285 

	78 
	78 

	617 
	617 

	686 
	686 

	617 
	617 

	NA 
	NA 


	52640285 
	52640285 
	52640285 

	81 
	81 

	479 
	479 

	532 
	532 

	479 
	479 

	NA 
	NA 


	52670285 
	52670285 
	52670285 

	84 
	84 

	617 
	617 

	686 
	686 

	617 
	617 

	NA 
	NA 


	52710283 
	52710283 
	52710283 

	88 
	88 

	455 
	455 

	506 
	506 

	455 
	455 

	NA 
	NA 


	52830310 
	52830310 
	52830310 

	101 
	101 

	237 
	237 

	298 
	298 

	274 
	274 

	NA 
	NA 


	52880346 
	52880346 
	52880346 

	107 
	107 

	59 
	59 

	63 
	63 

	59 
	59 

	NA 
	NA 


	52900360 
	52900360 
	52900360 

	109 
	109 

	59 
	59 

	63 
	63 

	59 
	59 

	NA 
	NA 


	52925365 
	52925365 
	52925365 

	112 
	112 

	61 
	61 

	66 
	66 

	61 
	61 

	NA 
	NA 


	52926366 
	52926366 
	52926366 

	112 
	112 

	64 
	64 

	66 
	66 

	59 
	59 

	NA 
	NA 


	36120107 
	36120107 
	36120107 

	131 
	131 

	54 
	54 

	57 
	57 

	54 
	54 

	NA 
	NA 


	36309106 
	36309106 
	36309106 

	150 
	150 

	113 
	113 

	122 
	122 

	113 
	113 

	NA 
	NA 


	38030185 
	38030185 
	38030185 

	177 
	177 

	84 
	84 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 


	38166196 
	38166196 
	38166196 

	191 
	191 

	55 
	55 

	59 
	59 

	55 
	55 

	NA 
	NA 


	38180198 
	38180198 
	38180198 

	192 
	192 

	76 
	76 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 


	43026195 
	43026195 
	43026195 

	212 
	212 

	50 
	50 

	54 
	54 

	50 
	50 

	NA 
	NA 


	08069103 
	08069103 
	08069103 

	264 
	264 

	156 
	156 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 


	08080112 
	08080112 
	08080112 

	265 
	265 

	79 
	79 

	90 
	90 

	79 
	79 

	NA 
	NA 


	08120125 
	08120125 
	08120125 

	269 
	269 

	36 
	36 

	38 
	38 

	36 
	36 

	NA 
	NA 


	08145124 
	08145124 
	08145124 

	272 
	272 

	45 
	45 

	48 
	48 

	45 
	45 

	NA 
	NA 


	08290135 
	08290135 
	08290135 

	286 
	286 

	71 
	71 

	81 
	81 

	71 
	71 

	NA 
	NA 


	08310135 
	08310135 
	08310135 

	289 
	289 

	45 
	45 

	48 
	48 

	45 
	45 

	NA 
	NA 


	02000135 
	02000135 
	02000135 

	291 
	291 

	36 
	36 

	38 
	38 

	36 
	36 

	NA 
	NA 


	02018140 
	02018140 
	02018140 

	293 
	293 

	29 
	29 

	33 
	33 

	29 
	29 

	NA 
	NA 




	I-90 
	I-90 
	I-90 
	I-90 
	I-90 

	Dead Load (kips) 
	Dead Load (kips) 


	Bridge ID 
	Bridge ID 
	Bridge ID 

	Mile Marker 
	Mile Marker 

	Bent 2 
	Bent 2 

	Bent 3 
	Bent 3 

	Bent 4 
	Bent 4 

	Bent 5 
	Bent 5 



	02040149 
	02040149 
	02040149 
	02040149 

	296 
	296 

	49 
	49 

	52 
	52 

	49 
	49 

	NA 
	NA 


	02070155 
	02070155 
	02070155 

	299 
	299 

	111 
	111 

	120 
	120 

	111 
	111 

	NA 
	NA 


	02100155 
	02100155 
	02100155 

	302 
	302 

	111 
	111 

	120 
	120 

	111 
	111 

	NA 
	NA 


	02140155 
	02140155 
	02140155 

	306 
	306 

	111 
	111 

	120 
	120 

	111 
	111 

	NA 
	NA 


	0215C158 
	0215C158 
	0215C158 

	308 
	308 

	54 
	54 

	57 
	57 

	54 
	54 

	NA 
	NA 


	02180165 
	02180165 
	02180165 

	310 
	310 

	49 
	49 

	52 
	52 

	49 
	49 

	NA 
	NA 


	02220165 
	02220165 
	02220165 

	312 
	312 

	111 
	111 

	120 
	120 

	111 
	111 

	NA 
	NA 


	18010105 
	18010105 
	18010105 

	317 
	317 

	111 
	111 

	120 
	120 

	111 
	111 

	NA 
	NA 


	18030105 
	18030105 
	18030105 

	319 
	319 

	49 
	49 

	52 
	52 

	49 
	49 

	NA 
	NA 


	18050105 
	18050105 
	18050105 

	321 
	321 

	111 
	111 

	120 
	120 

	111 
	111 

	NA 
	NA 


	18070105 
	18070105 
	18070105 

	323 
	323 

	111 
	111 

	120 
	120 

	111 
	111 

	NA 
	NA 


	18090105 
	18090105 
	18090105 

	325 
	325 

	49 
	49 

	52 
	52 

	49 
	49 

	NA 
	NA 


	18120105 
	18120105 
	18120105 

	328 
	328 

	111 
	111 

	120 
	120 

	111 
	111 

	NA 
	NA 


	18140107 
	18140107 
	18140107 

	330 
	330 

	49 
	49 

	52 
	52 

	51 
	51 

	NA 
	NA 


	31040105 
	31040105 
	31040105 

	337 
	337 

	111 
	111 

	120 
	120 

	111 
	111 

	NA 
	NA 


	31090126 
	31090126 
	31090126 

	344 
	344 

	49 
	49 

	52 
	52 

	49 
	49 

	NA 
	NA 


	31120126 
	31120126 
	31120126 

	347 
	347 

	111 
	111 

	120 
	120 

	111 
	111 

	NA 
	NA 


	31150125 
	31150125 
	31150125 

	350 
	350 

	49 
	49 

	52 
	52 

	49 
	49 

	NA 
	NA 


	31160125 
	31160125 
	31160125 

	351 
	351 

	111 
	111 

	120 
	120 

	111 
	111 

	NA 
	NA 


	44010126 
	44010126 
	44010126 

	354 
	354 

	45 
	45 

	48 
	48 

	45 
	45 

	NA 
	NA 


	44050127 
	44050127 
	44050127 

	358 
	358 

	45 
	45 

	48 
	48 

	45 
	45 

	NA 
	NA 


	44080125 
	44080125 
	44080125 

	361 
	361 

	36 
	36 

	38 
	38 

	36 
	36 

	NA 
	NA 


	44110125 
	44110125 
	44110125 

	364 
	364 

	359 
	359 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 


	44150126 
	44150126 
	44150126 

	368 
	368 

	45 
	45 

	48 
	48 

	45 
	45 

	NA 
	NA 


	44170126 
	44170126 
	44170126 

	370 
	370 

	36 
	36 

	38 
	38 

	36 
	36 

	NA 
	NA 


	44210126 
	44210126 
	44210126 

	374 
	374 

	45 
	45 

	48 
	48 

	45 
	45 

	NA 
	NA 


	50030149 
	50030149 
	50030149 

	381 
	381 

	32 
	32 

	36 
	36 

	32 
	32 

	NA 
	NA 


	50050164 
	50050164 
	50050164 

	384 
	384 

	48 
	48 

	54 
	54 

	48 
	48 

	NA 
	NA 


	50070165 
	50070165 
	50070165 

	386 
	386 

	45 
	45 

	48 
	48 

	45 
	45 

	NA 
	NA 


	50090165 
	50090165 
	50090165 

	388 
	388 

	45 
	45 

	48 
	48 

	45 
	45 

	NA 
	NA 


	50160166 
	50160166 
	50160166 

	394 
	394 

	44 
	44 

	47 
	47 

	44 
	44 

	NA 
	NA 


	50170164 
	50170164 
	50170164 

	395 
	395 

	387 
	387 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 


	50185163 
	50185163 
	50185163 

	396.5 
	396.5 

	28 
	28 

	31 
	31 

	28 
	28 

	NA 
	NA 


	50240165 
	50240165 
	50240165 

	402 
	402 

	617 
	617 

	686 
	686 

	617 
	617 

	NA 
	NA 


	50280165 
	50280165 
	50280165 

	406 
	406 

	617 
	617 

	686 
	686 

	617 
	617 

	NA 
	NA 


	50300166 
	50300166 
	50300166 

	408 
	408 

	617 
	617 

	686 
	686 

	617 
	617 

	NA 
	NA 


	50320166 
	50320166 
	50320166 

	410 
	410 

	617 
	617 

	686 
	686 

	617 
	617 

	NA 
	NA 




	  
	I-29 
	I-29 
	I-29 
	I-29 
	I-29 

	Dead Load (kips) 
	Dead Load (kips) 


	Bridge ID 
	Bridge ID 
	Bridge ID 

	Mile Marker 
	Mile Marker 

	Bent 2 
	Bent 2 

	Bent 3 
	Bent 3 

	Bent 4 
	Bent 4 

	Bent 5 
	Bent 5 


	64158399 
	64158399 
	64158399 

	1 
	1 

	108 
	108 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 



	64149367 
	64149367 
	64149367 
	64149367 

	4 
	4 

	582 
	582 

	639 
	639 

	582 
	582 

	NA 
	NA 


	64140355 
	64140355 
	64140355 

	6 
	6 

	773 
	773 

	851 
	851 

	773 
	773 

	NA 
	NA 


	64120336 
	64120336 
	64120336 

	8 
	8 

	611 
	611 

	673 
	673 

	611 
	611 

	NA 
	NA 


	64115330 
	64115330 
	64115330 

	9 
	9 

	772 
	772 

	851 
	851 

	772 
	772 

	NA 
	NA 


	64100315 
	64100315 
	64100315 

	11 
	11 

	578 
	578 

	642 
	642 

	578 
	578 

	NA 
	NA 


	64080296 
	64080296 
	64080296 

	14 
	14 

	578 
	578 

	642 
	642 

	578 
	578 

	NA 
	NA 


	64070287 
	64070287 
	64070287 

	15 
	15 

	582 
	582 

	639 
	639 

	582 
	582 

	NA 
	NA 


	64050250 
	64050250 
	64050250 

	20 
	20 

	479 
	479 

	532 
	532 

	479 
	479 

	NA 
	NA 


	64020220 
	64020220 
	64020220 

	24 
	24 

	479 
	479 

	532 
	532 

	479 
	479 

	NA 
	NA 


	64008205 
	64008205 
	64008205 

	26 
	26 

	582 
	582 

	639 
	639 

	582 
	582 

	NA 
	NA 


	64006160 
	64006160 
	64006160 

	31 
	31 

	34 
	34 

	36 
	36 

	34 
	34 

	NA 
	NA 


	64006120 
	64006120 
	64006120 

	35 
	35 

	34 
	34 

	36 
	36 

	34 
	34 

	NA 
	NA 


	64006100 
	64006100 
	64006100 

	37 
	37 

	34 
	34 

	36 
	36 

	34 
	34 

	NA 
	NA 


	64006090 
	64006090 
	64006090 

	38 
	38 

	43 
	43 

	46 
	46 

	43 
	43 

	NA 
	NA 


	64006030 
	64006030 
	64006030 

	44 
	44 

	43 
	43 

	46 
	46 

	43 
	43 

	NA 
	NA 


	64006010 
	64006010 
	64006010 

	46 
	46 

	43 
	43 

	46 
	46 

	43 
	43 

	NA 
	NA 


	64006000 
	64006000 
	64006000 

	47 
	47 

	322 
	322 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 


	42065260 
	42065260 
	42065260 

	50 
	50 

	44 
	44 

	46 
	46 

	44 
	44 

	NA 
	NA 


	42065230 
	42065230 
	42065230 

	53 
	53 

	43 
	43 

	46 
	46 

	43 
	43 

	NA 
	NA 


	42065200 
	42065200 
	42065200 

	56 
	56 

	43 
	43 

	46 
	46 

	43 
	43 

	NA 
	NA 


	42065170 
	42065170 
	42065170 

	59 
	59 

	43 
	43 

	46 
	46 

	43 
	43 

	NA 
	NA 


	42065140 
	42065140 
	42065140 

	62 
	62 

	1163 
	1163 

	1278 
	1278 

	1163 
	1163 

	NA 
	NA 


	42065141 
	42065141 
	42065141 

	62 
	62 

	1163 
	1163 

	1278 
	1278 

	1163 
	1163 

	NA 
	NA 


	42065130 
	42065130 
	42065130 

	63 
	63 

	477 
	477 

	530 
	530 

	477 
	477 

	NA 
	NA 


	42065120 
	42065120 
	42065120 

	64 
	64 

	617 
	617 

	686 
	686 

	617 
	617 

	NA 
	NA 


	42065100 
	42065100 
	42065100 

	67 
	67 

	477 
	477 

	530 
	530 

	477 
	477 

	NA 
	NA 


	42065080 
	42065080 
	42065080 

	68 
	68 

	271 
	271 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 


	42065050 
	42065050 
	42065050 

	71 
	71 

	478 
	478 

	531 
	531 

	478 
	478 

	NA 
	NA 


	50172240 
	50172240 
	50172240 

	76 
	76 

	278 
	278 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 


	50173235 
	50173235 
	50173235 

	76.5 
	76.5 

	146 
	146 

	167 
	167 

	146 
	146 

	NA 
	NA 


	50175230 
	50175230 
	50175230 

	77 
	77 

	81 
	81 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 


	50175222 
	50175222 
	50175222 

	78 
	78 

	490 
	490 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 


	50178191 
	50178191 
	50178191 

	81 
	81 

	255 
	255 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 


	50180170 
	50180170 
	50180170 

	83 
	83 

	359 
	359 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 


	50180162 
	50180162 
	50180162 

	84 
	84 

	32 
	32 

	38 
	38 

	38 
	38 

	32 
	32 


	50180163 
	50180163 
	50180163 

	84 
	84 

	32 
	32 

	38 
	38 

	38 
	38 

	32 
	32 


	50180140 
	50180140 
	50180140 

	86 
	86 

	45 
	45 

	47 
	47 

	45 
	45 

	NA 
	NA 


	50177130 
	50177130 
	50177130 

	87 
	87 

	48 
	48 

	51 
	51 

	48 
	48 

	NA 
	NA 


	50175040 
	50175040 
	50175040 

	96 
	96 

	45 
	45 

	48 
	48 

	45 
	45 

	NA 
	NA 


	50175020 
	50175020 
	50175020 

	98 
	98 

	45 
	45 

	48 
	48 

	45 
	45 

	NA 
	NA 


	51065210 
	51065210 
	51065210 

	102 
	102 

	45 
	45 

	48 
	48 

	45 
	45 

	NA 
	NA 


	51065200 
	51065200 
	51065200 

	104 
	104 

	45 
	45 

	48 
	48 

	45 
	45 

	NA 
	NA 


	51065150 
	51065150 
	51065150 

	109 
	109 

	45 
	45 

	48 
	48 

	45 
	45 

	NA 
	NA 


	51066100 
	51066100 
	51066100 

	114 
	114 

	49 
	49 

	52 
	52 

	49 
	49 

	NA 
	NA 


	51065050 
	51065050 
	51065050 

	120 
	120 

	111 
	111 

	120 
	120 

	111 
	111 

	NA 
	NA 


	06185230 
	06185230 
	06185230 

	126 
	126 

	49 
	49 

	52 
	52 

	49 
	49 

	NA 
	NA 




	I-29 
	I-29 
	I-29 
	I-29 
	I-29 

	Dead Load (kips) 
	Dead Load (kips) 


	Bridge ID 
	Bridge ID 
	Bridge ID 

	Mile Marker 
	Mile Marker 

	Bent 2 
	Bent 2 

	Bent 3 
	Bent 3 

	Bent 4 
	Bent 4 

	Bent 5 
	Bent 5 


	64158399 
	64158399 
	64158399 

	1 
	1 

	108 
	108 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 



	06185210 
	06185210 
	06185210 
	06185210 

	127 
	127 

	49 
	49 

	52 
	52 

	49 
	49 

	NA 
	NA 


	06185190 
	06185190 
	06185190 

	129 
	129 

	111 
	111 

	120 
	120 

	111 
	111 

	NA 
	NA 


	06185159 
	06185159 
	06185159 

	132 
	132 

	49 
	49 

	52 
	52 

	49 
	49 

	NA 
	NA 


	06185160 
	06185160 
	06185160 

	132 
	132 

	49 
	49 

	52 
	52 

	49 
	49 

	NA 
	NA 


	06185150 
	06185150 
	06185150 

	133 
	133 

	49 
	49 

	52 
	52 

	49 
	49 

	NA 
	NA 


	06185130 
	06185130 
	06185130 

	135 
	135 

	57 
	57 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 


	06185110 
	06185110 
	06185110 

	137 
	137 

	66 
	66 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 


	06185080 
	06185080 
	06185080 

	140 
	140 

	80 
	80 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 


	20061280 
	20061280 
	20061280 

	150 
	150 

	89 
	89 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 


	29280020 
	29280020 
	29280020 

	167 
	167 

	64 
	64 

	71 
	71 

	64 
	64 

	NA 
	NA 


	15240220 
	15240220 
	15240220 

	173 
	173 

	59 
	59 

	64 
	64 

	59 
	59 

	NA 
	NA 


	15215150 
	15215150 
	15215150 

	180 
	180 

	256 
	256 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 


	15215120 
	15215120 
	15215120 

	183 
	183 

	193 
	193 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 


	15215070 
	15215070 
	15215070 

	189 
	189 

	193 
	193 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 


	15215030 
	15215030 
	15215030 

	193 
	193 

	256 
	256 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 


	55085440 
	55085440 
	55085440 

	206 
	206 

	73 
	73 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 


	55085429 
	55085429 
	55085429 

	207 
	207 

	76 
	76 

	86 
	86 

	76 
	76 

	NA 
	NA 


	55100367 
	55100367 
	55100367 

	213 
	213 

	37 
	37 

	44 
	44 

	37 
	37 

	NA 
	NA 


	55115330 
	55115330 
	55115330 

	218 
	218 

	69 
	69 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 


	55115290 
	55115290 
	55115290 

	222 
	222 

	69 
	69 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 


	55115220 
	55115220 
	55115220 

	229 
	229 

	61 
	61 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 


	55116190 
	55116190 
	55116190 

	232 
	232 

	61 
	61 

	69 
	69 

	61 
	61 

	NA 
	NA 


	55124170 
	55124170 
	55124170 

	234 
	234 

	66 
	66 

	74 
	74 

	66 
	66 

	NA 
	NA 


	55144130 
	55144130 
	55144130 

	239 
	239 

	71 
	71 

	79 
	79 

	71 
	71 

	NA 
	NA 


	55175040 
	55175040 
	55175040 

	248 
	248 

	72 
	72 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 




	 
	 
	I-229 
	I-229 
	I-229 
	I-229 
	I-229 

	Dead Load (kips) 
	Dead Load (kips) 


	Bridge ID 
	Bridge ID 
	Bridge ID 

	Mile Marker 
	Mile Marker 

	Bent 2 
	Bent 2 

	Bent 3 
	Bent 3 

	Bent 4 
	Bent 4 

	Bent 5 
	Bent 5 



	42079004 
	42079004 
	42079004 
	42079004 

	1 
	1 

	543 
	543 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 


	50191238 
	50191238 
	50191238 

	2 
	2 

	201 
	201 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 


	50216220 
	50216220 
	50216220 

	5 
	5 

	57 
	57 

	68 
	68 

	57 
	57 

	NA 
	NA 


	50219215 
	50219215 
	50219215 

	5.5 
	5.5 

	115 
	115 

	141 
	141 

	115 
	115 

	NA 
	NA 


	50219210 
	50219210 
	50219210 

	5.75 
	5.75 

	56 
	56 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 


	50219208 
	50219208 
	50219208 

	6 
	6 

	84 
	84 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 


	50219205 
	50219205 
	50219205 

	6.25 
	6.25 

	249 
	249 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 


	50219180 
	50219180 
	50219180 

	9 
	9 

	1125 
	1125 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 


	50221170 
	50221170 
	50221170 

	9.7 
	9.7 

	72 
	72 

	108 
	108 

	71 
	71 

	NA 
	NA 


	50221167 
	50221167 
	50221167 

	10 
	10 

	65 
	65 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 


	50221166 
	50221166 
	50221166 

	10 
	10 

	80 
	80 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 




	 
	 
	I-190 
	I-190 
	I-190 
	I-190 
	I-190 

	Dead Load (kips) 
	Dead Load (kips) 



	Bridge ID 
	Bridge ID 
	Bridge ID 
	Bridge ID 

	Mile Marker 
	Mile Marker 

	Bent 2 
	Bent 2 

	Bent 3 
	Bent 3 

	Bent 4 
	Bent 4 

	Bent 5 
	Bent 5 


	52410290 
	52410290 
	52410290 

	1 
	1 

	115 
	115 

	141 
	141 

	115 
	115 

	NA 
	NA 




	 
	 
	 
	Miscellaneous Roads 
	Miscellaneous Roads 
	Miscellaneous Roads 
	Miscellaneous Roads 
	Miscellaneous Roads 

	Dead Load (kips) 
	Dead Load (kips) 



	Bridge ID 
	Bridge ID 
	Bridge ID 
	Bridge ID 

	Location 
	Location 

	Bent 2 
	Bent 2 

	Bent 3 
	Bent 3 

	Bent 4 
	Bent 4 

	Bent 5 
	Bent 5 


	06154150 
	06154150 
	06154150 

	Hwy 14 Bypass 
	Hwy 14 Bypass 

	77 
	77 

	82 
	82 

	73 
	73 

	NA 
	NA 


	14092199 
	14092199 
	14092199 

	Hwy 50W 
	Hwy 50W 

	30 
	30 

	59 
	59 

	29 
	29 

	NA 
	NA 


	14131205 
	14131205 
	14131205 

	Hwy 50E 
	Hwy 50E 

	52 
	52 

	56 
	56 

	NA 
	NA 

	NA 
	NA 


	50175210 
	50175210 
	50175210 

	Madison St 
	Madison St 

	250 
	250 

	250 
	250 

	NA 
	NA 

	NA 
	NA 


	50176210 
	50176210 
	50176210 

	Madison St 
	Madison St 

	254 
	254 

	254 
	254 

	NA 
	NA 

	NA 
	NA 


	50177199 
	50177199 
	50177199 

	12th St 
	12th St 

	250 
	250 

	250 
	250 

	NA 
	NA 

	NA 
	NA 


	50178199 
	50178199 
	50178199 

	12th St 
	12th St 

	254 
	254 

	254 
	254 

	NA 
	NA 

	NA 
	NA 


	52410318 
	52410318 
	52410318 

	Mt. Rushmore Rd. 
	Mt. Rushmore Rd. 

	32 
	32 

	36 
	36 

	40 
	40 

	36 
	36 


	52415285 
	52415285 
	52415285 

	Haines Ave. 
	Haines Ave. 

	346 
	346 

	346 
	346 

	NA 
	NA 

	NA 
	NA 


	52415286 
	52415286 
	52415286 

	Haines Ave. 
	Haines Ave. 

	346 
	346 

	346 
	346 

	NA 
	NA 

	NA 
	NA 




	 
	  
	APPENDIX G: SHEAR AND FLEXURAL CAPACITIES AND DEMANDS 
	G.1: Shear and Flexural Capacities 
	I-90 
	I-90 
	I-90 
	I-90 
	I-90 

	Column Shear Capacity (kips) 
	Column Shear Capacity (kips) 

	Column Flexural Capacity (kip-ft) 
	Column Flexural Capacity (kip-ft) 


	Bridge ID 
	Bridge ID 
	Bridge ID 

	Mile 
	Mile 
	Marker 

	Bent 2 
	Bent 2 

	Bent 3 
	Bent 3 

	Bent 4 
	Bent 4 

	Bent 5 
	Bent 5 

	Bent 2 
	Bent 2 

	Bent 3 
	Bent 3 

	Bent 4 
	Bent 4 

	Bent 5 
	Bent 5 



	41095059 
	41095059 
	41095059 
	41095059 

	10 
	10 

	311 
	311 

	312 
	312 

	312 
	312 

	NA 
	NA 

	2132 
	2132 

	2140 
	2140 

	2133 
	2133 

	NA 
	NA 


	41116088 
	41116088 
	41116088 

	12 
	12 

	430 
	430 

	431 
	431 

	430 
	430 

	NA 
	NA 

	924 
	924 

	942 
	942 

	924 
	924 

	NA 
	NA 


	41101077 
	41101077 
	41101077 

	14 
	14 

	430 
	430 

	431 
	431 

	430 
	430 

	NA 
	NA 

	923 
	923 

	941 
	941 

	923 
	923 

	NA 
	NA 


	41154087 
	41154087 
	41154087 

	17 
	17 

	250 
	250 

	299 
	299 

	250 
	250 

	NA 
	NA 

	771 
	771 

	941 
	941 

	771 
	771 

	NA 
	NA 


	41155087 
	41155087 
	41155087 

	17 
	17 

	250 
	250 

	299 
	299 

	250 
	250 

	NA 
	NA 

	771 
	771 

	941 
	941 

	771 
	771 

	NA 
	NA 


	41185086 
	41185086 
	41185086 

	21 
	21 

	212 
	212 

	212 
	212 

	212 
	212 

	NA 
	NA 

	708 
	708 

	709 
	709 

	708 
	708 

	NA 
	NA 


	41207092 
	41207092 
	41207092 

	23 
	23 

	376 
	376 

	377 
	377 

	376 
	376 

	NA 
	NA 

	868 
	868 

	871 
	871 

	868 
	868 

	NA 
	NA 


	41226107 
	41226107 
	41226107 

	25.5 
	25.5 

	378 
	378 

	378 
	378 

	378 
	378 

	NA 
	NA 

	700 
	700 

	708 
	708 

	700 
	700 

	NA 
	NA 


	47061480 
	47061480 
	47061480 

	36.5 
	36.5 

	321 
	321 

	321 
	321 

	321 
	321 

	NA 
	NA 

	522 
	522 

	526 
	526 

	522 
	522 

	NA 
	NA 


	47069510 
	47069510 
	47069510 

	40 
	40 

	276 
	276 

	276 
	276 

	276 
	276 

	NA 
	NA 

	623 
	623 

	624 
	624 

	623 
	623 

	NA 
	NA 


	47098563 
	47098563 
	47098563 

	44 
	44 

	898 
	898 

	900 
	900 

	898 
	898 

	NA 
	NA 

	9870 
	9870 

	9916 
	9916 

	9863 
	9863 

	NA 
	NA 


	47111580 
	47111580 
	47111580 

	46 
	46 

	230 
	230 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 

	839 
	839 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 


	47135609 
	47135609 
	47135609 

	52 
	52 

	727 
	727 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 

	11521 
	11521 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 


	52390278 
	52390278 
	52390278 

	55 
	55 

	306 
	306 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 

	1468 
	1468 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 


	52410285 
	52410285 
	52410285 

	57 
	57 

	759 
	759 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 

	9771 
	9771 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 


	52424285 
	52424285 
	52424285 

	59 
	59 

	267 
	267 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 

	1382 
	1382 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 


	52450287 
	52450287 
	52450287 

	61 
	61 

	534 
	534 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 

	6074 
	6074 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 


	52467276 
	52467276 
	52467276 

	63 
	63 

	403 
	403 

	404 
	404 

	403 
	403 

	NA 
	NA 

	721 
	721 

	1538 
	1538 

	721 
	721 

	NA 
	NA 


	52470276 
	52470276 
	52470276 

	63.5 
	63.5 

	546 
	546 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 

	6146 
	6146 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 


	52500275 
	52500275 
	52500275 

	67 
	67 

	815 
	815 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 

	9189 
	9189 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 


	52540275 
	52540275 
	52540275 

	71 
	71 

	281 
	281 

	281 
	281 

	281 
	281 

	NA 
	NA 

	737 
	737 

	738 
	738 

	737 
	737 

	NA 
	NA 


	52610285 
	52610285 
	52610285 

	78 
	78 

	1022 
	1022 

	1027 
	1027 

	1022 
	1022 

	NA 
	NA 

	6999 
	6999 

	7125 
	7125 

	6999 
	6999 

	NA 
	NA 


	52640285 
	52640285 
	52640285 

	81 
	81 

	792 
	792 

	796 
	796 

	792 
	792 

	NA 
	NA 

	4249 
	4249 

	4329 
	4329 

	4249 
	4249 

	NA 
	NA 


	52670285 
	52670285 
	52670285 

	84 
	84 

	1022 
	1022 

	1027 
	1027 

	1022 
	1022 

	NA 
	NA 

	6999 
	6999 

	7125 
	7125 

	6999 
	6999 

	NA 
	NA 


	52710283 
	52710283 
	52710283 

	88 
	88 

	790 
	790 

	794 
	794 

	790 
	790 

	NA 
	NA 

	4212 
	4212 

	4289 
	4289 

	4212 
	4212 

	NA 
	NA 


	52830310 
	52830310 
	52830310 

	101 
	101 

	372 
	372 

	372 
	372 

	372 
	372 

	NA 
	NA 

	1078 
	1078 

	1114 
	1114 

	1100 
	1100 

	NA 
	NA 


	52880346 
	52880346 
	52880346 

	107 
	107 

	395 
	395 

	395 
	395 

	395 
	395 

	NA 
	NA 

	949 
	949 

	952 
	952 

	949 
	949 

	NA 
	NA 


	52900360 
	52900360 
	52900360 

	109 
	109 

	405 
	405 

	406 
	406 

	405 
	405 

	NA 
	NA 

	1188 
	1188 

	1191 
	1191 

	1188 
	1188 

	NA 
	NA 


	52925365 
	52925365 
	52925365 

	112 
	112 

	220 
	220 

	221 
	221 

	220 
	220 

	NA 
	NA 

	972 
	972 

	976 
	976 

	972 
	972 

	NA 
	NA 


	52926366 
	52926366 
	52926366 

	112 
	112 

	227 
	227 

	227 
	227 

	227 
	227 

	NA 
	NA 

	1255 
	1255 

	1257 
	1257 

	1251 
	1251 

	NA 
	NA 


	36120107 
	36120107 
	36120107 

	131 
	131 

	169 
	169 

	170 
	170 

	169 
	169 

	NA 
	NA 

	480 
	480 

	482 
	482 

	480 
	480 

	NA 
	NA 


	36309106 
	36309106 
	36309106 

	150 
	150 

	430 
	430 

	431 
	431 

	430 
	430 

	NA 
	NA 

	1147 
	1147 

	1155 
	1155 

	1147 
	1147 

	NA 
	NA 


	38030185 
	38030185 
	38030185 

	177 
	177 

	530 
	530 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 

	1958 
	1958 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 


	38166196 
	38166196 
	38166196 

	191 
	191 

	405 
	405 

	405 
	405 

	405 
	405 

	NA 
	NA 

	1062 
	1062 

	1066 
	1066 

	1062 
	1062 

	NA 
	NA 


	38180198 
	38180198 
	38180198 

	192 
	192 

	247 
	247 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 

	730 
	730 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 


	43026195 
	43026195 
	43026195 

	212 
	212 

	405 
	405 

	405 
	405 

	405 
	405 

	NA 
	NA 

	1057 
	1057 

	1061 
	1061 

	1057 
	1057 

	NA 
	NA 


	08069103 
	08069103 
	08069103 

	264 
	264 

	248 
	248 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 

	786 
	786 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 


	08080112 
	08080112 
	08080112 

	265 
	265 

	378 
	378 

	379 
	379 

	378 
	378 

	NA 
	NA 

	703 
	703 

	712 
	712 

	703 
	703 

	NA 
	NA 


	08120125 
	08120125 
	08120125 

	269 
	269 

	275 
	275 

	275 
	275 

	275 
	275 

	NA 
	NA 

	728 
	728 

	729 
	729 

	728 
	728 

	NA 
	NA 


	08145124 
	08145124 
	08145124 

	272 
	272 

	276 
	276 

	276 
	276 

	276 
	276 

	NA 
	NA 

	624 
	624 

	626 
	626 

	624 
	624 

	NA 
	NA 


	08290135 
	08290135 
	08290135 

	286 
	286 

	377 
	377 

	378 
	378 

	377 
	377 

	NA 
	NA 

	696 
	696 

	704 
	704 

	696 
	696 

	NA 
	NA 


	08310135 
	08310135 
	08310135 

	289 
	289 

	282 
	282 

	282 
	282 

	282 
	282 

	NA 
	NA 

	636 
	636 

	637 
	637 

	636 
	636 

	NA 
	NA 




	I-90 
	I-90 
	I-90 
	I-90 
	I-90 

	Column Shear Capacity (kips) 
	Column Shear Capacity (kips) 

	Column Flexural Capacity (kip-ft) 
	Column Flexural Capacity (kip-ft) 


	Bridge ID 
	Bridge ID 
	Bridge ID 

	Mile 
	Mile 
	Marker 

	Bent 2 
	Bent 2 

	Bent 3 
	Bent 3 

	Bent 4 
	Bent 4 

	Bent 5 
	Bent 5 

	Bent 2 
	Bent 2 

	Bent 3 
	Bent 3 

	Bent 4 
	Bent 4 

	Bent 5 
	Bent 5 



	02000135 
	02000135 
	02000135 
	02000135 

	291 
	291 

	275 
	275 

	275 
	275 

	275 
	275 

	NA 
	NA 

	728 
	728 

	729 
	729 

	728 
	728 

	NA 
	NA 


	02018140 
	02018140 
	02018140 

	293 
	293 

	308 
	308 

	308 
	308 

	308 
	308 

	NA 
	NA 

	864 
	864 

	867 
	867 

	864 
	864 

	NA 
	NA 


	02040149 
	02040149 
	02040149 

	296 
	296 

	312 
	312 

	312 
	312 

	312 
	312 

	NA 
	NA 

	964 
	964 

	966 
	966 

	964 
	964 

	NA 
	NA 


	02070155 
	02070155 
	02070155 

	299 
	299 

	430 
	430 

	430 
	430 

	430 
	430 

	NA 
	NA 

	1146 
	1146 

	1153 
	1153 

	1146 
	1146 

	NA 
	NA 


	02100155 
	02100155 
	02100155 

	302 
	302 

	430 
	430 

	430 
	430 

	430 
	430 

	NA 
	NA 

	1146 
	1146 

	1153 
	1153 

	1146 
	1146 

	NA 
	NA 


	02140155 
	02140155 
	02140155 

	306 
	306 

	430 
	430 

	430 
	430 

	430 
	430 

	NA 
	NA 

	1146 
	1146 

	1153 
	1153 

	1146 
	1146 

	NA 
	NA 


	0215C158 
	0215C158 
	0215C158 

	308 
	308 

	357 
	357 

	358 
	358 

	357 
	357 

	NA 
	NA 

	683 
	683 

	685 
	685 

	683 
	683 

	NA 
	NA 


	02180165 
	02180165 
	02180165 

	310 
	310 

	312 
	312 

	312 
	312 

	312 
	312 

	NA 
	NA 

	964 
	964 

	966 
	966 

	964 
	964 

	NA 
	NA 


	02220165 
	02220165 
	02220165 

	312 
	312 

	430 
	430 

	430 
	430 

	430 
	430 

	NA 
	NA 

	1146 
	1146 

	1153 
	1153 

	1146 
	1146 

	NA 
	NA 


	18010105 
	18010105 
	18010105 

	317 
	317 

	430 
	430 

	430 
	430 

	430 
	430 

	NA 
	NA 

	1146 
	1146 

	1153 
	1153 

	1146 
	1146 

	NA 
	NA 


	18030105 
	18030105 
	18030105 

	319 
	319 

	312 
	312 

	312 
	312 

	312 
	312 

	NA 
	NA 

	964 
	964 

	966 
	966 

	964 
	964 

	NA 
	NA 


	18050105 
	18050105 
	18050105 

	321 
	321 

	430 
	430 

	430 
	430 

	430 
	430 

	NA 
	NA 

	1146 
	1146 

	1153 
	1153 

	1146 
	1146 

	NA 
	NA 


	18070105 
	18070105 
	18070105 

	323 
	323 

	430 
	430 

	430 
	430 

	430 
	430 

	NA 
	NA 

	1146 
	1146 

	1153 
	1153 

	1146 
	1146 

	NA 
	NA 


	18090105 
	18090105 
	18090105 

	325 
	325 

	312 
	312 

	312 
	312 

	312 
	312 

	NA 
	NA 

	964 
	964 

	966 
	966 

	964 
	964 

	NA 
	NA 


	18120105 
	18120105 
	18120105 

	328 
	328 

	430 
	430 

	430 
	430 

	430 
	430 

	NA 
	NA 

	1146 
	1146 

	1153 
	1153 

	1146 
	1146 

	NA 
	NA 


	18140107 
	18140107 
	18140107 

	330 
	330 

	177 
	177 

	178 
	178 

	304 
	304 

	NA 
	NA 

	912 
	912 

	915 
	915 

	953 
	953 

	NA 
	NA 


	31040105 
	31040105 
	31040105 

	337 
	337 

	430 
	430 

	430 
	430 

	430 
	430 

	NA 
	NA 

	1146 
	1146 

	1153 
	1153 

	1146 
	1146 

	NA 
	NA 


	31090126 
	31090126 
	31090126 

	344 
	344 

	312 
	312 

	312 
	312 

	312 
	312 

	NA 
	NA 

	964 
	964 

	966 
	966 

	964 
	964 

	NA 
	NA 


	31120126 
	31120126 
	31120126 

	347 
	347 

	430 
	430 

	430 
	430 

	430 
	430 

	NA 
	NA 

	1146 
	1146 

	1153 
	1153 

	1146 
	1146 

	NA 
	NA 


	31150125 
	31150125 
	31150125 

	350 
	350 

	312 
	312 

	312 
	312 

	312 
	312 

	NA 
	NA 

	964 
	964 

	966 
	966 

	964 
	964 

	NA 
	NA 


	31160125 
	31160125 
	31160125 

	351 
	351 

	430 
	430 

	430 
	430 

	430 
	430 

	NA 
	NA 

	1146 
	1146 

	1153 
	1153 

	1146 
	1146 

	NA 
	NA 


	44010126 
	44010126 
	44010126 

	354 
	354 

	282 
	282 

	282 
	282 

	282 
	282 

	NA 
	NA 

	636 
	636 

	637 
	637 

	636 
	636 

	NA 
	NA 


	44050127 
	44050127 
	44050127 

	358 
	358 

	282 
	282 

	282 
	282 

	282 
	282 

	NA 
	NA 

	636 
	636 

	637 
	637 

	636 
	636 

	NA 
	NA 


	44080125 
	44080125 
	44080125 

	361 
	361 

	281 
	281 

	281 
	281 

	281 
	281 

	NA 
	NA 

	738 
	738 

	739 
	739 

	738 
	738 

	NA 
	NA 


	44110125 
	44110125 
	44110125 

	364 
	364 

	599 
	599 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 

	6713 
	6713 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 


	44150126 
	44150126 
	44150126 

	368 
	368 

	282 
	282 

	282 
	282 

	282 
	282 

	NA 
	NA 

	636 
	636 

	637 
	637 

	636 
	636 

	NA 
	NA 


	44170126 
	44170126 
	44170126 

	370 
	370 

	281 
	281 

	281 
	281 

	281 
	281 

	NA 
	NA 

	738 
	738 

	739 
	739 

	738 
	738 

	NA 
	NA 


	44210126 
	44210126 
	44210126 

	374 
	374 

	282 
	282 

	282 
	282 

	282 
	282 

	NA 
	NA 

	636 
	636 

	637 
	637 

	636 
	636 

	NA 
	NA 


	50030149 
	50030149 
	50030149 

	381 
	381 

	424 
	424 

	424 
	424 

	424 
	424 

	NA 
	NA 

	720 
	720 

	1538 
	1538 

	720 
	720 

	NA 
	NA 


	50050164 
	50050164 
	50050164 

	384 
	384 

	320 
	320 

	321 
	321 

	320 
	320 

	NA 
	NA 

	520 
	520 

	525 
	525 

	520 
	520 

	NA 
	NA 


	50070165 
	50070165 
	50070165 

	386 
	386 

	282 
	282 

	282 
	282 

	282 
	282 

	NA 
	NA 

	636 
	636 

	637 
	637 

	636 
	636 

	NA 
	NA 


	50090165 
	50090165 
	50090165 

	388 
	388 

	282 
	282 

	282 
	282 

	282 
	282 

	NA 
	NA 

	636 
	636 

	637 
	637 

	636 
	636 

	NA 
	NA 


	50160166 
	50160166 
	50160166 

	394 
	394 

	281 
	281 

	282 
	282 

	281 
	281 

	NA 
	NA 

	635 
	635 

	637 
	637 

	635 
	635 

	NA 
	NA 


	50170164 
	50170164 
	50170164 

	395 
	395 

	611 
	611 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 

	8184 
	8184 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 


	50185163 
	50185163 
	50185163 

	396.5 
	396.5 

	403 
	403 

	403 
	403 

	403 
	403 

	NA 
	NA 

	718 
	718 

	721 
	721 

	718 
	718 

	NA 
	NA 


	50240165 
	50240165 
	50240165 

	402 
	402 

	1022 
	1022 

	1027 
	1027 

	1022 
	1022 

	NA 
	NA 

	6999 
	6999 

	7125 
	7125 

	6999 
	6999 

	NA 
	NA 


	50280165 
	50280165 
	50280165 

	406 
	406 

	1022 
	1022 

	1027 
	1027 

	1022 
	1022 

	NA 
	NA 

	6999 
	6999 

	7125 
	7125 

	6999 
	6999 

	NA 
	NA 


	50300166 
	50300166 
	50300166 

	408 
	408 

	1022 
	1022 

	1027 
	1027 

	1022 
	1022 

	NA 
	NA 

	6999 
	6999 

	7125 
	7125 

	6999 
	6999 

	NA 
	NA 


	50320166 
	50320166 
	50320166 

	410 
	410 

	1022 
	1022 

	1027 
	1027 

	1022 
	1022 

	NA 
	NA 

	6999 
	6999 

	7125 
	7125 

	6999 
	6999 

	NA 
	NA 




	 
	  
	I-29 
	I-29 
	I-29 
	I-29 
	I-29 

	Column Shear Capacity (kips) 
	Column Shear Capacity (kips) 

	Column Flexural Capacity (kip-ft) 
	Column Flexural Capacity (kip-ft) 


	Bridge ID 
	Bridge ID 
	Bridge ID 

	Mile 
	Mile 
	Marker 

	Bent 2 
	Bent 2 

	Bent 3 
	Bent 3 

	Bent 4 
	Bent 4 

	Bent 5 
	Bent 5 

	Bent 2 
	Bent 2 

	Bent 3 
	Bent 3 

	Bent 4 
	Bent 4 

	Bent 5 
	Bent 5 



	64158399 
	64158399 
	64158399 
	64158399 

	1 
	1 

	278 
	278 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 

	970 
	970 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 


	64149367 
	64149367 
	64149367 

	4 
	4 

	1038 
	1038 

	1042 
	1042 

	1038 
	1038 

	NA 
	NA 

	5409 
	5409 

	5523 
	5523 

	5409 
	5409 

	NA 
	NA 


	64140355 
	64140355 
	64140355 

	6 
	6 

	1052 
	1052 

	1058 
	1058 

	1052 
	1052 

	NA 
	NA 

	5787 
	5787 

	5938 
	5938 

	5787 
	5787 

	NA 
	NA 


	64120336 
	64120336 
	64120336 

	8 
	8 

	1040 
	1040 

	1045 
	1045 

	1040 
	1040 

	NA 
	NA 

	5615 
	5615 

	5736 
	5736 

	5615 
	5615 

	NA 
	NA 


	64115330 
	64115330 
	64115330 

	9 
	9 

	1052 
	1052 

	1058 
	1058 

	1052 
	1052 

	NA 
	NA 

	5787 
	5787 

	5938 
	5938 

	5787 
	5787 

	NA 
	NA 


	64100315 
	64100315 
	64100315 

	11 
	11 

	1038 
	1038 

	1042 
	1042 

	1038 
	1038 

	NA 
	NA 

	5550 
	5550 

	5675 
	5675 

	5550 
	5550 

	NA 
	NA 


	64080296 
	64080296 
	64080296 

	14 
	14 

	1038 
	1038 

	1042 
	1042 

	1038 
	1038 

	NA 
	NA 

	5550 
	5550 

	5675 
	5675 

	5550 
	5550 

	NA 
	NA 


	64070287 
	64070287 
	64070287 

	15 
	15 

	1038 
	1038 

	1042 
	1042 

	1038 
	1038 

	NA 
	NA 

	5409 
	5409 

	5523 
	5523 

	5409 
	5409 

	NA 
	NA 


	64050250 
	64050250 
	64050250 

	20 
	20 

	792 
	792 

	796 
	796 

	792 
	792 

	NA 
	NA 

	4249 
	4249 

	4329 
	4329 

	4249 
	4249 

	NA 
	NA 


	64020220 
	64020220 
	64020220 

	24 
	24 

	792 
	792 

	796 
	796 

	792 
	792 

	NA 
	NA 

	4249 
	4249 

	4329 
	4329 

	4249 
	4249 

	NA 
	NA 


	64008205 
	64008205 
	64008205 

	26 
	26 

	1038 
	1038 

	1042 
	1042 

	1038 
	1038 

	NA 
	NA 

	5409 
	5409 

	5523 
	5523 

	5409 
	5409 

	NA 
	NA 


	64006160 
	64006160 
	64006160 

	31 
	31 

	281 
	281 

	281 
	281 

	281 
	281 

	NA 
	NA 

	737 
	737 

	738 
	738 

	737 
	737 

	NA 
	NA 


	64006120 
	64006120 
	64006120 

	35 
	35 

	281 
	281 

	281 
	281 

	281 
	281 

	NA 
	NA 

	737 
	737 

	738 
	738 

	737 
	737 

	NA 
	NA 


	64006100 
	64006100 
	64006100 

	37 
	37 

	281 
	281 

	281 
	281 

	281 
	281 

	NA 
	NA 

	737 
	737 

	738 
	738 

	737 
	737 

	NA 
	NA 


	64006090 
	64006090 
	64006090 

	38 
	38 

	281 
	281 

	282 
	282 

	281 
	281 

	NA 
	NA 

	635 
	635 

	636 
	636 

	635 
	635 

	NA 
	NA 


	64006030 
	64006030 
	64006030 

	44 
	44 

	281 
	281 

	282 
	282 

	281 
	281 

	NA 
	NA 

	635 
	635 

	636 
	636 

	635 
	635 

	NA 
	NA 


	64006010 
	64006010 
	64006010 

	46 
	46 

	281 
	281 

	282 
	282 

	281 
	281 

	NA 
	NA 

	635 
	635 

	636 
	636 

	635 
	635 

	NA 
	NA 


	64006000 
	64006000 
	64006000 

	47 
	47 

	669 
	669 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 

	11373 
	11373 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 


	42065260 
	42065260 
	42065260 

	50 
	50 

	281 
	281 

	282 
	282 

	281 
	281 

	NA 
	NA 

	635 
	635 

	636 
	636 

	635 
	635 

	NA 
	NA 


	42065230 
	42065230 
	42065230 

	53 
	53 

	281 
	281 

	282 
	282 

	281 
	281 

	NA 
	NA 

	635 
	635 

	636 
	636 

	635 
	635 

	NA 
	NA 


	42065200 
	42065200 
	42065200 

	56 
	56 

	281 
	281 

	282 
	282 

	281 
	281 

	NA 
	NA 

	635 
	635 

	636 
	636 

	635 
	635 

	NA 
	NA 


	42065170 
	42065170 
	42065170 

	59 
	59 

	281 
	281 

	282 
	282 

	281 
	281 

	NA 
	NA 

	635 
	635 

	636 
	636 

	635 
	635 

	NA 
	NA 


	42065140 
	42065140 
	42065140 

	62 
	62 

	1082 
	1082 

	1084 
	1084 

	1082 
	1082 

	NA 
	NA 

	6527 
	6527 

	6729 
	6729 

	6527 
	6527 

	NA 
	NA 


	42065141 
	42065141 
	42065141 

	62 
	62 

	1082 
	1082 

	1084 
	1084 

	1082 
	1082 

	NA 
	NA 

	6527 
	6527 

	6729 
	6729 

	6527 
	6527 

	NA 
	NA 


	42065130 
	42065130 
	42065130 

	63 
	63 

	792 
	792 

	796 
	796 

	792 
	792 

	NA 
	NA 

	4249 
	4249 

	4329 
	4329 

	4249 
	4249 

	NA 
	NA 


	42065120 
	42065120 
	42065120 

	64 
	64 

	1022 
	1022 

	1027 
	1027 

	1022 
	1022 

	NA 
	NA 

	6999 
	6999 

	7125 
	7125 

	6999 
	6999 

	NA 
	NA 


	42065100 
	42065100 
	42065100 

	67 
	67 

	792 
	792 

	796 
	796 

	792 
	792 

	NA 
	NA 

	4249 
	4249 

	4329 
	4329 

	4249 
	4249 

	NA 
	NA 


	42065080 
	42065080 
	42065080 

	68 
	68 

	651 
	651 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 

	5892 
	5892 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 


	42065050 
	42065050 
	42065050 

	71 
	71 

	792 
	792 

	796 
	796 

	792 
	792 

	NA 
	NA 

	4249 
	4249 

	4329 
	4329 

	4249 
	4249 

	NA 
	NA 


	50172240 
	50172240 
	50172240 

	76 
	76 

	539 
	539 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 

	4111 
	4111 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 


	50173235 
	50173235 
	50173235 

	76.5 
	76.5 

	234 
	234 

	235 
	235 

	234 
	234 

	NA 
	NA 

	980 
	980 

	999 
	999 

	980 
	980 

	NA 
	NA 


	50175230 
	50175230 
	50175230 

	77 
	77 

	247 
	247 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 

	1173 
	1173 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 


	50175222 
	50175222 
	50175222 

	78 
	78 

	530 
	530 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 

	4184 
	4184 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 


	50178191 
	50178191 
	50178191 

	81 
	81 

	715 
	715 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 

	11652 
	11652 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 


	50180170 
	50180170 
	50180170 

	83 
	83 

	550 
	550 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 

	6104 
	6104 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 


	50180162 
	50180162 
	50180162 

	84 
	84 

	403 
	403 

	404 
	404 

	404 
	404 

	403 
	403 

	720 
	720 

	1540 
	1540 

	1540 
	1540 

	720 
	720 


	50180163 
	50180163 
	50180163 

	84 
	84 

	403 
	403 

	404 
	404 

	404 
	404 

	403 
	403 

	720 
	720 

	1540 
	1540 

	1540 
	1540 

	720 
	720 


	50180140 
	50180140 
	50180140 

	86 
	86 

	282 
	282 

	282 
	282 

	282 
	282 

	NA 
	NA 

	636 
	636 

	637 
	637 

	636 
	636 

	NA 
	NA 


	50177130 
	50177130 
	50177130 

	87 
	87 

	327 
	327 

	327 
	327 

	327 
	327 

	NA 
	NA 

	527 
	527 

	529 
	529 

	527 
	527 

	NA 
	NA 


	50175040 
	50175040 
	50175040 

	96 
	96 

	282 
	282 

	282 
	282 

	282 
	282 

	NA 
	NA 

	636 
	636 

	637 
	637 

	636 
	636 

	NA 
	NA 


	50175020 
	50175020 
	50175020 

	98 
	98 

	282 
	282 

	282 
	282 

	282 
	282 

	NA 
	NA 

	636 
	636 

	637 
	637 

	636 
	636 

	NA 
	NA 


	51065210 
	51065210 
	51065210 

	102 
	102 

	282 
	282 

	282 
	282 

	282 
	282 

	NA 
	NA 

	636 
	636 

	637 
	637 

	636 
	636 

	NA 
	NA 


	51065200 
	51065200 
	51065200 

	104 
	104 

	282 
	282 

	282 
	282 

	282 
	282 

	NA 
	NA 

	636 
	636 

	637 
	637 

	636 
	636 

	NA 
	NA 


	51065150 
	51065150 
	51065150 

	109 
	109 

	282 
	282 

	282 
	282 

	282 
	282 

	NA 
	NA 

	636 
	636 

	637 
	637 

	636 
	636 

	NA 
	NA 


	51066100 
	51066100 
	51066100 

	114 
	114 

	304 
	304 

	304 
	304 

	304 
	304 

	NA 
	NA 

	951 
	951 

	953 
	953 

	951 
	951 

	NA 
	NA 


	51065050 
	51065050 
	51065050 

	120 
	120 

	430 
	430 

	430 
	430 

	430 
	430 

	NA 
	NA 

	1146 
	1146 

	1153 
	1153 

	1146 
	1146 

	NA 
	NA 




	I-29 
	I-29 
	I-29 
	I-29 
	I-29 

	Column Shear Capacity (kips) 
	Column Shear Capacity (kips) 

	Column Flexural Capacity (kip-ft) 
	Column Flexural Capacity (kip-ft) 


	Bridge ID 
	Bridge ID 
	Bridge ID 

	Mile 
	Mile 
	Marker 

	Bent 2 
	Bent 2 

	Bent 3 
	Bent 3 

	Bent 4 
	Bent 4 

	Bent 5 
	Bent 5 

	Bent 2 
	Bent 2 

	Bent 3 
	Bent 3 

	Bent 4 
	Bent 4 

	Bent 5 
	Bent 5 



	6185230 
	6185230 
	6185230 
	6185230 

	126 
	126 

	304 
	304 

	304 
	304 

	304 
	304 

	NA 
	NA 

	951 
	951 

	953 
	953 

	951 
	951 

	NA 
	NA 


	6185210 
	6185210 
	6185210 

	127 
	127 

	304 
	304 

	304 
	304 

	304 
	304 

	NA 
	NA 

	951 
	951 

	953 
	953 

	951 
	951 

	NA 
	NA 


	6185190 
	6185190 
	6185190 

	129 
	129 

	430 
	430 

	430 
	430 

	430 
	430 

	NA 
	NA 

	1146 
	1146 

	1153 
	1153 

	1146 
	1146 

	NA 
	NA 


	6185159 
	6185159 
	6185159 

	132 
	132 

	304 
	304 

	304 
	304 

	304 
	304 

	NA 
	NA 

	951 
	951 

	953 
	953 

	951 
	951 

	NA 
	NA 


	6185160 
	6185160 
	6185160 

	132 
	132 

	304 
	304 

	304 
	304 

	304 
	304 

	NA 
	NA 

	951 
	951 

	953 
	953 

	951 
	951 

	NA 
	NA 


	6185150 
	6185150 
	6185150 

	133 
	133 

	304 
	304 

	304 
	304 

	304 
	304 

	NA 
	NA 

	951 
	951 

	953 
	953 

	951 
	951 

	NA 
	NA 


	6185130 
	6185130 
	6185130 

	135 
	135 

	207 
	207 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 

	771 
	771 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 


	6185110 
	6185110 
	6185110 

	137 
	137 

	208 
	208 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 

	779 
	779 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 


	6185080 
	6185080 
	6185080 

	140 
	140 

	209 
	209 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 

	792 
	792 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 


	20061280 
	20061280 
	20061280 

	150 
	150 

	248 
	248 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 

	840 
	840 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 


	29280020 
	29280020 
	29280020 

	167 
	167 

	199 
	199 

	199 
	199 

	199 
	199 

	NA 
	NA 

	1179 
	1179 

	1184 
	1184 

	1179 
	1179 

	NA 
	NA 


	15240220 
	15240220 
	15240220 

	173 
	173 

	229 
	229 

	229 
	229 

	229 
	229 

	NA 
	NA 

	1092 
	1092 

	905 
	905 

	1092 
	1092 

	NA 
	NA 


	15215150 
	15215150 
	15215150 

	180 
	180 

	233 
	233 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 

	877 
	877 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 


	15215120 
	15215120 
	15215120 

	183 
	183 

	228 
	228 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 

	624 
	624 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 


	15215070 
	15215070 
	15215070 

	189 
	189 

	228 
	228 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 

	624 
	624 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 


	15215030 
	15215030 
	15215030 

	193 
	193 

	233 
	233 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 

	877 
	877 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 


	55085440 
	55085440 
	55085440 

	206 
	206 

	511 
	511 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 

	1498 
	1498 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 


	55085429 
	55085429 
	55085429 

	207 
	207 

	228 
	228 

	229 
	229 

	228 
	228 

	NA 
	NA 

	1279 
	1279 

	1287 
	1287 

	1279 
	1279 

	NA 
	NA 


	55100367 
	55100367 
	55100367 

	213 
	213 

	197 
	197 

	197 
	197 

	197 
	197 

	NA 
	NA 

	977 
	977 

	983 
	983 

	977 
	977 

	NA 
	NA 


	55115330 
	55115330 
	55115330 

	218 
	218 

	511 
	511 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 

	1491 
	1491 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 


	55115290 
	55115290 
	55115290 

	222 
	222 

	511 
	511 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 

	1491 
	1491 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 


	55115220 
	55115220 
	55115220 

	229 
	229 

	1041 
	1041 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 

	3727 
	3727 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 


	55116190 
	55116190 
	55116190 

	232 
	232 

	227 
	227 

	227 
	227 

	227 
	227 

	NA 
	NA 

	1389 
	1389 

	1395 
	1395 

	1389 
	1389 

	NA 
	NA 


	55124170 
	55124170 
	55124170 

	234 
	234 

	196 
	196 

	196 
	196 

	196 
	196 

	NA 
	NA 

	1486 
	1486 

	1017 
	1017 

	1486 
	1486 

	NA 
	NA 


	55144130 
	55144130 
	55144130 

	239 
	239 

	196 
	196 

	197 
	197 

	196 
	196 

	NA 
	NA 

	1489 
	1489 

	1231 
	1231 

	1489 
	1489 

	NA 
	NA 


	55175040 
	55175040 
	55175040 

	248 
	248 

	511 
	511 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 

	1496 
	1496 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 




	 
	  
	I-229 
	I-229 
	I-229 
	I-229 
	I-229 

	Column Shear Capacity (kips) 
	Column Shear Capacity (kips) 

	Column Flexural Capacity (kip-ft) 
	Column Flexural Capacity (kip-ft) 



	Bridge ID 
	Bridge ID 
	Bridge ID 
	Bridge ID 

	Mile 
	Mile 
	Marker 

	Bent 2 
	Bent 2 

	Bent 3 
	Bent 3 

	Bent 4 
	Bent 4 

	Bent 5 
	Bent 5 

	Bent 2 
	Bent 2 

	Bent 3 
	Bent 3 

	Bent 4 
	Bent 4 

	Bent 5 
	Bent 5 


	42079004 
	42079004 
	42079004 

	1 
	1 

	1311 
	1311 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 

	7453 
	7453 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 


	50191238 
	50191238 
	50191238 

	2 
	2 

	1817 
	1817 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 

	13047 
	13047 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 


	50216220 
	50216220 
	50216220 

	5 
	5 

	207 
	207 

	208 
	208 

	207 
	207 

	NA 
	NA 

	1064 
	1064 

	1074 
	1074 

	1064 
	1064 

	NA 
	NA 


	50219215 
	50219215 
	50219215 

	5.5 
	5.5 

	158 
	158 

	160 
	160 

	158 
	158 

	NA 
	NA 

	521 
	521 

	545 
	545 

	521 
	521 

	NA 
	NA 


	50219210 
	50219210 
	50219210 

	5.75 
	5.75 

	768 
	768 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 

	6643 
	6643 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 


	50219208 
	50219208 
	50219208 

	6 
	6 

	229 
	229 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 

	1395 
	1395 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 


	50219205 
	50219205 
	50219205 

	6.25 
	6.25 

	764 
	764 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 

	7732 
	7732 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 


	50219180 
	50219180 
	50219180 

	9 
	9 

	2113 
	2113 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 

	11525 
	11525 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 


	50221170 
	50221170 
	50221170 

	9.7 
	9.7 

	406 
	406 

	409 
	409 

	406 
	406 

	NA 
	NA 

	681 
	681 

	716 
	716 

	680 
	680 

	NA 
	NA 


	50221167 
	50221167 
	50221167 

	10 
	10 

	507 
	507 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 

	3736 
	3736 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 


	50221166 
	50221166 
	50221166 

	10 
	10 

	508 
	508 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 

	3749 
	3749 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 




	 
	 
	I-90 
	I-90 
	I-90 
	I-90 
	I-90 

	Column Shear Capacity (kips) 
	Column Shear Capacity (kips) 

	Column Flexural Capacity (kip-ft) 
	Column Flexural Capacity (kip-ft) 



	Bridge ID 
	Bridge ID 
	Bridge ID 
	Bridge ID 

	Mile 
	Mile 
	Marker 

	Bent 2 
	Bent 2 

	Bent 3 
	Bent 3 

	Bent 4 
	Bent 4 

	Bent 5 
	Bent 5 

	B1 
	B1 

	B2 
	B2 

	B3 
	B3 

	B4 
	B4 


	52410290 
	52410290 
	52410290 

	1 
	1 

	158 
	158 

	160 
	160 

	158 
	158 

	NA 
	NA 

	440 
	440 

	465 
	465 

	440 
	440 

	NA 
	NA 




	 
	 
	Miscellaneous Roads 
	Miscellaneous Roads 
	Miscellaneous Roads 
	Miscellaneous Roads 
	Miscellaneous Roads 

	Column Shear Capacity (kips) 
	Column Shear Capacity (kips) 

	Column Flexural Capacity (kip-ft) 
	Column Flexural Capacity (kip-ft) 


	Bridge ID 
	Bridge ID 
	Bridge ID 

	Location 
	Location 

	Bent 2 
	Bent 2 

	Bent 3 
	Bent 3 

	Bent 4 
	Bent 4 

	Bent 5 
	Bent 5 

	Bent 2 
	Bent 2 

	Bent 3 
	Bent 3 

	Bent 4 
	Bent 4 

	Bent 5 
	Bent 5 



	06154150 
	06154150 
	06154150 
	06154150 

	Hwy 14 Bypass 
	Hwy 14 Bypass 

	456 
	456 

	457 
	457 

	456 
	456 

	NA 
	NA 

	1244 
	1244 

	1249 
	1249 

	1241 
	1241 

	NA 
	NA 


	14092199 
	14092199 
	14092199 

	Hwy 50W 
	Hwy 50W 

	224 
	224 

	227 
	227 

	224 
	224 

	NA 
	NA 

	1065 
	1065 

	1251 
	1251 

	1064 
	1064 

	NA 
	NA 


	14131205 
	14131205 
	14131205 

	Hwy 50E 
	Hwy 50E 

	207 
	207 

	207 
	207 

	NA 
	NA 

	NA 
	NA 

	1071 
	1071 

	1075 
	1075 

	NA 
	NA 

	NA 
	NA 


	50175210 
	50175210 
	50175210 

	Madison St 
	Madison St 

	838 
	838 

	838 
	838 

	NA 
	NA 

	NA 
	NA 

	16107 
	16107 

	16107 
	16107 

	NA 
	NA 

	NA 
	NA 


	50176210 
	50176210 
	50176210 

	Madison St 
	Madison St 

	838 
	838 

	838 
	838 

	NA 
	NA 

	NA 
	NA 

	16112 
	16112 

	16112 
	16112 

	NA 
	NA 

	NA 
	NA 


	50177199 
	50177199 
	50177199 

	12th St 
	12th St 

	838 
	838 

	838 
	838 

	NA 
	NA 

	NA 
	NA 

	16107 
	16107 

	16107 
	16107 

	NA 
	NA 

	NA 
	NA 


	50178199 
	50178199 
	50178199 

	12th St 
	12th St 

	838 
	838 

	838 
	838 

	NA 
	NA 

	NA 
	NA 

	16112 
	16112 

	16112 
	16112 

	NA 
	NA 

	NA 
	NA 


	52410318 
	52410318 
	52410318 

	Mt. Rushmore Rd. 
	Mt. Rushmore Rd. 

	327 
	327 

	327 
	327 

	328 
	328 

	327 
	327 

	743 
	743 

	495 
	495 

	498 
	498 

	746 
	746 


	52415285 
	52415285 
	52415285 

	Haines Ave. 
	Haines Ave. 

	760 
	760 

	760 
	760 

	NA 
	NA 

	NA 
	NA 

	18272 
	18272 

	18272 
	18272 

	NA 
	NA 

	NA 
	NA 


	52415286 
	52415286 
	52415286 

	Haines Ave. 
	Haines Ave. 

	760 
	760 

	760 
	760 

	NA 
	NA 

	NA 
	NA 

	18272 
	18272 

	18272 
	18272 

	NA 
	NA 

	NA 
	NA 




	 
	  
	G.2: Shear and Flexural Demands 
	I-90 
	I-90 
	I-90 
	I-90 
	I-90 

	Column Shear Demand (kips) 
	Column Shear Demand (kips) 

	Column Flexural Demand (kip-ft) 
	Column Flexural Demand (kip-ft) 


	Bridge ID 
	Bridge ID 
	Bridge ID 

	Mile 
	Mile 
	Marker 

	Bent 2 
	Bent 2 

	Bent 3 
	Bent 3 

	Bent 4 
	Bent 4 

	Bent 5 
	Bent 5 

	Bent 2 
	Bent 2 

	Bent 3 
	Bent 3 

	Bent 4 
	Bent 4 

	Bent 5 
	Bent 5 



	41095059 
	41095059 
	41095059 
	41095059 

	10 
	10 

	480 
	480 

	537 
	537 

	513 
	513 

	NA 
	NA 

	3518 
	3518 

	3140 
	3140 

	2878 
	2878 

	NA 
	NA 


	41116088 
	41116088 
	41116088 

	12 
	12 

	486 
	486 

	489 
	489 

	499 
	499 

	NA 
	NA 

	2868 
	2868 

	2645 
	2645 

	2734 
	2734 

	NA 
	NA 


	41101077 
	41101077 
	41101077 

	14 
	14 

	506 
	506 

	487 
	487 

	473 
	473 

	NA 
	NA 

	3206 
	3206 

	3016 
	3016 

	2880 
	2880 

	NA 
	NA 


	41154087 
	41154087 
	41154087 

	17 
	17 

	501 
	501 

	451 
	451 

	486 
	486 

	NA 
	NA 

	3428 
	3428 

	2931 
	2931 

	2809 
	2809 

	NA 
	NA 


	41155087 
	41155087 
	41155087 

	17 
	17 

	518 
	518 

	486 
	486 

	461 
	461 

	NA 
	NA 

	3312 
	3312 

	2969 
	2969 

	3057 
	3057 

	NA 
	NA 


	41185086 
	41185086 
	41185086 

	21 
	21 

	473 
	473 

	522 
	522 

	522 
	522 

	NA 
	NA 

	2715 
	2715 

	3175 
	3175 

	3175 
	3175 

	NA 
	NA 


	41207092 
	41207092 
	41207092 

	23 
	23 

	492 
	492 

	492 
	492 

	517 
	517 

	NA 
	NA 

	2935 
	2935 

	2935 
	2935 

	2708 
	2708 

	NA 
	NA 


	41226107 
	41226107 
	41226107 

	25.5 
	25.5 

	515 
	515 

	518 
	518 

	486 
	486 

	NA 
	NA 

	3605 
	3605 

	2897 
	2897 

	3274 
	3274 

	NA 
	NA 


	47061480 
	47061480 
	47061480 

	36.5 
	36.5 

	486 
	486 

	498 
	498 

	518 
	518 

	NA 
	NA 

	2673 
	2673 

	3064 
	3064 

	2976 
	2976 

	NA 
	NA 


	47069510 
	47069510 
	47069510 

	40 
	40 

	444 
	444 

	517 
	517 

	444 
	444 

	NA 
	NA 

	3029 
	3029 

	2644 
	2644 

	3029 
	3029 

	NA 
	NA 


	47098563 
	47098563 
	47098563 

	44 
	44 

	600 
	600 

	600 
	600 

	600 
	600 

	NA 
	NA 

	5020 
	5020 

	5753 
	5753 

	7771 
	7771 

	NA 
	NA 


	47111580 
	47111580 
	47111580 

	46 
	46 

	547 
	547 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 

	2546 
	2546 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 


	47135609 
	47135609 
	47135609 

	52 
	52 

	518 
	518 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 

	11521 
	11521 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 


	52390278 
	52390278 
	52390278 

	55 
	55 

	483 
	483 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 

	2551 
	2551 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 


	52410285 
	52410285 
	52410285 

	57 
	57 

	512 
	512 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 

	9771 
	9771 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 


	52424285 
	52424285 
	52424285 

	59 
	59 

	462 
	462 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 

	2217 
	2217 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 


	52450287 
	52450287 
	52450287 

	61 
	61 

	563 
	563 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 

	6074 
	6074 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 


	52467276 
	52467276 
	52467276 

	63 
	63 

	425 
	425 

	488 
	488 

	425 
	425 

	NA 
	NA 

	2499 
	2499 

	2322 
	2322 

	2499 
	2499 

	NA 
	NA 


	52470276 
	52470276 
	52470276 

	63.5 
	63.5 

	488 
	488 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 

	6146 
	6146 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 


	52500275 
	52500275 
	52500275 

	67 
	67 

	452 
	452 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 

	9189 
	9189 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 


	52540275 
	52540275 
	52540275 

	71 
	71 

	513 
	513 

	519 
	519 

	478 
	478 

	NA 
	NA 

	2943 
	2943 

	2480 
	2480 

	3092 
	3092 

	NA 
	NA 


	52610285 
	52610285 
	52610285 

	78 
	78 

	584 
	584 

	558 
	558 

	579 
	579 

	NA 
	NA 

	4545 
	4545 

	3200 
	3200 

	5327 
	5327 

	NA 
	NA 


	52640285 
	52640285 
	52640285 

	81 
	81 

	569 
	569 

	541 
	541 

	575 
	575 

	NA 
	NA 

	5997 
	5997 

	3447 
	3447 

	5323 
	5323 

	NA 
	NA 


	52670285 
	52670285 
	52670285 

	84 
	84 

	574 
	574 

	550 
	550 

	575 
	575 

	NA 
	NA 

	5675 
	5675 

	3374 
	3374 

	5720 
	5720 

	NA 
	NA 


	52710283 
	52710283 
	52710283 

	88 
	88 

	576 
	576 

	566 
	566 

	576 
	576 

	NA 
	NA 

	5633 
	5633 

	3056 
	3056 

	5633 
	5633 

	NA 
	NA 


	52830310 
	52830310 
	52830310 

	101 
	101 

	439 
	439 

	484 
	484 

	501 
	501 

	NA 
	NA 

	4051 
	4051 

	4664 
	4664 

	4040 
	4040 

	NA 
	NA 


	52880346 
	52880346 
	52880346 

	107 
	107 

	431 
	431 

	517 
	517 

	431 
	431 

	NA 
	NA 

	3396 
	3396 

	2914 
	2914 

	3396 
	3396 

	NA 
	NA 


	52900360 
	52900360 
	52900360 

	109 
	109 

	400 
	400 

	454 
	454 

	400 
	400 

	NA 
	NA 

	2781 
	2781 

	2699 
	2699 

	2781 
	2781 

	NA 
	NA 


	52925365 
	52925365 
	52925365 

	112 
	112 

	446 
	446 

	528 
	528 

	450 
	450 

	NA 
	NA 

	4769 
	4769 

	3940 
	3940 

	4576 
	4576 

	NA 
	NA 


	52926366 
	52926366 
	52926366 

	112 
	112 

	497 
	497 

	522 
	522 

	543 
	543 

	NA 
	NA 

	3804 
	3804 

	3434 
	3434 

	2961 
	2961 

	NA 
	NA 


	36120107 
	36120107 
	36120107 

	131 
	131 

	497 
	497 

	497 
	497 

	497 
	497 

	NA 
	NA 

	2537 
	2537 

	2537 
	2537 

	2537 
	2537 

	NA 
	NA 


	36309106 
	36309106 
	36309106 

	150 
	150 

	533 
	533 

	546 
	546 

	483 
	483 

	NA 
	NA 

	2778 
	2778 

	2570 
	2570 

	3288 
	3288 

	NA 
	NA 


	38030185 
	38030185 
	38030185 

	177 
	177 

	491 
	491 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 

	3405 
	3405 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 


	38166196 
	38166196 
	38166196 

	191 
	191 

	333 
	333 

	410 
	410 

	346 
	346 

	NA 
	NA 

	2824 
	2824 

	2512 
	2512 

	2499 
	2499 

	NA 
	NA 


	38180198 
	38180198 
	38180198 

	192 
	192 

	419 
	419 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 

	3031 
	3031 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 


	43026195 
	43026195 
	43026195 

	212 
	212 

	430 
	430 

	480 
	480 

	363 
	363 

	NA 
	NA 

	2353 
	2353 

	2454 
	2454 

	2601 
	2601 

	NA 
	NA 


	08069103 
	08069103 
	08069103 

	264 
	264 

	421 
	421 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 

	3161 
	3161 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 


	08080112 
	08080112 
	08080112 

	265 
	265 

	485 
	485 

	502 
	502 

	485 
	485 

	NA 
	NA 

	2429 
	2429 

	2569 
	2569 

	2429 
	2429 

	NA 
	NA 


	08120125 
	08120125 
	08120125 

	269 
	269 

	439 
	439 

	495 
	495 

	439 
	439 

	NA 
	NA 

	3126 
	3126 

	2822 
	2822 

	3126 
	3126 

	NA 
	NA 


	08145124 
	08145124 
	08145124 

	272 
	272 

	397 
	397 

	496 
	496 

	397 
	397 

	NA 
	NA 

	3174 
	3174 

	2830 
	2830 

	3174 
	3174 

	NA 
	NA 


	08290135 
	08290135 
	08290135 

	286 
	286 

	448 
	448 

	502 
	502 

	448 
	448 

	NA 
	NA 

	2802 
	2802 

	2553 
	2553 

	2802 
	2802 

	NA 
	NA 


	08310135 
	08310135 
	08310135 

	289 
	289 

	465 
	465 

	496 
	496 

	465 
	465 

	NA 
	NA 

	3032 
	3032 

	2830 
	2830 

	3032 
	3032 

	NA 
	NA 


	02000135 
	02000135 
	02000135 

	291 
	291 

	431 
	431 

	495 
	495 

	431 
	431 

	NA 
	NA 

	3153 
	3153 

	2822 
	2822 

	3153 
	3153 

	NA 
	NA 


	02018140 
	02018140 
	02018140 

	293 
	293 

	422 
	422 

	466 
	466 

	422 
	422 

	NA 
	NA 

	2242 
	2242 

	2158 
	2158 

	2242 
	2242 

	NA 
	NA 


	02040149 
	02040149 
	02040149 

	296 
	296 

	445 
	445 

	493 
	493 

	445 
	445 

	NA 
	NA 

	3071 
	3071 

	2804 
	2804 

	3071 
	3071 

	NA 
	NA 




	I-90 
	I-90 
	I-90 
	I-90 
	I-90 

	Column Shear Demand (kips) 
	Column Shear Demand (kips) 

	Column Flexural Demand (kip-ft) 
	Column Flexural Demand (kip-ft) 


	Bridge ID 
	Bridge ID 
	Bridge ID 

	Mile 
	Mile 
	Marker 

	Bent 2 
	Bent 2 

	Bent 3 
	Bent 3 

	Bent 4 
	Bent 4 

	Bent 5 
	Bent 5 

	Bent 2 
	Bent 2 

	Bent 3 
	Bent 3 

	Bent 4 
	Bent 4 

	Bent 5 
	Bent 5 



	02070155 
	02070155 
	02070155 
	02070155 

	299 
	299 

	461 
	461 

	520 
	520 

	477 
	477 

	NA 
	NA 

	3246 
	3246 

	2781 
	2781 

	3156 
	3156 

	NA 
	NA 


	02100155 
	02100155 
	02100155 

	302 
	302 

	492 
	492 

	534 
	534 

	492 
	492 

	NA 
	NA 

	3050 
	3050 

	2614 
	2614 

	3050 
	3050 

	NA 
	NA 


	02140155 
	02140155 
	02140155 

	306 
	306 

	471 
	471 

	539 
	539 

	486 
	486 

	NA 
	NA 

	3344 
	3344 

	2664 
	2664 

	3246 
	3246 

	NA 
	NA 


	0215C158 
	0215C158 
	0215C158 

	308 
	308 

	490 
	490 

	521 
	521 

	490 
	490 

	NA 
	NA 

	2771 
	2771 

	2502 
	2502 

	2771 
	2771 

	NA 
	NA 


	02180165 
	02180165 
	02180165 

	310 
	310 

	456 
	456 

	486 
	486 

	456 
	456 

	NA 
	NA 

	3183 
	3183 

	2860 
	2860 

	3183 
	3183 

	NA 
	NA 


	02220165 
	02220165 
	02220165 

	312 
	312 

	461 
	461 

	506 
	506 

	461 
	461 

	NA 
	NA 

	3246 
	3246 

	2926 
	2926 

	3246 
	3246 

	NA 
	NA 


	18010105 
	18010105 
	18010105 

	317 
	317 

	461 
	461 

	506 
	506 

	461 
	461 

	NA 
	NA 

	3246 
	3246 

	2926 
	2926 

	3246 
	3246 

	NA 
	NA 


	18030105 
	18030105 
	18030105 

	319 
	319 

	456 
	456 

	487 
	487 

	472 
	472 

	NA 
	NA 

	3183 
	3183 

	3001 
	3001 

	3100 
	3100 

	NA 
	NA 


	18050105 
	18050105 
	18050105 

	321 
	321 

	477 
	477 

	506 
	506 

	477 
	477 

	NA 
	NA 

	3156 
	3156 

	2926 
	2926 

	3156 
	3156 

	NA 
	NA 


	18070105 
	18070105 
	18070105 

	323 
	323 

	477 
	477 

	520 
	520 

	477 
	477 

	NA 
	NA 

	3156 
	3156 

	2781 
	2781 

	3156 
	3156 

	NA 
	NA 


	18090105 
	18090105 
	18090105 

	325 
	325 

	456 
	456 

	509 
	509 

	487 
	487 

	NA 
	NA 

	3183 
	3183 

	2818 
	2818 

	3001 
	3001 

	NA 
	NA 


	18120105 
	18120105 
	18120105 

	328 
	328 

	461 
	461 

	520 
	520 

	461 
	461 

	NA 
	NA 

	3246 
	3246 

	2781 
	2781 

	3246 
	3246 

	NA 
	NA 


	18140107 
	18140107 
	18140107 

	330 
	330 

	412 
	412 

	484 
	484 

	390 
	390 

	NA 
	NA 

	2805 
	2805 

	2588 
	2588 

	2820 
	2820 

	NA 
	NA 


	31040105 
	31040105 
	31040105 

	337 
	337 

	447 
	447 

	506 
	506 

	447 
	447 

	NA 
	NA 

	3319 
	3319 

	2926 
	2926 

	3319 
	3319 

	NA 
	NA 


	31090126 
	31090126 
	31090126 

	344 
	344 

	412 
	412 

	486 
	486 

	412 
	412 

	NA 
	NA 

	3173 
	3173 

	2860 
	2860 

	3173 
	3173 

	NA 
	NA 


	31120126 
	31120126 
	31120126 

	347 
	347 

	447 
	447 

	506 
	506 

	447 
	447 

	NA 
	NA 

	3319 
	3319 

	2926 
	2926 

	3319 
	3319 

	NA 
	NA 


	31150125 
	31150125 
	31150125 

	350 
	350 

	453 
	453 

	517 
	517 

	453 
	453 

	NA 
	NA 

	3037 
	3037 

	2605 
	2605 

	3037 
	3037 

	NA 
	NA 


	31160125 
	31160125 
	31160125 

	351 
	351 

	447 
	447 

	506 
	506 

	447 
	447 

	NA 
	NA 

	3319 
	3319 

	2926 
	2926 

	3319 
	3319 

	NA 
	NA 


	44010126 
	44010126 
	44010126 

	354 
	354 

	458 
	458 

	522 
	522 

	465 
	465 

	NA 
	NA 

	2962 
	2962 

	2507 
	2507 

	3032 
	3032 

	NA 
	NA 


	44050127 
	44050127 
	44050127 

	358 
	358 

	458 
	458 

	522 
	522 

	458 
	458 

	NA 
	NA 

	2962 
	2962 

	2507 
	2507 

	2962 
	2962 

	NA 
	NA 


	44080125 
	44080125 
	44080125 

	361 
	361 

	435 
	435 

	519 
	519 

	452 
	452 

	NA 
	NA 

	2979 
	2979 

	2480 
	2480 

	2916 
	2916 

	NA 
	NA 


	44110125 
	44110125 
	44110125 

	364 
	364 

	540 
	540 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 

	6713 
	6713 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 


	44150126 
	44150126 
	44150126 

	368 
	368 

	424 
	424 

	498 
	498 

	424 
	424 

	NA 
	NA 

	3084 
	3084 

	2717 
	2717 

	3084 
	3084 

	NA 
	NA 


	44170126 
	44170126 
	44170126 

	370 
	370 

	447 
	447 

	525 
	525 

	463 
	463 

	NA 
	NA 

	3094 
	3094 

	2541 
	2541 

	3021 
	3021 

	NA 
	NA 


	44210126 
	44210126 
	44210126 

	374 
	374 

	513 
	513 

	551 
	551 

	513 
	513 

	NA 
	NA 

	3358 
	3358 

	2760 
	2760 

	3358 
	3358 

	NA 
	NA 


	50030149 
	50030149 
	50030149 

	381 
	381 

	334 
	334 

	418 
	418 

	334 
	334 

	NA 
	NA 

	2225 
	2225 

	2243 
	2243 

	2225 
	2225 

	NA 
	NA 


	50050164 
	50050164 
	50050164 

	384 
	384 

	486 
	486 

	524 
	524 

	470 
	470 

	NA 
	NA 

	2651 
	2651 

	2613 
	2613 

	2743 
	2743 

	NA 
	NA 


	50070165 
	50070165 
	50070165 

	386 
	386 

	474 
	474 

	518 
	518 

	474 
	474 

	NA 
	NA 

	3129 
	3129 

	2765 
	2765 

	3129 
	3129 

	NA 
	NA 


	50090165 
	50090165 
	50090165 

	388 
	388 

	474 
	474 

	496 
	496 

	474 
	474 

	NA 
	NA 

	3129 
	3129 

	2970 
	2970 

	3129 
	3129 

	NA 
	NA 


	50160166 
	50160166 
	50160166 

	394 
	394 

	474 
	474 

	503 
	503 

	448 
	448 

	NA 
	NA 

	3129 
	3129 

	2767 
	2767 

	3108 
	3108 

	NA 
	NA 


	50170164 
	50170164 
	50170164 

	395 
	395 

	520 
	520 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 

	8184 
	8184 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 


	50185163 
	50185163 
	50185163 

	396.5 
	396.5 

	466 
	466 

	499 
	499 

	466 
	466 

	NA 
	NA 

	2370 
	2370 

	2458 
	2458 

	2370 
	2370 

	NA 
	NA 


	50240165 
	50240165 
	50240165 

	402 
	402 

	566 
	566 

	557 
	557 

	571 
	571 

	NA 
	NA 

	6247 
	6247 

	3161 
	3161 

	5875 
	5875 

	NA 
	NA 


	50280165 
	50280165 
	50280165 

	406 
	406 

	580 
	580 

	549 
	549 

	570 
	570 

	NA 
	NA 

	4994 
	4994 

	3426 
	3426 

	6113 
	6113 

	NA 
	NA 


	50300166 
	50300166 
	50300166 

	408 
	408 

	578 
	578 

	553 
	553 

	569 
	569 

	NA 
	NA 

	5033 
	5033 

	3404 
	3404 

	6319 
	6319 

	NA 
	NA 


	50320166 
	50320166 
	50320166 

	410 
	410 

	580 
	580 

	549 
	549 

	573 
	573 

	NA 
	NA 

	4944 
	4944 

	3426 
	3426 

	5825 
	5825 

	NA 
	NA 




	 
	  
	I-29 
	I-29 
	I-29 
	I-29 
	I-29 

	Column Shear Demand (kips) 
	Column Shear Demand (kips) 

	Column Flexural Demand (kip-ft) 
	Column Flexural Demand (kip-ft) 


	Bridge ID 
	Bridge ID 
	Bridge ID 

	Mile 
	Mile 
	Marker 

	Bent 2 
	Bent 2 

	Bent 3 
	Bent 3 

	Bent 4 
	Bent 4 

	Bent 5 
	Bent 5 

	Bent 2 
	Bent 2 

	Bent 3 
	Bent 3 

	Bent 4 
	Bent 4 

	Bent 5 
	Bent 5 



	64158399 
	64158399 
	64158399 
	64158399 

	1 
	1 

	521 
	521 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 

	2086 
	2086 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 


	64149367 
	64149367 
	64149367 

	4 
	4 

	578 
	578 

	551 
	551 

	578 
	578 

	NA 
	NA 

	5697 
	5697 

	3660 
	3660 

	5697 
	5697 

	NA 
	NA 


	64140355 
	64140355 
	64140355 

	6 
	6 

	589 
	589 

	569 
	569 

	589 
	589 

	NA 
	NA 

	4417 
	4417 

	3403 
	3403 

	4417 
	4417 

	NA 
	NA 


	64120336 
	64120336 
	64120336 

	8 
	8 

	585 
	585 

	579 
	579 

	585 
	585 

	NA 
	NA 

	5996 
	5996 

	3545 
	3545 

	5996 
	5996 

	NA 
	NA 


	64115330 
	64115330 
	64115330 

	9 
	9 

	585 
	585 

	563 
	563 

	585 
	585 

	NA 
	NA 

	5159 
	5159 

	3625 
	3625 

	5159 
	5159 

	NA 
	NA 


	64100315 
	64100315 
	64100315 

	11 
	11 

	590 
	590 

	574 
	574 

	590 
	590 

	NA 
	NA 

	5126 
	5126 

	3811 
	3811 

	5126 
	5126 

	NA 
	NA 


	64080296 
	64080296 
	64080296 

	14 
	14 

	587 
	587 

	579 
	579 

	587 
	587 

	NA 
	NA 

	5594 
	5594 

	3529 
	3529 

	5594 
	5594 

	NA 
	NA 


	64070287 
	64070287 
	64070287 

	15 
	15 

	575 
	575 

	561 
	561 

	575 
	575 

	NA 
	NA 

	5864 
	5864 

	3335 
	3335 

	5864 
	5864 

	NA 
	NA 


	64050250 
	64050250 
	64050250 

	20 
	20 

	575 
	575 

	550 
	550 

	575 
	575 

	NA 
	NA 

	5275 
	5275 

	3270 
	3270 

	5275 
	5275 

	NA 
	NA 


	64020220 
	64020220 
	64020220 

	24 
	24 

	577 
	577 

	547 
	547 

	572 
	572 

	NA 
	NA 

	5127 
	5127 

	3334 
	3334 

	5614 
	5614 

	NA 
	NA 


	64008205 
	64008205 
	64008205 

	26 
	26 

	576 
	576 

	563 
	563 

	576 
	576 

	NA 
	NA 

	5868 
	5868 

	3347 
	3347 

	5868 
	5868 

	NA 
	NA 


	64006160 
	64006160 
	64006160 

	31 
	31 

	458 
	458 

	494 
	494 

	458 
	458 

	NA 
	NA 

	2735 
	2735 

	2683 
	2683 

	2735 
	2735 

	NA 
	NA 


	64006120 
	64006120 
	64006120 

	35 
	35 

	458 
	458 

	494 
	494 

	458 
	458 

	NA 
	NA 

	2735 
	2735 

	2683 
	2683 

	2735 
	2735 

	NA 
	NA 


	64006100 
	64006100 
	64006100 

	37 
	37 

	454 
	454 

	518 
	518 

	489 
	489 

	NA 
	NA 

	2912 
	2912 

	2621 
	2621 

	3018 
	3018 

	NA 
	NA 


	64006090 
	64006090 
	64006090 

	38 
	38 

	465 
	465 

	504 
	504 

	465 
	465 

	NA 
	NA 

	2560 
	2560 

	2627 
	2627 

	2560 
	2560 

	NA 
	NA 


	64006030 
	64006030 
	64006030 

	44 
	44 

	465 
	465 

	494 
	494 

	465 
	465 

	NA 
	NA 

	2560 
	2560 

	2550 
	2550 

	2560 
	2560 

	NA 
	NA 


	64006010 
	64006010 
	64006010 

	46 
	46 

	465 
	465 

	494 
	494 

	465 
	465 

	NA 
	NA 

	2560 
	2560 

	2550 
	2550 

	2560 
	2560 

	NA 
	NA 


	64006000 
	64006000 
	64006000 

	47 
	47 

	518 
	518 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 

	11373 
	11373 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 


	42065260 
	42065260 
	42065260 

	50 
	50 

	465 
	465 

	494 
	494 

	465 
	465 

	NA 
	NA 

	2560 
	2560 

	2550 
	2550 

	2560 
	2560 

	NA 
	NA 


	42065230 
	42065230 
	42065230 

	53 
	53 

	465 
	465 

	517 
	517 

	511 
	511 

	NA 
	NA 

	2560 
	2560 

	2644 
	2644 

	2839 
	2839 

	NA 
	NA 


	42065200 
	42065200 
	42065200 

	56 
	56 

	446 
	446 

	494 
	494 

	446 
	446 

	NA 
	NA 

	2636 
	2636 

	2550 
	2550 

	2636 
	2636 

	NA 
	NA 


	42065170 
	42065170 
	42065170 

	59 
	59 

	446 
	446 

	494 
	494 

	465 
	465 

	NA 
	NA 

	2636 
	2636 

	2550 
	2550 

	2560 
	2560 

	NA 
	NA 


	42065140 
	42065140 
	42065140 

	62 
	62 

	580 
	580 

	553 
	553 

	587 
	587 

	NA 
	NA 

	5444 
	5444 

	3635 
	3635 

	4463 
	4463 

	NA 
	NA 


	42065141 
	42065141 
	42065141 

	62 
	62 

	581 
	581 

	557 
	557 

	588 
	588 

	NA 
	NA 

	5342 
	5342 

	3499 
	3499 

	4253 
	4253 

	NA 
	NA 


	42065130 
	42065130 
	42065130 

	63 
	63 

	578 
	578 

	565 
	565 

	578 
	578 

	NA 
	NA 

	4885 
	4885 

	2738 
	2738 

	4885 
	4885 

	NA 
	NA 


	42065120 
	42065120 
	42065120 

	64 
	64 

	567 
	567 

	536 
	536 

	567 
	567 

	NA 
	NA 

	6103 
	6103 

	3535 
	3535 

	6103 
	6103 

	NA 
	NA 


	42065100 
	42065100 
	42065100 

	67 
	67 

	578 
	578 

	565 
	565 

	578 
	578 

	NA 
	NA 

	4885 
	4885 

	2738 
	2738 

	4885 
	4885 

	NA 
	NA 


	42065080 
	42065080 
	42065080 

	68 
	68 

	517 
	517 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 

	5892 
	5892 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 


	42065050 
	42065050 
	42065050 

	71 
	71 

	578 
	578 

	560 
	560 

	578 
	578 

	NA 
	NA 

	4885 
	4885 

	2918 
	2918 

	4885 
	4885 

	NA 
	NA 


	50172240 
	50172240 
	50172240 

	76 
	76 

	553 
	553 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 

	4111 
	4111 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 


	50173235 
	50173235 
	50173235 

	76.5 
	76.5 

	489 
	489 

	514 
	514 

	522 
	522 

	NA 
	NA 

	2786 
	2786 

	2558 
	2558 

	2384 
	2384 

	NA 
	NA 


	50175230 
	50175230 
	50175230 

	77 
	77 

	474 
	474 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 

	3408 
	3408 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 


	50175222 
	50175222 
	50175222 

	78 
	78 

	534 
	534 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 

	4184 
	4184 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 


	50178191 
	50178191 
	50178191 

	81 
	81 

	545 
	545 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 

	11652 
	11652 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 


	50180170 
	50180170 
	50180170 

	83 
	83 

	536 
	536 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 

	6104 
	6104 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 


	50180162 
	50180162 
	50180162 

	84 
	84 

	450 
	450 

	359 
	359 

	450 
	450 

	359 
	359 

	2216 
	2216 

	3193 
	3193 

	2216 
	2216 

	3193 
	3193 


	50180163 
	50180163 
	50180163 

	84 
	84 

	434 
	434 

	371 
	371 

	371 
	371 

	458 
	458 

	2246 
	2246 

	3204 
	3204 

	3204 
	3204 

	2198 
	2198 


	50180140 
	50180140 
	50180140 

	86 
	86 

	518 
	518 

	518 
	518 

	463 
	463 

	NA 
	NA 

	2756 
	2756 

	2756 
	2756 

	2548 
	2548 

	NA 
	NA 


	50177130 
	50177130 
	50177130 

	87 
	87 

	463 
	463 

	524 
	524 

	453 
	453 

	NA 
	NA 

	3090 
	3090 

	2613 
	2613 

	2983 
	2983 

	NA 
	NA 


	50175040 
	50175040 
	50175040 

	96 
	96 

	439 
	439 

	532 
	532 

	465 
	465 

	NA 
	NA 

	3141 
	3141 

	2602 
	2602 

	3032 
	3032 

	NA 
	NA 


	50175020 
	50175020 
	50175020 

	98 
	98 

	465 
	465 

	503 
	503 

	416 
	416 

	NA 
	NA 

	3032 
	3032 

	2767 
	2767 

	3217 
	3217 

	NA 
	NA 


	51065210 
	51065210 
	51065210 

	102 
	102 

	431 
	431 

	511 
	511 

	465 
	465 

	NA 
	NA 

	3169 
	3169 

	2699 
	2699 

	3032 
	3032 

	NA 
	NA 


	51065200 
	51065200 
	51065200 

	104 
	104 

	465 
	465 

	516 
	516 

	465 
	465 

	NA 
	NA 

	3032 
	3032 

	2650 
	2650 

	3032 
	3032 

	NA 
	NA 


	51065150 
	51065150 
	51065150 

	109 
	109 

	456 
	456 

	511 
	511 

	431 
	431 

	NA 
	NA 

	3072 
	3072 

	2699 
	2699 

	3169 
	3169 

	NA 
	NA 


	51066100 
	51066100 
	51066100 

	114 
	114 

	432 
	432 

	517 
	517 

	456 
	456 

	NA 
	NA 

	3279 
	3279 

	2745 
	2745 

	3183 
	3183 

	NA 
	NA 


	51065050 
	51065050 
	51065050 

	120 
	120 

	461 
	461 

	520 
	520 

	461 
	461 

	NA 
	NA 

	3246 
	3246 

	2781 
	2781 

	3246 
	3246 

	NA 
	NA 




	I-29 
	I-29 
	I-29 
	I-29 
	I-29 

	Column Shear Demand (kips) 
	Column Shear Demand (kips) 

	Column Flexural Demand (kip-ft) 
	Column Flexural Demand (kip-ft) 


	Bridge ID 
	Bridge ID 
	Bridge ID 

	Mile 
	Mile 
	Marker 

	Bent 2 
	Bent 2 

	Bent 3 
	Bent 3 

	Bent 4 
	Bent 4 

	Bent 5 
	Bent 5 

	Bent 2 
	Bent 2 

	Bent 3 
	Bent 3 

	Bent 4 
	Bent 4 

	Bent 5 
	Bent 5 



	06185230 
	06185230 
	06185230 
	06185230 

	126 
	126 

	432 
	432 

	502 
	502 

	456 
	456 

	NA 
	NA 

	3279 
	3279 

	2883 
	2883 

	3183 
	3183 

	NA 
	NA 


	06185210 
	06185210 
	06185210 

	127 
	127 

	451 
	451 

	510 
	510 

	451 
	451 

	NA 
	NA 

	3365 
	3365 

	2957 
	2957 

	3365 
	3365 

	NA 
	NA 


	06185190 
	06185190 
	06185190 

	129 
	129 

	447 
	447 

	506 
	506 

	447 
	447 

	NA 
	NA 

	3319 
	3319 

	2926 
	2926 

	3319 
	3319 

	NA 
	NA 


	06185159 
	06185159 
	06185159 

	132 
	132 

	440 
	440 

	509 
	509 

	472 
	472 

	NA 
	NA 

	3249 
	3249 

	2818 
	2818 

	3100 
	3100 

	NA 
	NA 


	06185160 
	06185160 
	06185160 

	132 
	132 

	440 
	440 

	509 
	509 

	472 
	472 

	NA 
	NA 

	3249 
	3249 

	2818 
	2818 

	3100 
	3100 

	NA 
	NA 


	06185150 
	06185150 
	06185150 

	133 
	133 

	487 
	487 

	524 
	524 

	472 
	472 

	NA 
	NA 

	3001 
	3001 

	2668 
	2668 

	3100 
	3100 

	NA 
	NA 


	06185130 
	06185130 
	06185130 

	135 
	135 

	479 
	479 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 

	2331 
	2331 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 


	06185110 
	06185110 
	06185110 

	137 
	137 

	394 
	394 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 

	3444 
	3444 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 


	06185080 
	06185080 
	06185080 

	140 
	140 

	502 
	502 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 

	2240 
	2240 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 


	20061280 
	20061280 
	20061280 

	150 
	150 

	456 
	456 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 

	2561 
	2561 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 


	29280020 
	29280020 
	29280020 

	167 
	167 

	396 
	396 

	486 
	486 

	396 
	396 

	NA 
	NA 

	2885 
	2885 

	2632 
	2632 

	2885 
	2885 

	NA 
	NA 


	15240220 
	15240220 
	15240220 

	173 
	173 

	464 
	464 

	494 
	494 

	464 
	464 

	NA 
	NA 

	2293 
	2293 

	2284 
	2284 

	2293 
	2293 

	NA 
	NA 


	15215150 
	15215150 
	15215150 

	180 
	180 

	425 
	425 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 

	3503 
	3503 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 


	15215120 
	15215120 
	15215120 

	183 
	183 

	448 
	448 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 

	3419 
	3419 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 


	15215070 
	15215070 
	15215070 

	189 
	189 

	501 
	501 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 

	3800 
	3800 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 


	15215030 
	15215030 
	15215030 

	193 
	193 

	437 
	437 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 

	3603 
	3603 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 


	55085440 
	55085440 
	55085440 

	206 
	206 

	600 
	600 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 

	4633 
	4633 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 


	55085429 
	55085429 
	55085429 

	207 
	207 

	477 
	477 

	495 
	495 

	477 
	477 

	NA 
	NA 

	3310 
	3310 

	3193 
	3193 

	3310 
	3310 

	NA 
	NA 


	55100367 
	55100367 
	55100367 

	213 
	213 

	600 
	600 

	600 
	600 

	600 
	600 

	NA 
	NA 

	5478 
	5478 

	5253 
	5253 

	5703 
	5703 

	NA 
	NA 


	55115330 
	55115330 
	55115330 

	218 
	218 

	600 
	600 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 

	4633 
	4633 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 


	55115290 
	55115290 
	55115290 

	222 
	222 

	600 
	600 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 

	4650 
	4650 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 


	55115220 
	55115220 
	55115220 

	229 
	229 

	600 
	600 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 

	4895 
	4895 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 


	55116190 
	55116190 
	55116190 

	232 
	232 

	511 
	511 

	511 
	511 

	501 
	501 

	NA 
	NA 

	3101 
	3101 

	3101 
	3101 

	3188 
	3188 

	NA 
	NA 


	55124170 
	55124170 
	55124170 

	234 
	234 

	505 
	505 

	496 
	496 

	505 
	505 

	NA 
	NA 

	2758 
	2758 

	2532 
	2532 

	2758 
	2758 

	NA 
	NA 


	55144130 
	55144130 
	55144130 

	239 
	239 

	478 
	478 

	477 
	477 

	478 
	478 

	NA 
	NA 

	2964 
	2964 

	2666 
	2666 

	2964 
	2964 

	NA 
	NA 


	55175040 
	55175040 
	55175040 

	248 
	248 

	600 
	600 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 

	4633 
	4633 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 




	 
	  
	I-229 
	I-229 
	I-229 
	I-229 
	I-229 

	Column Shear Demand (kips) 
	Column Shear Demand (kips) 

	Column Flexural Demand (k-ft) 
	Column Flexural Demand (k-ft) 



	Bridge ID 
	Bridge ID 
	Bridge ID 
	Bridge ID 

	Mile 
	Mile 
	Marker 

	Bent 2 
	Bent 2 

	Bent 3 
	Bent 3 

	Bent 4 
	Bent 4 

	Bent 5 
	Bent 5 

	Bent 2 
	Bent 2 

	Bent 3 
	Bent 3 

	Bent 4 
	Bent 4 

	Bent 5 
	Bent 5 


	42079004 
	42079004 
	42079004 

	1 
	1 

	500 
	500 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 

	7453 
	7453 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 


	50191238 
	50191238 
	50191238 

	2 
	2 

	521 
	521 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 

	13047 
	13047 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 


	50216220 
	50216220 
	50216220 

	5 
	5 

	449 
	449 

	410 
	410 

	425 
	425 

	NA 
	NA 

	2678 
	2678 

	2384 
	2384 

	2664 
	2664 

	NA 
	NA 


	50219215 
	50219215 
	50219215 

	5.5 
	5.5 

	325 
	325 

	NA 
	NA 

	359 
	359 

	NA 
	NA 

	2533 
	2533 

	NA 
	NA 

	2035 
	2035 

	NA 
	NA 


	50219210 
	50219210 
	50219210 

	5.75 
	5.75 

	501 
	501 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 

	6643 
	6643 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 


	50219208 
	50219208 
	50219208 

	6 
	6 

	459 
	459 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 

	2795 
	2795 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 


	50219205 
	50219205 
	50219205 

	6.25 
	6.25 

	503 
	503 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 

	7732 
	7732 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 


	50219180 
	50219180 
	50219180 

	9 
	9 

	600 
	600 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 

	6787 
	6787 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 


	50221170 
	50221170 
	50221170 

	9.7 
	9.7 

	459 
	459 

	510 
	510 

	466 
	466 

	NA 
	NA 

	2204 
	2204 

	2384 
	2384 

	2123 
	2123 

	NA 
	NA 


	50221167 
	50221167 
	50221167 

	10 
	10 

	403 
	403 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 

	3736 
	3736 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 


	50221166 
	50221166 
	50221166 

	10 
	10 

	425 
	425 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 

	3749 
	3749 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 




	 
	 
	I-190 
	I-190 
	I-190 
	I-190 
	I-190 

	Column Shear Demand (kips) 
	Column Shear Demand (kips) 

	Column Flexural Demand (k-ft) 
	Column Flexural Demand (k-ft) 



	Bridge ID 
	Bridge ID 
	Bridge ID 
	Bridge ID 

	Mile 
	Mile 
	Marker 

	Bent 2 
	Bent 2 

	Bent 3 
	Bent 3 

	Bent 4 
	Bent 4 

	Bent 5 
	Bent 5 

	Bent 2 
	Bent 2 

	Bent 3 
	Bent 3 

	Bent 4 
	Bent 4 

	Bent 5 
	Bent 5 


	52410290 
	52410290 
	52410290 

	1 
	1 

	451 
	451 

	NA 
	NA 

	404 
	404 

	NA 
	NA 

	2947 
	2947 

	NA 
	NA 

	2494 
	2494 

	NA 
	NA 




	 
	 
	 
	 
	 
	 
	 

	 
	 

	Column Shear Demand (kips) 
	Column Shear Demand (kips) 

	Column Flexural Demand (k-ft) 
	Column Flexural Demand (k-ft) 


	Bridge ID 
	Bridge ID 
	Bridge ID 

	Location 
	Location 

	Bent 2 
	Bent 2 

	Bent 3 
	Bent 3 

	Bent 4 
	Bent 4 

	Bent 5 
	Bent 5 

	Bent 2 
	Bent 2 

	Bent 3 
	Bent 3 

	Bent 4 
	Bent 4 

	Bent 5 
	Bent 5 



	06154150 
	06154150 
	06154150 
	06154150 

	Hwy 14 Bypass 
	Hwy 14 Bypass 

	463 
	463 

	465 
	465 

	416 
	416 

	NA 
	NA 

	3803 
	3803 

	3718 
	3718 

	3675 
	3675 

	NA 
	NA 


	14092199 
	14092199 
	14092199 

	Hwy 50W 
	Hwy 50W 

	600 
	600 

	547 
	547 

	NA 
	NA 

	NA 
	NA 

	4635 
	4635 

	2893 
	2893 

	NA 
	NA 

	NA 
	NA 


	14131205 
	14131205 
	14131205 

	Hwy 50E 
	Hwy 50E 

	432 
	432 

	459 
	459 

	NA 
	NA 

	NA 
	NA 

	2749 
	2749 

	2990 
	2990 

	NA 
	NA 

	NA 
	NA 


	50175210 
	50175210 
	50175210 

	Madison St 
	Madison St 

	446 
	446 

	446 
	446 

	NA 
	NA 

	NA 
	NA 

	2674 
	2674 

	2674 
	2674 

	NA 
	NA 

	NA 
	NA 


	50176210 
	50176210 
	50176210 

	Madison St 
	Madison St 

	430 
	430 

	430 
	430 

	NA 
	NA 

	NA 
	NA 

	2788 
	2788 

	2788 
	2788 

	NA 
	NA 

	NA 
	NA 


	50177199 
	50177199 
	50177199 

	12th St 
	12th St 

	426 
	426 

	459 
	459 

	NA 
	NA 

	NA 
	NA 

	3489 
	3489 

	2579 
	2579 

	NA 
	NA 

	NA 
	NA 


	50178199 
	50178199 
	50178199 

	12th St 
	12th St 

	416 
	416 

	445 
	445 

	NA 
	NA 

	NA 
	NA 

	3836 
	3836 

	2894 
	2894 

	NA 
	NA 

	NA 
	NA 


	52410318 
	52410318 
	52410318 

	Mt. Rushmore Rd. 
	Mt. Rushmore Rd. 

	503 
	503 

	570 
	570 

	558 
	558 

	549 
	549 

	3660 
	3660 

	3659 
	3659 

	3212 
	3212 

	3214 
	3214 


	52415285 
	52415285 
	52415285 

	Haines Ave. 
	Haines Ave. 

	600 
	600 

	600 
	600 

	NA 
	NA 

	NA 
	NA 

	9366 
	9366 

	9366 
	9366 

	NA 
	NA 

	NA 
	NA 


	52415286 
	52415286 
	52415286 

	Haines Ave. 
	Haines Ave. 

	600 
	600 

	600 
	600 

	NA 
	NA 

	NA 
	NA 

	9366 
	9366 

	9366 
	9366 

	NA 
	NA 

	NA 
	NA 




	 
	  
	G.3: Column Demand-to-Capacity Ratios 
	I-90 
	I-90 
	I-90 
	I-90 
	I-90 

	Shear D/C Ratio 
	Shear D/C Ratio 

	Bending Moment D/C Ratio 
	Bending Moment D/C Ratio 


	Bridge ID 
	Bridge ID 
	Bridge ID 

	Mile Marker 
	Mile Marker 

	Bent 2 
	Bent 2 

	Bent 3 
	Bent 3 

	Bent 4 
	Bent 4 

	Bent 5 
	Bent 5 

	Bent 2 
	Bent 2 

	Bent 3 
	Bent 3 

	Bent 4 
	Bent 4 

	Bent 5 
	Bent 5 



	41095059 
	41095059 
	41095059 
	41095059 

	10 
	10 

	1.54 
	1.54 

	1.72 
	1.72 

	1.65 
	1.65 

	NA 
	NA 

	1.65 
	1.65 

	1.47 
	1.47 

	1.35 
	1.35 

	NA 
	NA 


	41116088 
	41116088 
	41116088 

	12 
	12 

	1.13 
	1.13 

	1.13 
	1.13 

	1.16 
	1.16 

	NA 
	NA 

	3.10 
	3.10 

	2.81 
	2.81 

	2.96 
	2.96 

	NA 
	NA 


	41101077 
	41101077 
	41101077 

	14 
	14 

	1.18 
	1.18 

	1.13 
	1.13 

	1.10 
	1.10 

	NA 
	NA 

	3.47 
	3.47 

	3.21 
	3.21 

	3.12 
	3.12 

	NA 
	NA 


	41154087 
	41154087 
	41154087 

	17 
	17 

	2.00 
	2.00 

	1.51 
	1.51 

	1.95 
	1.95 

	NA 
	NA 

	4.45 
	4.45 

	3.12 
	3.12 

	3.64 
	3.64 

	NA 
	NA 


	41155087 
	41155087 
	41155087 

	17 
	17 

	2.07 
	2.07 

	1.62 
	1.62 

	1.84 
	1.84 

	NA 
	NA 

	4.30 
	4.30 

	3.15 
	3.15 

	3.96 
	3.96 

	NA 
	NA 


	41185086 
	41185086 
	41185086 

	21 
	21 

	2.24 
	2.24 

	2.46 
	2.46 

	2.47 
	2.47 

	NA 
	NA 

	3.83 
	3.83 

	4.48 
	4.48 

	4.49 
	4.49 

	NA 
	NA 


	41207092 
	41207092 
	41207092 

	23 
	23 

	1.31 
	1.31 

	1.31 
	1.31 

	1.37 
	1.37 

	NA 
	NA 

	3.38 
	3.38 

	3.37 
	3.37 

	3.12 
	3.12 

	NA 
	NA 


	41226107 
	41226107 
	41226107 

	25.5 
	25.5 

	1.36 
	1.36 

	1.37 
	1.37 

	1.29 
	1.29 

	NA 
	NA 

	5.15 
	5.15 

	4.09 
	4.09 

	4.68 
	4.68 

	NA 
	NA 


	47061480 
	47061480 
	47061480 

	36.5 
	36.5 

	1.52 
	1.52 

	1.55 
	1.55 

	1.62 
	1.62 

	NA 
	NA 

	5.12 
	5.12 

	5.83 
	5.83 

	5.70 
	5.70 

	NA 
	NA 


	47069510 
	47069510 
	47069510 

	40 
	40 

	1.61 
	1.61 

	1.87 
	1.87 

	1.61 
	1.61 

	NA 
	NA 

	4.86 
	4.86 

	4.24 
	4.24 

	4.86 
	4.86 

	NA 
	NA 


	47098563 
	47098563 
	47098563 

	44 
	44 

	0.67 
	0.67 

	0.67 
	0.67 

	0.67 
	0.67 

	NA 
	NA 

	0.51 
	0.51 

	0.58 
	0.58 

	0.79 
	0.79 

	NA 
	NA 


	47111580 
	47111580 
	47111580 

	46 
	46 

	2.38 
	2.38 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 

	3.03 
	3.03 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 


	47135609 
	47135609 
	47135609 

	52 
	52 

	0.71 
	0.71 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 

	0.42 
	0.42 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 


	52390278 
	52390278 
	52390278 

	55 
	55 

	1.58 
	1.58 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 

	1.74 
	1.74 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 


	52410285 
	52410285 
	52410285 

	57 
	57 

	0.67 
	0.67 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 

	0.59 
	0.59 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 


	52424285 
	52424285 
	52424285 

	59 
	59 

	1.73 
	1.73 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 

	1.60 
	1.60 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 


	52450287 
	52450287 
	52450287 

	61 
	61 

	1.05 
	1.05 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 

	0.67 
	0.67 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 


	52467276 
	52467276 
	52467276 

	63 
	63 

	1.05 
	1.05 

	1.21 
	1.21 

	1.05 
	1.05 

	NA 
	NA 

	3.47 
	3.47 

	1.51 
	1.51 

	3.47 
	3.47 

	NA 
	NA 


	52470276 
	52470276 
	52470276 

	63.5 
	63.5 

	0.89 
	0.89 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 

	0.78 
	0.78 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 


	52500275 
	52500275 
	52500275 

	67 
	67 

	0.55 
	0.55 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 

	0.68 
	0.68 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 


	52540275 
	52540275 
	52540275 

	71 
	71 

	1.83 
	1.83 

	1.85 
	1.85 

	1.70 
	1.70 

	NA 
	NA 

	3.99 
	3.99 

	3.36 
	3.36 

	4.20 
	4.20 

	NA 
	NA 


	52610285 
	52610285 
	52610285 

	78 
	78 

	0.57 
	0.57 

	0.54 
	0.54 

	0.57 
	0.57 

	NA 
	NA 

	0.65 
	0.65 

	0.45 
	0.45 

	0.76 
	0.76 

	NA 
	NA 


	52640285 
	52640285 
	52640285 

	81 
	81 

	0.72 
	0.72 

	0.68 
	0.68 

	0.73 
	0.73 

	NA 
	NA 

	1.41 
	1.41 

	0.80 
	0.80 

	1.25 
	1.25 

	NA 
	NA 


	52670285 
	52670285 
	52670285 

	84 
	84 

	0.56 
	0.56 

	0.54 
	0.54 

	0.56 
	0.56 

	NA 
	NA 

	0.81 
	0.81 

	0.47 
	0.47 

	0.82 
	0.82 

	NA 
	NA 


	52710283 
	52710283 
	52710283 

	88 
	88 

	0.73 
	0.73 

	0.71 
	0.71 

	0.73 
	0.73 

	NA 
	NA 

	1.34 
	1.34 

	0.71 
	0.71 

	1.34 
	1.34 

	NA 
	NA 


	52830310 
	52830310 
	52830310 

	101 
	101 

	1.18 
	1.18 

	1.30 
	1.30 

	1.35 
	1.35 

	NA 
	NA 

	3.76 
	3.76 

	4.19 
	4.19 

	3.67 
	3.67 

	NA 
	NA 


	52880346 
	52880346 
	52880346 

	107 
	107 

	1.09 
	1.09 

	1.31 
	1.31 

	1.09 
	1.09 

	NA 
	NA 

	3.58 
	3.58 

	3.06 
	3.06 

	3.58 
	3.58 

	NA 
	NA 


	52900360 
	52900360 
	52900360 

	109 
	109 

	0.99 
	0.99 

	1.12 
	1.12 

	0.99 
	0.99 

	NA 
	NA 

	2.34 
	2.34 

	2.27 
	2.27 

	2.34 
	2.34 

	NA 
	NA 


	52925365 
	52925365 
	52925365 

	112 
	112 

	2.02 
	2.02 

	2.39 
	2.39 

	2.04 
	2.04 

	NA 
	NA 

	4.91 
	4.91 

	4.04 
	4.04 

	4.71 
	4.71 

	NA 
	NA 


	52926366 
	52926366 
	52926366 

	112 
	112 

	2.19 
	2.19 

	2.30 
	2.30 

	2.40 
	2.40 

	NA 
	NA 

	3.03 
	3.03 

	2.73 
	2.73 

	2.37 
	2.37 

	NA 
	NA 


	36120107 
	36120107 
	36120107 

	131 
	131 

	2.93 
	2.93 

	2.93 
	2.93 

	2.93 
	2.93 

	NA 
	NA 

	5.29 
	5.29 

	5.26 
	5.26 

	5.29 
	5.29 

	NA 
	NA 


	36309106 
	36309106 
	36309106 

	150 
	150 

	1.24 
	1.24 

	1.27 
	1.27 

	1.12 
	1.12 

	NA 
	NA 

	2.42 
	2.42 

	2.23 
	2.23 

	2.87 
	2.87 

	NA 
	NA 


	38030185 
	38030185 
	38030185 

	177 
	177 

	0.93 
	0.93 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 

	1.74 
	1.74 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 


	38166196 
	38166196 
	38166196 

	191 
	191 

	0.82 
	0.82 

	1.01 
	1.01 

	0.85 
	0.85 

	NA 
	NA 

	2.66 
	2.66 

	2.36 
	2.36 

	2.35 
	2.35 

	NA 
	NA 


	38180198 
	38180198 
	38180198 

	192 
	192 

	1.70 
	1.70 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 

	4.15 
	4.15 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 


	43026195 
	43026195 
	43026195 

	212 
	212 

	1.06 
	1.06 

	1.19 
	1.19 

	0.90 
	0.90 

	NA 
	NA 

	2.23 
	2.23 

	2.31 
	2.31 

	2.46 
	2.46 

	NA 
	NA 


	08069103 
	08069103 
	08069103 

	264 
	264 

	1.70 
	1.70 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 

	4.02 
	4.02 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 


	08080112 
	08080112 
	08080112 

	265 
	265 

	1.28 
	1.28 

	1.33 
	1.33 

	1.28 
	1.28 

	NA 
	NA 

	3.45 
	3.45 

	3.61 
	3.61 

	3.45 
	3.45 

	NA 
	NA 


	08120125 
	08120125 
	08120125 

	269 
	269 

	1.59 
	1.59 

	1.80 
	1.80 

	1.59 
	1.59 

	NA 
	NA 

	4.29 
	4.29 

	3.87 
	3.87 

	4.29 
	4.29 

	NA 
	NA 


	08145124 
	08145124 
	08145124 

	272 
	272 

	1.44 
	1.44 

	1.79 
	1.79 

	1.44 
	1.44 

	NA 
	NA 

	5.09 
	5.09 

	4.52 
	4.52 

	5.09 
	5.09 

	NA 
	NA 


	08290135 
	08290135 
	08290135 

	286 
	286 

	1.19 
	1.19 

	1.33 
	1.33 

	1.19 
	1.19 

	NA 
	NA 

	4.03 
	4.03 

	3.63 
	3.63 

	4.03 
	4.03 

	NA 
	NA 


	08310135 
	08310135 
	08310135 

	289 
	289 

	1.65 
	1.65 

	1.76 
	1.76 

	1.65 
	1.65 

	NA 
	NA 

	4.77 
	4.77 

	4.44 
	4.44 

	4.77 
	4.77 

	NA 
	NA 


	02000135 
	02000135 
	02000135 

	291 
	291 

	1.57 
	1.57 

	1.80 
	1.80 

	1.57 
	1.57 

	NA 
	NA 

	4.33 
	4.33 

	3.87 
	3.87 

	4.33 
	4.33 

	NA 
	NA 


	02018140 
	02018140 
	02018140 

	293 
	293 

	1.37 
	1.37 

	1.51 
	1.51 

	1.37 
	1.37 

	NA 
	NA 

	2.59 
	2.59 

	2.49 
	2.49 

	2.59 
	2.59 

	NA 
	NA 




	I-90 
	I-90 
	I-90 
	I-90 
	I-90 

	Shear D/C Ratio 
	Shear D/C Ratio 

	Bending Moment D/C Ratio 
	Bending Moment D/C Ratio 


	Bridge ID 
	Bridge ID 
	Bridge ID 

	Mile Marker 
	Mile Marker 

	Bent 2 
	Bent 2 

	Bent 3 
	Bent 3 

	Bent 4 
	Bent 4 

	Bent 5 
	Bent 5 

	Bent 2 
	Bent 2 

	Bent 3 
	Bent 3 

	Bent 4 
	Bent 4 

	Bent 5 
	Bent 5 



	02040149 
	02040149 
	02040149 
	02040149 

	296 
	296 

	1.43 
	1.43 

	1.58 
	1.58 

	1.43 
	1.43 

	NA 
	NA 

	3.19 
	3.19 

	2.90 
	2.90 

	3.19 
	3.19 

	NA 
	NA 


	02070155 
	02070155 
	02070155 

	299 
	299 

	1.07 
	1.07 

	1.21 
	1.21 

	1.11 
	1.11 

	NA 
	NA 

	2.83 
	2.83 

	2.41 
	2.41 

	2.75 
	2.75 

	NA 
	NA 


	02100155 
	02100155 
	02100155 

	302 
	302 

	1.14 
	1.14 

	1.24 
	1.24 

	1.14 
	1.14 

	NA 
	NA 

	2.66 
	2.66 

	2.27 
	2.27 

	2.66 
	2.66 

	NA 
	NA 


	02140155 
	02140155 
	02140155 

	306 
	306 

	1.10 
	1.10 

	1.25 
	1.25 

	1.13 
	1.13 

	NA 
	NA 

	2.92 
	2.92 

	2.31 
	2.31 

	2.83 
	2.83 

	NA 
	NA 


	0215C158 
	0215C158 
	0215C158 

	308 
	308 

	1.37 
	1.37 

	1.46 
	1.46 

	1.37 
	1.37 

	NA 
	NA 

	4.06 
	4.06 

	3.65 
	3.65 

	4.06 
	4.06 

	NA 
	NA 


	02180165 
	02180165 
	02180165 

	310 
	310 

	1.46 
	1.46 

	1.56 
	1.56 

	1.46 
	1.46 

	NA 
	NA 

	3.30 
	3.30 

	2.96 
	2.96 

	3.30 
	3.30 

	NA 
	NA 


	02220165 
	02220165 
	02220165 

	312 
	312 

	1.07 
	1.07 

	1.18 
	1.18 

	1.07 
	1.07 

	NA 
	NA 

	2.83 
	2.83 

	2.54 
	2.54 

	2.83 
	2.83 

	NA 
	NA 


	18010105 
	18010105 
	18010105 

	317 
	317 

	1.07 
	1.07 

	1.18 
	1.18 

	1.07 
	1.07 

	NA 
	NA 

	2.83 
	2.83 

	2.54 
	2.54 

	2.83 
	2.83 

	NA 
	NA 


	18030105 
	18030105 
	18030105 

	319 
	319 

	1.46 
	1.46 

	1.56 
	1.56 

	1.51 
	1.51 

	NA 
	NA 

	3.30 
	3.30 

	3.11 
	3.11 

	3.22 
	3.22 

	NA 
	NA 


	18050105 
	18050105 
	18050105 

	321 
	321 

	1.11 
	1.11 

	1.18 
	1.18 

	1.11 
	1.11 

	NA 
	NA 

	2.75 
	2.75 

	2.54 
	2.54 

	2.75 
	2.75 

	NA 
	NA 


	18070105 
	18070105 
	18070105 

	323 
	323 

	1.11 
	1.11 

	1.21 
	1.21 

	1.11 
	1.11 

	NA 
	NA 

	2.75 
	2.75 

	2.41 
	2.41 

	2.75 
	2.75 

	NA 
	NA 


	18090105 
	18090105 
	18090105 

	325 
	325 

	1.46 
	1.46 

	1.63 
	1.63 

	1.56 
	1.56 

	NA 
	NA 

	3.30 
	3.30 

	2.92 
	2.92 

	3.11 
	3.11 

	NA 
	NA 


	18120105 
	18120105 
	18120105 

	328 
	328 

	1.07 
	1.07 

	1.21 
	1.21 

	1.07 
	1.07 

	NA 
	NA 

	2.83 
	2.83 

	2.41 
	2.41 

	2.83 
	2.83 

	NA 
	NA 


	18140107 
	18140107 
	18140107 

	330 
	330 

	2.33 
	2.33 

	2.72 
	2.72 

	1.28 
	1.28 

	NA 
	NA 

	3.08 
	3.08 

	2.83 
	2.83 

	2.96 
	2.96 

	NA 
	NA 


	31040105 
	31040105 
	31040105 

	337 
	337 

	1.04 
	1.04 

	1.18 
	1.18 

	1.04 
	1.04 

	NA 
	NA 

	2.90 
	2.90 

	2.54 
	2.54 

	2.90 
	2.90 

	NA 
	NA 


	31090126 
	31090126 
	31090126 

	344 
	344 

	1.32 
	1.32 

	1.56 
	1.56 

	1.32 
	1.32 

	NA 
	NA 

	3.29 
	3.29 

	2.96 
	2.96 

	3.29 
	3.29 

	NA 
	NA 


	31120126 
	31120126 
	31120126 

	347 
	347 

	1.04 
	1.04 

	1.18 
	1.18 

	1.04 
	1.04 

	NA 
	NA 

	2.90 
	2.90 

	2.54 
	2.54 

	2.90 
	2.90 

	NA 
	NA 


	31150125 
	31150125 
	31150125 

	350 
	350 

	1.45 
	1.45 

	1.66 
	1.66 

	1.45 
	1.45 

	NA 
	NA 

	3.15 
	3.15 

	2.70 
	2.70 

	3.15 
	3.15 

	NA 
	NA 


	31160125 
	31160125 
	31160125 

	351 
	351 

	1.04 
	1.04 

	1.18 
	1.18 

	1.04 
	1.04 

	NA 
	NA 

	2.90 
	2.90 

	2.54 
	2.54 

	2.90 
	2.90 

	NA 
	NA 


	44010126 
	44010126 
	44010126 

	354 
	354 

	1.63 
	1.63 

	1.85 
	1.85 

	1.65 
	1.65 

	NA 
	NA 

	4.66 
	4.66 

	3.94 
	3.94 

	4.77 
	4.77 

	NA 
	NA 


	44050127 
	44050127 
	44050127 

	358 
	358 

	1.63 
	1.63 

	1.85 
	1.85 

	1.63 
	1.63 

	NA 
	NA 

	4.66 
	4.66 

	3.94 
	3.94 

	4.66 
	4.66 

	NA 
	NA 


	44080125 
	44080125 
	44080125 

	361 
	361 

	1.55 
	1.55 

	1.85 
	1.85 

	1.61 
	1.61 

	NA 
	NA 

	4.04 
	4.04 

	3.36 
	3.36 

	3.95 
	3.95 

	NA 
	NA 


	44110125 
	44110125 
	44110125 

	364 
	364 

	0.90 
	0.90 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 

	0.88 
	0.88 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 


	44150126 
	44150126 
	44150126 

	368 
	368 

	1.51 
	1.51 

	1.77 
	1.77 

	1.51 
	1.51 

	NA 
	NA 

	4.85 
	4.85 

	4.27 
	4.27 

	4.85 
	4.85 

	NA 
	NA 


	44170126 
	44170126 
	44170126 

	370 
	370 

	1.59 
	1.59 

	1.87 
	1.87 

	1.65 
	1.65 

	NA 
	NA 

	4.19 
	4.19 

	3.44 
	3.44 

	4.09 
	4.09 

	NA 
	NA 


	44210126 
	44210126 
	44210126 

	374 
	374 

	1.82 
	1.82 

	1.96 
	1.96 

	1.82 
	1.82 

	NA 
	NA 

	5.28 
	5.28 

	4.33 
	4.33 

	5.28 
	5.28 

	NA 
	NA 


	50030149 
	50030149 
	50030149 

	381 
	381 

	0.79 
	0.79 

	0.99 
	0.99 

	0.79 
	0.79 

	NA 
	NA 

	3.09 
	3.09 

	1.46 
	1.46 

	3.09 
	3.09 

	NA 
	NA 


	50050164 
	50050164 
	50050164 

	384 
	384 

	1.52 
	1.52 

	1.63 
	1.63 

	1.47 
	1.47 

	NA 
	NA 

	5.10 
	5.10 

	4.98 
	4.98 

	5.27 
	5.27 

	NA 
	NA 


	50070165 
	50070165 
	50070165 

	386 
	386 

	1.68 
	1.68 

	1.84 
	1.84 

	1.68 
	1.68 

	NA 
	NA 

	4.92 
	4.92 

	4.34 
	4.34 

	4.92 
	4.92 

	NA 
	NA 


	50090165 
	50090165 
	50090165 

	388 
	388 

	1.68 
	1.68 

	1.76 
	1.76 

	1.68 
	1.68 

	NA 
	NA 

	4.92 
	4.92 

	4.66 
	4.66 

	4.92 
	4.92 

	NA 
	NA 


	50160166 
	50160166 
	50160166 

	394 
	394 

	1.68 
	1.68 

	1.79 
	1.79 

	1.59 
	1.59 

	NA 
	NA 

	4.93 
	4.93 

	4.34 
	4.34 

	4.89 
	4.89 

	NA 
	NA 


	50170164 
	50170164 
	50170164 

	395 
	395 

	0.85 
	0.85 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 

	0.61 
	0.61 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 


	50185163 
	50185163 
	50185163 

	396.5 
	396.5 

	1.16 
	1.16 

	1.24 
	1.24 

	1.16 
	1.16 

	NA 
	NA 

	3.30 
	3.30 

	3.41 
	3.41 

	3.30 
	3.30 

	NA 
	NA 


	50240165 
	50240165 
	50240165 

	402 
	402 

	0.55 
	0.55 

	0.54 
	0.54 

	0.56 
	0.56 

	NA 
	NA 

	0.89 
	0.89 

	0.44 
	0.44 

	0.84 
	0.84 

	NA 
	NA 


	50280165 
	50280165 
	50280165 

	406 
	406 

	0.57 
	0.57 

	0.53 
	0.53 

	0.56 
	0.56 

	NA 
	NA 

	0.71 
	0.71 

	0.48 
	0.48 

	0.87 
	0.87 

	NA 
	NA 


	50300166 
	50300166 
	50300166 

	408 
	408 

	0.57 
	0.57 

	0.54 
	0.54 

	0.56 
	0.56 

	NA 
	NA 

	0.72 
	0.72 

	0.48 
	0.48 

	0.90 
	0.90 

	NA 
	NA 


	50320166 
	50320166 
	50320166 

	410 
	410 

	0.57 
	0.57 

	0.53 
	0.53 

	0.56 
	0.56 

	NA 
	NA 

	0.71 
	0.71 

	0.48 
	0.48 

	0.83 
	0.83 

	NA 
	NA 




	 
	  
	 
	I-29 
	I-29 
	I-29 
	I-29 
	I-29 

	Shear D/C Ratio 
	Shear D/C Ratio 

	Bending Moment D/C Ratio 
	Bending Moment D/C Ratio 


	Bridge ID 
	Bridge ID 
	Bridge ID 

	Mile 
	Mile 
	Marker 

	Bent 2 
	Bent 2 

	Bent 3 
	Bent 3 

	Bent 4 
	Bent 4 

	Bent 5 
	Bent 5 

	Bent 2 
	Bent 2 

	Bent 3 
	Bent 3 

	Bent 4 
	Bent 4 

	Bent 5 
	Bent 5 



	64158399 
	64158399 
	64158399 
	64158399 

	1 
	1 

	1.88 
	1.88 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 

	2.15 
	2.15 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 


	64149367 
	64149367 
	64149367 

	4 
	4 

	0.56 
	0.56 

	0.53 
	0.53 

	0.56 
	0.56 

	NA 
	NA 

	1.05 
	1.05 

	0.66 
	0.66 

	1.05 
	1.05 

	NA 
	NA 


	64140355 
	64140355 
	64140355 

	6 
	6 

	0.56 
	0.56 

	0.54 
	0.54 

	0.56 
	0.56 

	NA 
	NA 

	0.76 
	0.76 

	0.57 
	0.57 

	0.76 
	0.76 

	NA 
	NA 


	64120336 
	64120336 
	64120336 

	8 
	8 

	0.56 
	0.56 

	0.55 
	0.55 

	0.56 
	0.56 

	NA 
	NA 

	1.07 
	1.07 

	0.62 
	0.62 

	1.07 
	1.07 

	NA 
	NA 


	64115330 
	64115330 
	64115330 

	9 
	9 

	0.56 
	0.56 

	0.53 
	0.53 

	0.56 
	0.56 

	NA 
	NA 

	0.89 
	0.89 

	0.61 
	0.61 

	0.89 
	0.89 

	NA 
	NA 


	64100315 
	64100315 
	64100315 

	11 
	11 

	0.57 
	0.57 

	0.55 
	0.55 

	0.57 
	0.57 

	NA 
	NA 

	0.92 
	0.92 

	0.67 
	0.67 

	0.92 
	0.92 

	NA 
	NA 


	64080296 
	64080296 
	64080296 

	14 
	14 

	0.57 
	0.57 

	0.56 
	0.56 

	0.57 
	0.57 

	NA 
	NA 

	1.01 
	1.01 

	0.62 
	0.62 

	1.01 
	1.01 

	NA 
	NA 


	64070287 
	64070287 
	64070287 

	15 
	15 

	0.55 
	0.55 

	0.54 
	0.54 

	0.55 
	0.55 

	NA 
	NA 

	1.08 
	1.08 

	0.60 
	0.60 

	1.08 
	1.08 

	NA 
	NA 


	64050250 
	64050250 
	64050250 

	20 
	20 

	0.73 
	0.73 

	0.69 
	0.69 

	0.73 
	0.73 

	NA 
	NA 

	1.24 
	1.24 

	0.76 
	0.76 

	1.24 
	1.24 

	NA 
	NA 


	64020220 
	64020220 
	64020220 

	24 
	24 

	0.73 
	0.73 

	0.69 
	0.69 

	0.72 
	0.72 

	NA 
	NA 

	1.21 
	1.21 

	0.77 
	0.77 

	1.32 
	1.32 

	NA 
	NA 


	64008205 
	64008205 
	64008205 

	26 
	26 

	0.56 
	0.56 

	0.54 
	0.54 

	0.56 
	0.56 

	NA 
	NA 

	1.08 
	1.08 

	0.61 
	0.61 

	1.08 
	1.08 

	NA 
	NA 


	64006160 
	64006160 
	64006160 

	31 
	31 

	1.63 
	1.63 

	1.76 
	1.76 

	1.63 
	1.63 

	NA 
	NA 

	3.71 
	3.71 

	3.64 
	3.64 

	3.71 
	3.71 

	NA 
	NA 


	64006120 
	64006120 
	64006120 

	35 
	35 

	1.63 
	1.63 

	1.76 
	1.76 

	1.63 
	1.63 

	NA 
	NA 

	3.71 
	3.71 

	3.64 
	3.64 

	3.71 
	3.71 

	NA 
	NA 


	64006100 
	64006100 
	64006100 

	37 
	37 

	1.62 
	1.62 

	1.85 
	1.85 

	1.74 
	1.74 

	NA 
	NA 

	3.95 
	3.95 

	3.55 
	3.55 

	4.10 
	4.10 

	NA 
	NA 


	64006090 
	64006090 
	64006090 

	38 
	38 

	1.65 
	1.65 

	1.79 
	1.79 

	1.65 
	1.65 

	NA 
	NA 

	4.03 
	4.03 

	4.13 
	4.13 

	4.03 
	4.03 

	NA 
	NA 


	64006030 
	64006030 
	64006030 

	44 
	44 

	1.65 
	1.65 

	1.75 
	1.75 

	1.65 
	1.65 

	NA 
	NA 

	4.03 
	4.03 

	4.01 
	4.01 

	4.03 
	4.03 

	NA 
	NA 


	64006010 
	64006010 
	64006010 

	46 
	46 

	1.65 
	1.65 

	1.75 
	1.75 

	1.65 
	1.65 

	NA 
	NA 

	4.03 
	4.03 

	4.01 
	4.01 

	4.03 
	4.03 

	NA 
	NA 


	64006000 
	64006000 
	64006000 

	47 
	47 

	0.77 
	0.77 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 

	0.68 
	0.68 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 


	42065260 
	42065260 
	42065260 

	50 
	50 

	1.65 
	1.65 

	1.75 
	1.75 

	1.65 
	1.65 

	NA 
	NA 

	4.03 
	4.03 

	4.01 
	4.01 

	4.03 
	4.03 

	NA 
	NA 


	42065230 
	42065230 
	42065230 

	53 
	53 

	1.65 
	1.65 

	1.84 
	1.84 

	1.82 
	1.82 

	NA 
	NA 

	4.03 
	4.03 

	4.16 
	4.16 

	4.47 
	4.47 

	NA 
	NA 


	42065200 
	42065200 
	42065200 

	56 
	56 

	1.58 
	1.58 

	1.75 
	1.75 

	1.58 
	1.58 

	NA 
	NA 

	4.15 
	4.15 

	4.01 
	4.01 

	4.15 
	4.15 

	NA 
	NA 


	42065170 
	42065170 
	42065170 

	59 
	59 

	1.58 
	1.58 

	1.75 
	1.75 

	1.65 
	1.65 

	NA 
	NA 

	4.15 
	4.15 

	4.01 
	4.01 

	4.03 
	4.03 

	NA 
	NA 


	42065140 
	42065140 
	42065140 

	62 
	62 

	0.54 
	0.54 

	0.51 
	0.51 

	0.54 
	0.54 

	NA 
	NA 

	0.83 
	0.83 

	0.54 
	0.54 

	0.68 
	0.68 

	NA 
	NA 


	42065141 
	42065141 
	42065141 

	62 
	62 

	0.54 
	0.54 

	0.51 
	0.51 

	0.54 
	0.54 

	NA 
	NA 

	0.82 
	0.82 

	0.52 
	0.52 

	0.65 
	0.65 

	NA 
	NA 


	42065130 
	42065130 
	42065130 

	63 
	63 

	0.73 
	0.73 

	0.71 
	0.71 

	0.73 
	0.73 

	NA 
	NA 

	1.15 
	1.15 

	0.63 
	0.63 

	1.15 
	1.15 

	NA 
	NA 


	42065120 
	42065120 
	42065120 

	64 
	64 

	0.55 
	0.55 

	0.52 
	0.52 

	0.55 
	0.55 

	NA 
	NA 

	0.87 
	0.87 

	0.50 
	0.50 

	0.87 
	0.87 

	NA 
	NA 


	42065100 
	42065100 
	42065100 

	67 
	67 

	0.73 
	0.73 

	0.71 
	0.71 

	0.73 
	0.73 

	NA 
	NA 

	1.15 
	1.15 

	0.63 
	0.63 

	1.15 
	1.15 

	NA 
	NA 


	42065080 
	42065080 
	42065080 

	68 
	68 

	0.79 
	0.79 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 

	0.85 
	0.85 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 


	42065050 
	42065050 
	42065050 

	71 
	71 

	0.73 
	0.73 

	0.70 
	0.70 

	0.73 
	0.73 

	NA 
	NA 

	1.15 
	1.15 

	0.67 
	0.67 

	1.15 
	1.15 

	NA 
	NA 


	50172240 
	50172240 
	50172240 

	76 
	76 

	1.03 
	1.03 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 

	0.99 
	0.99 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 


	50173235 
	50173235 
	50173235 

	76.5 
	76.5 

	2.09 
	2.09 

	2.18 
	2.18 

	2.24 
	2.24 

	NA 
	NA 

	2.84 
	2.84 

	2.56 
	2.56 

	2.43 
	2.43 

	NA 
	NA 


	50175230 
	50175230 
	50175230 

	77 
	77 

	1.92 
	1.92 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 

	2.91 
	2.91 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 


	50175222 
	50175222 
	50175222 

	78 
	78 

	1.01 
	1.01 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 

	0.96 
	0.96 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 


	50178191 
	50178191 
	50178191 

	81 
	81 

	0.76 
	0.76 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 

	0.47 
	0.47 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 


	50180170 
	50180170 
	50180170 

	83 
	83 

	0.97 
	0.97 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 

	0.90 
	0.90 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 


	50180162 
	50180162 
	50180162 

	84 
	84 

	1.12 
	1.12 

	0.89 
	0.89 

	1.12 
	1.12 

	0.89 
	0.89 

	3.08 
	3.08 

	2.07 
	2.07 

	1.44 
	1.44 

	4 
	4 


	50180163 
	50180163 
	50180163 

	84 
	84 

	1.08 
	1.08 

	0.92 
	0.92 

	0.92 
	0.92 

	1.14 
	1.14 

	3.12 
	3.12 

	2.08 
	2.08 

	2.08 
	2.08 

	3 
	3 


	50180140 
	50180140 
	50180140 

	86 
	86 

	1.84 
	1.84 

	1.84 
	1.84 

	1.64 
	1.64 

	NA 
	NA 

	4.33 
	4.33 

	4.33 
	4.33 

	4.01 
	4.01 

	NA 
	NA 


	50177130 
	50177130 
	50177130 

	87 
	87 

	1.42 
	1.42 

	1.60 
	1.60 

	1.38 
	1.38 

	NA 
	NA 

	5.86 
	5.86 

	4.94 
	4.94 

	5.66 
	5.66 

	NA 
	NA 


	50175040 
	50175040 
	50175040 

	96 
	96 

	1.56 
	1.56 

	1.89 
	1.89 

	1.65 
	1.65 

	NA 
	NA 

	4.94 
	4.94 

	4.08 
	4.08 

	4.77 
	4.77 

	NA 
	NA 


	50175020 
	50175020 
	50175020 

	98 
	98 

	1.65 
	1.65 

	1.79 
	1.79 

	1.48 
	1.48 

	NA 
	NA 

	4.77 
	4.77 

	4.34 
	4.34 

	5.06 
	5.06 

	NA 
	NA 


	51065210 
	51065210 
	51065210 

	102 
	102 

	1.53 
	1.53 

	1.81 
	1.81 

	1.65 
	1.65 

	NA 
	NA 

	4.98 
	4.98 

	4.24 
	4.24 

	4.77 
	4.77 

	NA 
	NA 


	51065200 
	51065200 
	51065200 

	104 
	104 

	1.65 
	1.65 

	1.83 
	1.83 

	1.65 
	1.65 

	NA 
	NA 

	4.77 
	4.77 

	4.16 
	4.16 

	4.77 
	4.77 

	NA 
	NA 


	51065150 
	51065150 
	51065150 

	109 
	109 

	1.62 
	1.62 

	1.81 
	1.81 

	1.53 
	1.53 

	NA 
	NA 

	4.83 
	4.83 

	4.24 
	4.24 

	4.98 
	4.98 

	NA 
	NA 


	51066100 
	51066100 
	51066100 

	114 
	114 

	1.42 
	1.42 

	1.70 
	1.70 

	1.50 
	1.50 

	NA 
	NA 

	3.45 
	3.45 

	2.88 
	2.88 

	3.35 
	3.35 

	NA 
	NA 




	I-29 
	I-29 
	I-29 
	I-29 
	I-29 

	Shear D/C Ratio 
	Shear D/C Ratio 

	Bending Moment D/C Ratio 
	Bending Moment D/C Ratio 


	Bridge ID 
	Bridge ID 
	Bridge ID 

	Mile 
	Mile 
	Marker 

	Bent 2 
	Bent 2 

	Bent 3 
	Bent 3 

	Bent 4 
	Bent 4 

	Bent 5 
	Bent 5 

	Bent 2 
	Bent 2 

	Bent 3 
	Bent 3 

	Bent 4 
	Bent 4 

	Bent 5 
	Bent 5 



	51065050 
	51065050 
	51065050 
	51065050 

	120 
	120 

	1.07 
	1.07 

	1.21 
	1.21 

	1.07 
	1.07 

	NA 
	NA 

	2.83 
	2.83 

	2.41 
	2.41 

	2.83 
	2.83 

	NA 
	NA 


	06185230 
	06185230 
	06185230 

	126 
	126 

	1.42 
	1.42 

	1.65 
	1.65 

	1.50 
	1.50 

	NA 
	NA 

	3.45 
	3.45 

	3.02 
	3.02 

	3.35 
	3.35 

	NA 
	NA 


	06185210 
	06185210 
	06185210 

	127 
	127 

	1.49 
	1.49 

	1.68 
	1.68 

	1.49 
	1.49 

	NA 
	NA 

	3.54 
	3.54 

	3.10 
	3.10 

	3.54 
	3.54 

	NA 
	NA 


	06185190 
	06185190 
	06185190 

	129 
	129 

	1.04 
	1.04 

	1.18 
	1.18 

	1.04 
	1.04 

	NA 
	NA 

	2.90 
	2.90 

	2.54 
	2.54 

	2.90 
	2.90 

	NA 
	NA 


	06185159 
	06185159 
	06185159 

	132 
	132 

	1.45 
	1.45 

	1.68 
	1.68 

	1.55 
	1.55 

	NA 
	NA 

	3.42 
	3.42 

	2.96 
	2.96 

	3.26 
	3.26 

	NA 
	NA 


	06185160 
	06185160 
	06185160 

	132 
	132 

	1.45 
	1.45 

	1.68 
	1.68 

	1.55 
	1.55 

	NA 
	NA 

	3.42 
	3.42 

	2.96 
	2.96 

	3.26 
	3.26 

	NA 
	NA 


	06185150 
	06185150 
	06185150 

	133 
	133 

	1.61 
	1.61 

	1.72 
	1.72 

	1.55 
	1.55 

	NA 
	NA 

	3.16 
	3.16 

	2.80 
	2.80 

	3.26 
	3.26 

	NA 
	NA 


	06185130 
	06185130 
	06185130 

	135 
	135 

	2.31 
	2.31 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 

	3.02 
	3.02 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 


	06185110 
	06185110 
	06185110 

	137 
	137 

	1.89 
	1.89 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 

	4.42 
	4.42 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 


	06185080 
	06185080 
	06185080 

	140 
	140 

	2.40 
	2.40 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 

	2.83 
	2.83 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 


	20061280 
	20061280 
	20061280 

	150 
	150 

	1.84 
	1.84 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 

	3.05 
	3.05 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 


	29280020 
	29280020 
	29280020 

	167 
	167 

	1.99 
	1.99 

	2.44 
	2.44 

	1.99 
	1.99 

	NA 
	NA 

	2.45 
	2.45 

	2.22 
	2.22 

	2.45 
	2.45 

	NA 
	NA 


	15240220 
	15240220 
	15240220 

	173 
	173 

	2.03 
	2.03 

	2.15 
	2.15 

	2.03 
	2.03 

	NA 
	NA 

	2.10 
	2.10 

	2.52 
	2.52 

	2.10 
	2.10 

	NA 
	NA 


	15215150 
	15215150 
	15215150 

	180 
	180 

	1.83 
	1.83 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 

	3.99 
	3.99 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 


	15215120 
	15215120 
	15215120 

	183 
	183 

	1.96 
	1.96 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 

	5.48 
	5.48 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 


	15215070 
	15215070 
	15215070 

	189 
	189 

	2.19 
	2.19 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 

	6.09 
	6.09 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 


	15215030 
	15215030 
	15215030 

	193 
	193 

	1.88 
	1.88 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 

	4.11 
	4.11 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 


	55085440 
	55085440 
	55085440 

	206 
	206 

	1.17 
	1.17 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 

	4.08 
	4.08 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 


	55085429 
	55085429 
	55085429 

	207 
	207 

	2.09 
	2.09 

	2.16 
	2.16 

	2.09 
	2.09 

	NA 
	NA 

	2.59 
	2.59 

	2.48 
	2.48 

	2.59 
	2.59 

	NA 
	NA 


	55100367 
	55100367 
	55100367 

	213 
	213 

	3.06 
	3.06 

	3.05 
	3.05 

	3.06 
	3.06 

	NA 
	NA 

	5.61 
	5.61 

	5.34 
	5.34 

	5.84 
	5.84 

	NA 
	NA 


	55115330 
	55115330 
	55115330 

	218 
	218 

	1.17 
	1.17 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 

	4.10 
	4.10 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 


	55115290 
	55115290 
	55115290 

	222 
	222 

	1.17 
	1.17 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 

	4.11 
	4.11 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 


	55115220 
	55115220 
	55115220 

	229 
	229 

	0.58 
	0.58 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 

	1.86 
	1.86 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 


	55116190 
	55116190 
	55116190 

	232 
	232 

	2.25 
	2.25 

	2.25 
	2.25 

	2.21 
	2.21 

	NA 
	NA 

	2.23 
	2.23 

	2.22 
	2.22 

	2.30 
	2.30 

	NA 
	NA 


	55124170 
	55124170 
	55124170 

	234 
	234 

	2.58 
	2.58 

	2.53 
	2.53 

	2.58 
	2.58 

	NA 
	NA 

	1.86 
	1.86 

	2.49 
	2.49 

	1.86 
	1.86 

	NA 
	NA 


	55144130 
	55144130 
	55144130 

	239 
	239 

	2.44 
	2.44 

	2.43 
	2.43 

	2.44 
	2.44 

	NA 
	NA 

	1.99 
	1.99 

	2.17 
	2.17 

	1.99 
	1.99 

	NA 
	NA 


	55175040 
	55175040 
	55175040 

	248 
	248 

	1.17 
	1.17 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 

	4.08 
	4.08 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 




	 
	  
	 
	I-229 
	I-229 
	I-229 
	I-229 
	I-229 

	Shear D/C Ratio 
	Shear D/C Ratio 

	Bending Moment D/C Ratio 
	Bending Moment D/C Ratio 



	Bridge ID 
	Bridge ID 
	Bridge ID 
	Bridge ID 

	Mile 
	Mile 
	Marker 

	Bent 2 
	Bent 2 

	Bent 3 
	Bent 3 

	Bent 4 
	Bent 4 

	Bent 5 
	Bent 5 

	Bent 2 
	Bent 2 

	Bent 3 
	Bent 3 

	Bent 4 
	Bent 4 

	Bent 5 
	Bent 5 


	42079004 
	42079004 
	42079004 

	1 
	1 

	0.38 
	0.38 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 

	0.87 
	0.87 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 


	50191238 
	50191238 
	50191238 

	2 
	2 

	0.29 
	0.29 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 

	0.54 
	0.54 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 


	50216220 
	50216220 
	50216220 

	5 
	5 

	2.16 
	2.16 

	1.97 
	1.97 

	2.05 
	2.05 

	NA 
	NA 

	2.52 
	2.52 

	2.22 
	2.22 

	2.50 
	2.50 

	NA 
	NA 


	50219215 
	50219215 
	50219215 

	5.5 
	5.5 

	2.06 
	2.06 

	NA 
	NA 

	2.27 
	2.27 

	NA 
	NA 

	4.86 
	4.86 

	NA 
	NA 

	3.91 
	3.91 

	NA 
	NA 


	50219210 
	50219210 
	50219210 

	5.75 
	5.75 

	0.65 
	0.65 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 

	0.79 
	0.79 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 


	50219208 
	50219208 
	50219208 

	6 
	6 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 


	50219205 
	50219205 
	50219205 

	6.25 
	6.25 

	0.66 
	0.66 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 

	0.65 
	0.65 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 


	50219180 
	50219180 
	50219180 

	9 
	9 

	0.28 
	0.28 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 

	0.59 
	0.59 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 


	50221170 
	50221170 
	50221170 

	9.7 
	9.7 

	1.13 
	1.13 

	1.25 
	1.25 

	1.15 
	1.15 

	NA 
	NA 

	3.24 
	3.24 

	3.33 
	3.33 

	3.12 
	3.12 

	NA 
	NA 


	50221167 
	50221167 
	50221167 

	10 
	10 

	0.80 
	0.80 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 

	1.45 
	1.45 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 


	50221166 
	50221166 
	50221166 

	10 
	10 

	0.84 
	0.84 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 

	1.43 
	1.43 

	NA 
	NA 

	NA 
	NA 

	NA 
	NA 




	 
	 
	I-190 
	I-190 
	I-190 
	I-190 
	I-190 

	Shear D/C Ratio 
	Shear D/C Ratio 

	Bending Moment D/C Ratio 
	Bending Moment D/C Ratio 



	Bridge ID 
	Bridge ID 
	Bridge ID 
	Bridge ID 

	Mile 
	Mile 
	Marker 

	Bent 2 
	Bent 2 

	Bent 3 
	Bent 3 

	Bent 4 
	Bent 4 

	Bent 5 
	Bent 5 

	Bent 2 
	Bent 2 

	Bent 3 
	Bent 3 

	Bent 4 
	Bent 4 

	Bent 5 
	Bent 5 


	52410290 
	52410290 
	52410290 

	1 
	1 

	2.85 
	2.85 

	NA 
	NA 

	2.56 
	2.56 

	NA 
	NA 

	6.70 
	6.70 

	NA 
	NA 

	5.67 
	5.67 

	NA 
	NA 




	 
	 
	Miscellaneous Roads 
	Miscellaneous Roads 
	Miscellaneous Roads 
	Miscellaneous Roads 
	Miscellaneous Roads 

	Shear D/C Ratio 
	Shear D/C Ratio 

	Bending Moment D/C Ratio 
	Bending Moment D/C Ratio 


	Bridge ID 
	Bridge ID 
	Bridge ID 

	Location 
	Location 

	Bent 2 
	Bent 2 

	Bent 3 
	Bent 3 

	Bent 4 
	Bent 4 

	Bent 5 
	Bent 5 

	Bent 2 
	Bent 2 

	Bent 3 
	Bent 3 

	Bent 4 
	Bent 4 

	Bent 5 
	Bent 5 



	06154150 
	06154150 
	06154150 
	06154150 

	Hwy 14 Bypass 
	Hwy 14 Bypass 

	1.02 
	1.02 

	1.02 
	1.02 

	0.91 
	0.91 

	NA 
	NA 

	3.06 
	3.06 

	2.98 
	2.98 

	2.96 
	2.96 

	NA 
	NA 


	14092199 
	14092199 
	14092199 

	Hwy 50W 
	Hwy 50W 

	2.68 
	2.68 

	2.41 
	2.41 

	NA 
	NA 

	NA 
	NA 

	4.35 
	4.35 

	2.31 
	2.31 

	NA 
	NA 

	NA 
	NA 


	14131205 
	14131205 
	14131205 

	Hwy 50E 
	Hwy 50E 

	2.09 
	2.09 

	2.22 
	2.22 

	NA 
	NA 

	NA 
	NA 

	2.57 
	2.57 

	2.78 
	2.78 

	NA 
	NA 

	NA 
	NA 


	50175210 
	50175210 
	50175210 

	Madison St 
	Madison St 

	0.53 
	0.53 

	0.53 
	0.53 

	NA 
	NA 

	NA 
	NA 

	0.17 
	0.17 

	0.17 
	0.17 

	NA 
	NA 

	NA 
	NA 


	50176210 
	50176210 
	50176210 

	Madison St 
	Madison St 

	0.51 
	0.51 

	0.51 
	0.51 

	NA 
	NA 

	NA 
	NA 

	0.17 
	0.17 

	0.17 
	0.17 

	NA 
	NA 

	NA 
	NA 


	50177199 
	50177199 
	50177199 

	12th St 
	12th St 

	0.51 
	0.51 

	0.55 
	0.55 

	NA 
	NA 

	NA 
	NA 

	0.22 
	0.22 

	0.16 
	0.16 

	NA 
	NA 

	NA 
	NA 


	50178199 
	50178199 
	50178199 

	12th St 
	12th St 

	0.50 
	0.50 

	0.53 
	0.53 

	NA 
	NA 

	NA 
	NA 

	0.24 
	0.24 

	0.18 
	0.18 

	NA 
	NA 

	NA 
	NA 


	52410318 
	52410318 
	52410318 

	Mt. Rushmore Rd. 
	Mt. Rushmore Rd. 

	1.54 
	1.54 

	1.74 
	1.74 

	1.70 
	1.70 

	1.68 
	1.68 

	4.93 
	4.93 

	7.39 
	7.39 

	6.45 
	6.45 

	4 
	4 


	52415285 
	52415285 
	52415285 

	Haines Ave. 
	Haines Ave. 

	0.79 
	0.79 

	0.79 
	0.79 

	NA 
	NA 

	NA 
	NA 

	0.51 
	0.51 

	0.51 
	0.51 

	NA 
	NA 

	NA 
	NA 


	52415286 
	52415286 
	52415286 

	Haines Ave. 
	Haines Ave. 

	0.79 
	0.79 

	0.79 
	0.79 

	NA 
	NA 

	NA 
	NA 

	0.51 
	0.51 

	0.51 
	0.51 

	NA 
	NA 

	NA 
	NA 




	 
	  
	APPENDIX H: MEASURED STRAIN 
	 
	G.1: Measured Strain in Specimen NCS 
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	G.2: Measured Strain in Specimen CSR 
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	APPENDIX I: STATISTICAL SOFTWARE CODE 
	I.1: R Code for Inverse Distance Weighting 
	# Before starting, we need to have both the gstat package loaded 
	library(gstat) 
	library(lattice) 
	library(sp) 
	library(RColorBrewer) 
	 
	# Read in two datasets - the sample points and the prediction grid 
	# These are two gstat sample datasets that can be accessed by typing data(meuse)  
	# and data(meuse.grid). Here, we read them from text files as an example 
	weather1 <- read.csv("C:\\Users\\zhao.shen\\Desktop\\R_kriging\\weatherdatasummary.csv") 
	weather2 <- read.csv("C:\\Users\\zhao.shen\\Desktop\\R_kriging\\NORMALWEATHER.csv") 
	left <- read.csv("C:\\Users\\zhao.shen\\Desktop\\R_kriging\\0408left.csv") 
	class(weather1) 
	names(weather1) 
	 
	# Make the data frame into a spatial data object for use with gstat 
	coordinates(weather1) <- c("X", "Y") 
	class(weather1) 
	summary(weather1) 
	 
	####################### 
	# Spatial Interpolation 
	####################### 
	 
	# Examine the prediction grid 
	class(left) 
	names(left) 
	coordinates(left) <- c("X", "Y") 
	class(left) 
	summary(left) 
	 
	############################ 
	# Inverse distance weighting 
	############################ 
	 
	idw_pow = seq(0.2,2, by = 0.2) # the idwpower values that will be checked 
	cv_vals = sapply(idw_pow, do_cv) # calculate the rmse 
	# List of outcomes 
	print(data.frame(idp = idw_pow, cv_rmse = cv_vals)) 
	 
	# Generate inverse distance weighting prediction for k=0.8 
	# Call the idw function and specify the idp parameter 
	predict.idw1 <- idw(rainfall ~ 1, locations=weather1, newdata=left, idp=0.8) 
	 
	predict.idw1$var1.pred 
	pre<-data.frame(predict.idw1$var1.pred) 
	write.csv(pre,"preidwrain.csv") 
	  
	I.2: SAS Codes for Negative Binomial Model 
	proc import out=data 
	datafile='C:\data.csv' 
	DBMS=CSV REPLACE; 
	GETNAMES=YES; 
	run; 
	proc genmod data=data; 
	class LANES LW SUR_TY SH_TY RS; 
	model crash = TRUCK_ADT SUR_TY RS H_curve SNOWFALL 
	/ dist=nb link=log offset=SH_LENG; 
	run; 
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